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Abstract

Sudden cardiac death is the most commonmode of death during childhood and adolescence in
hypertrophic cardiomyopathy, and identifying those individuals at highest risk is amajor aspect
of clinical care. The mainstay of preventative therapy is the implantable cardioverter-defibril-
lator, which has been shown to be effective at terminating malignant ventricular arrhythmias in
children with hypertrophic cardiomyopathy but can be associated with substantial morbidity.
Accurate identification of those children at highest risk who would benefit most from implant-
able cardioverter-defibrillator implantation while minimising the risk of complications is,
therefore, essential. This position statement, on behalf of the Association for European
Paediatric and Congenital Cardiology (AEPC), reviews the currently available data on estab-
lished and proposed risk factors for sudden cardiac death in childhood-onset hypertrophic
cardiomyopathy and current approaches for risk stratification in this population. It also pro-
vides guidance on identification of individuals at risk of sudden cardiac death and optimal man-
agement of implantable cardioverter-defibrillators in children and adolescents with
hypertrophic cardiomyopathy.

Hypertrophic cardiomyopathy is defined as left ventricular hypertrophy in the absence of abnor-
mal loading conditions.1 Although it is the commonest genetic heart disease in adults, it is rare in
the paediatric population, with an estimated population prevalence of approximately 3 per
100,0002 and an annual incidence of less than 0.5/100,0002-4 based on available registry and pop-
ulation-based studies; more contemporary prevalence data are not currently available, but it is
likely that the true prevalence of hypertrophic cardiomyopathy in childhood is higher than this.
The underlying aetiology of childhood-onset hypertrophic cardiomyopathy is heterogeneous,
including malformation syndromes, inborn errors of metabolism and neuromuscular disease,
but most cases, even in very young children, are caused by variants in one or more cardiac sar-
comere protein genes.5–9 Sudden cardiac death is the most common cause of death during child-
hood and adolescence6,10,11 and identifying those individuals with hypertrophic cardiomyopathy
at highest risk of sudden cardiac death is a major aspect of clinical care in childhood hypertrophic
cardiomyopathy. Early studies in small, highly selected childhood cohorts reported an annual inci-
dence of sudden cardiac death of up to 7%,12,13 but more recent data from larger population-based
studies have shown sudden cardiac death rates between 0.8 and 2% per year,10,14–16 much lower
than the initial reports but nevertheless substantially higher than those seen in adults with
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hypertrophic cardiomyopathy.17,18 Recent longitudinal datasets
from the Sarcomeric Human Cardiomyopathy Registry (SHaRE)
have demonstrated that in childhood-onset hypertrophic cardiomy-
opathy patients, arrhythmic events are responsible for more than
50% of adverse events occurring within 10 years of diagnosis, with
a cumulative incidence of 8.8%, and that children with hypertrophic
cardiomyopathy are 36% more likely to experience an arrhythmic
event during follow-up compared to those diagnosed in adulthood.10

The mainstay of preventative therapy is the implantable cardi-
overter-defibrillator, which has been shown to be effective at termi-
nating malignant ventricular arrhythmias in both children and
adults with hypertrophic cardiomyopathy19 but can be associated
with substantial morbidity.20 Accurate identification of those chil-
dren at highest risk who would benefit most from implantable car-
dioverter-defibrillator implantation, while minimising the risk of
complications is, therefore, essential.

This position statement aims to review the currently available
data on risk factors for sudden cardiac death in childhood-onset
hypertrophic cardiomyopathy and provide guidance on identifica-
tion of individuals at risk of sudden cardiac death and optimal man-
agement of implantable cardioverter-defibrillator in this population.

Review of proposed risk factors for sudden cardiac death
in childhood hypertrophic cardiomyopathy

Risk factors with good evidence of an association with
sudden cardiac death risk in childhood hypertrophic
cardiomyopathy

Unexplained syncope
The mechanisms of syncope in hypertrophic cardiomyopathy
include left ventricular outflow tract obstruction, abnormal vascu-
lar reflexes, ventricular arrhythmia, and atrioventricular block
secondary to conduction disease in specific aetiologies of hypertro-
phic cardiomyopathy (e.g., variants in the PRKAG2 gene). A ven-
tricular arrhythmic cause should be suspected following an
unheralded episode, particularly if it occurs at rest or during min-
imal exertion, but can also occur during or just after exercise.
Thorough investigation should be undertaken to determine the
cause of syncope in a child with hypertrophic cardiomyopathy,
including, where possible, exercise echocardiography to exclude
provocable left ventricular outflow tract obstruction.1,21

Unexplained syncope, usually defined as transient non-neuro-
cardiogenic loss of consciousness with no identifiable cause, has
been assessed as a potential risk factor for sudden cardiac death
in childhood hypertrophic cardiomyopathy in 10 studies.12,15,22–29

A significant association with sudden cardiac death was reported
in five univariate12,14,15,24,29 and two multivariate analyses.15,29

Unexplained syncope is also included in two multiparametric
paediatric risk prediction models.14,15 In adults, there are data to
suggest that episodes occurring within 6 months of evaluation
may be more predictive,30 but the temporal association of syncope
and events has not been assessed in childhood.

This writing group considers unexplained syncope to be a
major risk factor for sudden cardiac death in childhood hypertro-
phic cardiomyopathy. Future studies to evaluate the temporal asso-
ciation of a syncopal episode with sudden cardiac death risk in the
paediatric population are required.

Left ventricular hypertrophy
Left ventricular hypertrophy is the key diagnostic feature in hyper-
trophic cardiomyopathy.1,21 In childhood non-syndromic disease,

the distribution of left ventricular hypertrophy is most commonly
seen at the ventricular septum (asymmetric septal hypertrophy),
but increased wall thickness can occur in any myocardial segment.
Although several indices of myocardial hypertrophy exist, from a
diagnostic perspective, maximal left ventricular wall thickness in
any single segment and at any level is the most important
parameter.1,21

Measures of left ventricular hypertrophy are the most studied
clinical risk factor for sudden cardiac death in childhood hypertro-
phic cardiomyopathy: 14 studies have investigated the association
between left ventricular hypertrophy and sudden cardiac death in
children with hypertrophic cardiomyopathy.15,19,22–28,31–35 In these,
the measure of left ventricular hypertrophy varied widely, includ-
ing interventricular septal thickness, left ventricular posterior wall
thickness, septal thickness in percent of 95th centile for age, and
extreme left ventricular hypertrophy, variably defined (e.g.,
>30 mm, z> 6, z> 22, using different normative data). Eight stud-
ies reported a significant association between left ventricular
hypertrophy and sudden cardiac death on univariable
analysis.19,24–26,31,32,34,35 Five studies reported a statistically signifi-
cant association between left ventricular hypertrophy and sudden
cardiac death on multivariable analysis,14,15,25,31,35 generally with
very strong significance levels. Measures of left ventricular hyper-
trophy are included in two multiparametric paediatric risk predic-
tion models14,15 and had the strongest significance level of all risk
factors in one of these, the HCMRisk-Kids cohort.14 The role of left
ventricular hypertrophy as a risk factor for sudden cardiac death
has been evaluated in a large multicentre cohort, and the data sug-
gest that it should not be used in isolation or as a binary variable in
children with hypertrophic cardiomyopathy.36

What is the paediatric definition of extreme hypertrophy?. The
presence of amaximal wall thickness ≥30 mmhas historically been
the definition of severe hypertrophy in adult hypertrophic cardio-
myopathy,1,37 but proposals for a paediatric definition have varied
from ≥20 mm,24 a Z-score ≥6,1,25,38≥ 190% of 95th centile for
age,35 or, in the new AHA2020 Guidelines, a Z-score “around
20.”21 Many of the publications referring to particular Z-score val-
ues have not defined which Z-score data have been used. This is
problematic, as using different reference equations for the same
wall thickness can yield vastly different Z-scores (Table 1). This
highlights the importance, when using Z-scores for risk prediction,
of using the same Z-score data for left ventricular hypertrophy as
those on which the relevant risk prediction model used was
developed.

Despite the use of different echocardiographic parameters to
measure left ventricular hypertrophy, and the use of different
normative data to normalise for body size (see below), this writing
group considers left ventricular hypertrophy to be a major incre-
mental risk factor for sudden cardiac death in childhood hypertro-
phic cardiomyopathy. The importance of normalising
echocardiographic parameters of left ventricular hypertrophy to
body size (ideally body surface area) or age is highlighted.

Non-sustained ventricular tachycardia
Non-sustained ventricular tachycardia is usually defined as three or
more consecutive ventricular beats at a rate of greater than 120 beats
per minute and lasting under 30 seconds detected on ambulatory
electrocardiogram monitoring.1 Its association with sudden cardiac
death during follow-up in childhood hypertrophic cardiomyopathy
has been investigated in nine studies.14,15,19,22,24–27,31 Four studies
reported a significant association with sudden cardiac death on

682 J. P. Kaski et al.

https://doi.org/10.1017/S1047951123000872 Published online by Cambridge University Press

https://doi.org/10.1017/S1047951123000872


univariable analysis.14,19,25,27 Of three multivariable analyses with an
end point of sudden cardiac death, one showed a significant associ-
ation with sudden cardiac death15 and another trended towards sig-
nificance.26 Moak et al.24 found no association with non-sustained
ventricular tachycardia on ambulatory electrocardiogram record-
ings, but a significant association with inducible ventricular tachy-
cardia on electrophysiology study. Non-sustained ventricular
tachycardia is included in two multiparametric paediatric risk pre-
diction models.14,15 No study has explored the importance of rate,
duration, or frequency of non-sustained ventricular tachycardia
on the risk of sudden cardiac death in childhood hypertrophic
cardiomyopathy. Of note, the assessment of the role of non-sus-
tained ventricular tachycardia in childhood hypertrophic cardiomy-
opathy sudden cardiac death risk is limited by the fact that there are
often substantial missing data on Holter monitoring data in pub-
lished studies,14 but the data available suggest that, although a rare
occurrence, non-sustained ventricular tachycardia is a marker with
high relative risk when present.

This writing group considers that non-sustained ventricular
tachycardia should be considered a major risk factor in childhood
hypertrophic cardiomyopathy. The importance of routinely

performing ambulatory electrocardiogram monitoring as part of
clinical assessment in children with hypertrophic cardiomyopathy
is emphasised.

Left atrial enlargement
The cause of left atrial dilatation in hypertrophic cardiomyopathy
ismultifactorial and includesmitral regurgitation secondary to sys-
tolic anterior motion of the mitral valve in children with obstruc-
tive hypertrophic cardiomyopathy and elevated left ventricular
filling pressures related to left ventricular diastolic dysfunction.42

The relationship between left atrial size and sudden cardiac
death in childhood hypertrophic cardiomyopathy has been evalu-
ated in five studies.14,15,26,33,34 Increased left atrium size was asso-
ciated with an increased risk of sudden cardiac death in two studies
on univariate analysis26,33 and in two studies on multivariable
analysis.14,15 Left atrium diameter is included in two paediatric
multiparametric hypertrophic cardiomyopathy risk prediction
models.14,15 The assessment of the relationship between left atrium
size and sudden cardiac death in childhood is limited by the differ-
ent methods of measuring left atrium size reported (e.g., antero-
posterior diameter in the parasternal long-axis view, left atrium

Table 1. Illustrating IVS Z-scores arrived at with different algorithms based on body size, compared with wall thickness related to 95th centile for age.

Subject
Height
cm

Weight
kg

MaxWall
mm

Detroit
Z-score39

Kamp-
mann

Z-score40

Boston-
M-Mode
Z-score41

Boston
2-D

z-score41

HCM Risk-Kids
Z-score

(wt only)14

IVS% of 95th centile for
age

(SEPPER)35

Boys

Average 18
years

180 71 30
20
11
10

5.83
3.93
1.15
0.70

16.6
8.56
1.36
0.56

13.3
6.67
0.74
0.09

19.8
10.6
2.28
1.36

19.58
10.9
3.09
2.23

271
180
99
90

Average 16
years

177 64 30
20
10

6.11
4.22
0.99

18.3
10.0
1.67

14.0
7.16
0.31

21.0
11.3
1.65

20.3
11.4
2.48

284
190
95

Average 12
years

154 42 30
20
10

6.99
5.10
1.86

25.9
14.8
3.67

17.9
9.66
1.47

27.4
15.4
3.28

23.6
13.6
3.56

316
211
105

Average 6
years

119 22 20
10
8

5.94
2.71
1.67

16.00
4.89
2.67

13.9
3.46
1.37

23.2
6.61
3.29

17.4
5.49
3.10

254
127
102

Newborn 51 3.55 20
10
5.5

7.91
4.68
1.89

23.3
9.00
2.57

24.9
8.86
1.64

52.0
20.0
5.54

32.7
13.2
4.33

Not applicable

Girls

Average 18
years

168 60 30
20
11
10

6.38
4.49
1.70
1.26

18.3
10.0
2.50
1.67

14.8
7.65
1.25
1.1

22.2
12.1
2.96
1.95

20.8
11.7
3.55
2.64

271
180
99
90

Average 16
years

166.5 59 30
20
10

6.43
4.54
1.30

18.3
10.0
1.67

14.9
7.76
0.58

22.5
12.2
2.01

20.9
11.8
2.68

284
190
95

Average 12
years

154 42 30
20
10

6.99
5.10
1.86

25.9
14.8
3.67

17.9
9.66
1.47

27.4
15.4
3.28

23.6
13.6
3.56

316
211
105

Average
6 years

118 21 20
10
8

5.99
2.76
1.72

18.5
6.00
3.50

14.1
3.57
1.46

23.7
6.81
3.22

17.7
5.63
3.22

254
127
102

Newborn 50 3.5 20
10
5.5

7.93
4.70
1.91

23.3
9.00
2.57

25.2
9.0
1.72

53.1
20.5
5.79

32.9
13.2
4.63

Not applicable
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area, or left atrium volume in the apical four-chamber view on
echocardiography, or left atrium volumes on cardiac MRI), and
by missing data on left atrium size in published paediatric studies.

This writing group considers that left atrial dilatation can be
considered a major risk factor for sudden cardiac death in child-
hood hypertrophic cardiomyopathy. The importance of routinely
measuring left atrium size and of achieving consensus on which
imaging modality and measurement should be used is highlighted.

Additional risk factors with less conclusive or emerging
evidence of an association with sudden cardiac death in
childhood hypertrophic cardiomyopathy

Left ventricular outflow tract obstruction
Left ventricular outflow tract obstruction is a recognised risk factor
for sudden cardiac death in adult hypertrophic cardiomyopathy.1,43

In contrast, data in childhood hypertrophic cardiomyopathy are
conflicting. Early studies with few sudden cardiac death end points
found no evidence that left ventricular outflow tract obstruction was
a significant predictor,27,38 althoughZiolkowska et al. found it to be a
significant risk factor for combined arrhythmia and heart failure
death end points.26 Notably, however, in a multicentre study,
patients who had suffered sudden cardiac death had a much higher
prevalence of outflow tract obstruction (79%) compared with long-
term survivors (46%), or the total combined group (55%).44 A
national cohort study with 32 end points found that an left ventricu-
lar outflow tract gradient>20 mmHg at diagnosis was a significant
risk factor for sudden cardiac death on univariate Cox hazard
(p= 0.009), and it remained a risk factor in themultivariate analysis.25

If at last visit the left ventricular outflow tract gradient was
>20 mmHg the relative risk for sudden cardiac death was 3.7, and
if it was>50 mmHg it was 6.6 (p= 0.004 and p< 0.001, respec-
tively).25 In contrast, the large multicentre studies producing the
HCM Risk-Kids, and PRIMaCY-sudden cardiac death algorithms,
suggested that, although therewas a higher prevalence of left ventricu-
lar outflow tract gradients>30 mmHg at diagnosis in patients with
end-points (31.7%) than in patients without end points (20.7%),
the presence of a gradient was associated with a slight reduction in
sudden cardiac death risk.14,15 This observation may be due to a con-
founding effect of patients with left ventricular outflow tract obstruc-
tion gradients being more commonly treated with beta-blockers, or
with larger doses of beta-blockers, compared to non-obstructive
patients, in keeping with a reported association of beta-blocker
therapy with a dose-dependent reduction in sudden cardiac death
and overall mortality.25,45–47 This may also explain the finding that
childhood implantable cardioverter-defibrillator recipients with left
ventricular outflow tract obstruction appear to receive fewer appro-
priate shocks.31 Additional possible confounders include duration
of unrelieved left ventricular outflow tract obstruction to explain
the different effects in adult and paediatric hypertrophic cardiomy-
opathy, and gradient reduction by surgical or interventional treat-
ments during follow-up; surgical myectomy was associated with a
significantly reduced risk of sudden cardiac death on multivariate
analysis in one study.47 The degree of left ventricular outflow tract
obstruction has been shown to correlate with degree of delayed late
enhancement on MRI in childhood hypertrophic cardiomyopathy,
suggesting that it might accelerate myocardial fibrosis.48 Finally, it
is possible that left ventricular outflow tract obstruction may confer
a longer-term risk than the 5-year risk assessed in HCM Risk-Kids14

and PRIMaCY-sudden cardiac death15 cohorts.47

Based on current evidence, this writing group considers that
data on the role of left ventricular outflow tract obstruction at

diagnosis in sudden cardiac death risk stratification in childhood
hypertrophic cardiomyopathy are conflicting, and further work is
needed to clarify this.

Late gadolinium enhancement on cardiovascular MRI
The prevalence of myocardial fibrosis assessed by late gadolinium
enhancement is highly variable in childhood hypertrophic cardio-
myopathy, ranging from 18 to 73% of patients.49–55 The predictive
value of late gadolinium enhancement on cardiac magnetic reso-
nance imaging as a risk factor for sudden cardiac death in child-
hood hypertrophic cardiomyopathy has been investigated in
seven studies. Four49–52 reported an increased incidence of late
gadolinium enhancement in patients with adverse outcomes, but
this did not reach statistical significance. Spinner et al.53 reported
that the extent of late gadolinium enhancement was associated
with 1.4-fold increased odds of non-sustained ventricular tachy-
cardia, but these findings also did not reach statistical significance.
In a study by Axelsson Raja et al.,54 no statistical difference was
found comparing children with hypertrophic cardiomyopathy
who experienced an adverse event to those that did not with respect
to either the presence or the extent of late gadolinium enhance-
ment. The incorporation of late gadolinium enhancement (the esti-
mated optimal cut-off point of the extent of late gadolinium
enhancement using >6 SDs above the remote area was>0.7% of
the left ventricular mass) significantly improved the performance
of American College of Cardiology (ACC)/American Heart
Association (AHA) strategy as well as HCM Risk-Kids algorithm
with both cut-off points of≥4% and≥6%.55

This writing group considers that the association between sud-
den cardiac death risk and late gadolinium enhancement in chil-
dren with hypertrophic cardiomyopathy is not yet well defined,
and the extent of late gadolinium enhancement that constitutes
high risk in children has not been established. Extensive late gado-
linium enhancement may be an additional risk factor for sudden
cardiac death risk in children, but further studies are required to
confirm this.

Electrocardiogram phenotype and electrocardiogram risk score
in risk stratification
Electrocardiogram features correlating with sudden cardiac
death. McLeod et al.56 reported that there were no sudden deaths
in adult hypertrophic cardiomyopathy patients with a normal
electrocardiogram. Conversely, large Sokolow–Lyon index volt-
ages were associated with higher mortality in paediatric hypertro-
phic cardiomyopathy.57 A subsequent study suggested the voltage
sum of the six limb-leads (LLQRSS) >10 mV as a possible risk fac-
tor for sudden cardiac death, independent of echocardiographic
measures of left ventricular hypertrophy, and that risk factors
for sudden cardiac death were different from risk factors for
heart-failure-related death in paediatric hypertrophic cardiomy-
opathy patients.35 Electrocardiogram abnormalities that have been
reported to correlate statistically with sudden cardiac death or
malignant arrhythmia in children and adults with hypertrophic
cardiomyopathy are shown in Table 2.

Electrocardiogram risk score. A systematic study of the resting
electrocardiogram in adult hypertrophic cardiomyopathy patients
showed that the most discriminating electrocardiogram features
were QRS axis deviation, LLQRSS, 12-lead amplitude duration
product, QTc> 440 msecs, T-wave inversion, ST-depression,
and dominant S-waves in V4; these features were used to develop
an electrocardiogram risk score (supplementary Table S1) which
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was found to correlate with risk for sudden cardiac death.58 An
electrocardiogram risk score of 5 points had a sensitivity in adult
hypertrophic cardiomyopathy for cardiac arrest of 84%, and high
specificity, particularly in younger patients <40 years of age.58 In a
national paediatric hypertrophic cardiomyopathy cohort, an
electrocardiogram risk score>5 conferred a relative risk of sudden
cardiac death of 46.5 [6.6-331], with sensitivity of 97% and speci-
ficity of 80%.25 Restricting analysis to patients with non-syndromic
hypertrophic cardiomyopathy and sudden cardiac death within
5 years sensitivity for electrocardiogram risk score>5 was 100%
and positive predictive value was 31%,47 and an external validation
in a Canadian cohort with>5 years follow-up found a sensitivity of
95%, positive predictive value of 28% and C-statistic 0.76, although
it overestimated sudden cardiac death risk.66 In contrast, a large
study of 356 children from the HCM Risk-Kids cohort with elec-
trocardiograms archived found that a cut-off of>5 points was not
predictive for freedom frommajor arrhythmia over a short follow-
up of 3.9 years but found a hazard ratio of 1.11 per point when total
point score was used.67 One multicentre study suggested that add-
ing the electrocardiogram risk score to the HCM Risk-Kids score
with≥14 as cut-off gave better specificity than either algorithm on
its own, with a C-statistic of 0.90 [0.83-0.96] after 7 years of age.
The strength of the electrocardiogram risk score is its high sensi-
tivity in non-selected cohorts and a very high negative predictive
value of 97–99%.25,47,67 It is possible that an electrocardiogram
score< 3 could be used to identify low-risk patients,25,56 but this
will need to be specifically assessed in future studies.

This writing group considers that the electrocardiogram pheno-
type is not specific enough to be used as a risk indicator on its own,
but it may be an independent and complementary risk factor to the
extent of left ventricular hypertrophy on echocardiography. Due to
its widespread availability, it may be a good screening method for
selecting cases that need to accelerate further investigations and to
identify low-risk individuals.

Restrictive physiology. Three studies26,33,34 have analysed the
predictive value of echocardiographic markers of restrictive physi-
ology for sudden cardiac death in children with hypertrophic

cardiomyopathy. The measurement of restrictive physiology var-
ied and included early transmitral flow velocity (E)/septal and lat-
eral mitral annulus velocity E’ (E/E’ ratio),33,34 transmitral inflow
Doppler E/A ratio26,33, and left atrium enlargement in the absence
of more than mild mitral regurgitation and without evidence of left
ventricular dilatation.26,33 McMahon et al.34 reported that early
transmitral left ventricular filling velocity (E)/early diastolic septal
(E’) tissue Doppler velocity (septal E/E’ ratio) predicted major
clinical events and risk of sudden cardiac death in childhood
hypertrophic cardiomyopathy, although this did not reach statis-
tical significance. In the study by Maskatia et al.,33 echocardio-
graphic features of restrictive physiology were associated with a
3.8-fold increase in the risk of sudden cardiac death. Left atrial
enlargement, lateral mitral E/E’ ratio≥ 10, and septal E/E’ ratio
≥ 13 correlated significantly with aborted sudden cardiac death.
Increased left atrium size and decreased early transmitral E velocity
were independent predictors for combined arrhythmic and heart
failure death end points in a study published by Ziolkowska et al.26

This writing group considers that restrictive physiology param-
eters may be considered an additional risk factor for sudden car-
diac death in childhood hypertrophic cardiomyopathy, but further
studies are required to determine whether this is independent of
other established risk factors.

Myocardial deformation. Strain, a measure of myocardial defor-
mation, is an increasingly used assessment of global and regional
left ventricular function. In adult patients with hypertrophic
cardiomyopathy, decreased strain by two-dimensional (2-D)
speckle-tracking echocardiography has been associated with areas
of hypertrophy and myocardial fibrosis and with adverse cardiac
events.68–70 Only one paediatric study71 has shown an association
between myocardial systolic activation delay assessed by echocar-
diographic strain and strain rate and increased risk for ventricular
arrhythmias (sustained ventricular tachycardia and/or non-
sustained ventricular tachycardia) in children with hypertrophic
cardiomyopathy.

Recently, cardiac magnetic resonance imaging myocardial fea-
ture tracking, a technique similar to echocardiographic speckle
tracking, has been introduced for the evaluation of global and
regional myocardial mechanics and strain. Smith et al. demon-
strated a significant relationship between reduced global longi-
tudinal and radial strain and increased risk of sudden cardiac
death in children and young adults with hypertrophic cardiomy-
opathy.72 The results of a study in 55 hypertrophic cardiomyopa-
thy children of whom 7 reached the arrhythmic end points
(4 sudden deaths and 3 appropriate implantable cardioverter-
defibrillator discharge) demonstrated a strong trend towards better
arrhythmic end point identification performance of baseline HCM
Risk-Kids model (AUC = 0.724, 95% CI – 0.569–0.824) compared
to ACC/AHA strategy (AUC= 0.638, 95% CI – 0.496–0.765).
Adding left atrial strain parameters such as conduit function
component assessed by cardiac magnetic resonance imaging
myocardial feature tracking significantly increased prediction
performance of both approaches, suggesting that the inclusion
of atrial strain indices may improve sudden cardiac death risk
stratification strategies in children with hypertrophic
cardiomyopathy.73

This writing group considers that ventricular and atrial myo-
cardial strain parameters may be an additional risk factor for sud-
den cardiac death in children with hypertrophic cardiomyopathy,
but further paediatric studies are required.

Table 2. ECG features and measures with statistically significant correlation to
malignant arrhythmia or sudden cardiac death in hypertrophic cardiomyopathy.

ECG measure
Paediatric

HCM
Adult
HCM

QRS axis deviation 25 58

QRS duration≥120 ms 59

Precordial T-wave inversion 25 58

Dominant S-wave in V4 25 58

ST-depression at rest 25 58,60

ST-depression on exercise 25,61

ST-segment “hump-elevation” rest or
exercise

59,62

QTc prolongation 24,25,63 58,64,65

QTc dispersion 26,27

Sokolow-Lyon index 35

Limb-lead QRS amplitude sum (LLQRSS) 25,35,44 58

12-lead QRS amplitude*duration product 25 58
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Exercise-induced ischaemia. Assessment of myocardial ischaemia
during exercise is usually performed with exercise testing. Yetman
et al. reported that childhood hypertrophic cardiomyopathy
patients with myocardial bridging on angiography had greater
ST-depression on exercise testing and a significantly higher pro-
portion of cardiac arrest or sudden cardiac death than patients
without myocardial bridging.61 Few paediatric hypertrophic
cardiomyopathy patients are investigated with angiography in
the current era, but in a subsequent study ST-segment depression
during exercise testing had a hazard ratio of 2.45 for sudden cardiac
death that just missed statistical significance (p= 0.06).27 A more
recent and larger study of paediatric hypertrophic cardiomyopathy
patients showed that ST depression at rest was present in 43.5% of
patients with sudden cardiac death or cardiac arrest, and only in
8.4% of patients without arrhythmia events (p < 0.0001), and that
ST-depression during exercise conferred a relative risk of 5.7 [95%
CI 1.9–17.4; p= 0.0035] of sudden death or cardiac arrest, with a
positive predictive value of 56% and a specificity of 83%.25 For chil-
dren too young for formal exercise testing, a Holter recording dur-
ing prescribed physical exercise may also reveal ST-depression
during high heart rates, but there are no studies exploring whether
this feature is predictive.

This writing group considers that, although paediatric studies
of myocardial ischaemia are limited, there is some evidence to sug-
gest that ST-segment depression during exercise testing may be an
additional risk factor for sudden cardiac death in childhood hyper-
trophic cardiomyopathy.

Aetiology. The aetiology of hypertrophic cardiomyopathy in chil-
dren is heterogeneous and includes malformation syndromes,
neuromuscular disorders and inborn errors of metabo-
lism.5,6,8,16,74,75 In the North American Pediatric
Cardiomyopathy Registry cohort,8 survival rates from the time
of hypertrophic cardiomyopathy diagnosis were poorer in patients
with inborn errors of metabolism and malformation syndrome
compared to neuromuscular disorder or non-syndromic hypertro-
phic cardiomyopathy patients, with the worst outcome in patients
diagnosed before 1 year of age, mostly caused by heart failure-
related death. Sudden cardiac death, however, was more frequent
in those patients with non-syndromic hypertrophic cardiomyopa-
thy than in patients with malformation syndrome or inborn errors
of metabolism.16 These data were also confirmed by Norrish et al.,6

who evaluated a cohort of 687 hypertrophic cardiomyopathy
patients (age range 0–16 years), showing that children diagnosed
during infancy or with an inborn errors of metabolism had a worse
prognosis. A major arrhythmic event (i.e., sudden cardiac death,
resuscitated cardiac arrest, sustained ventricular tachycardia, or
appropriated implantable cardioverter-defibrillator shock)
occurred in 58 (8.4%) patients: 51 with non-syndromic hypertro-
phic cardiomyopathy; 5 with a RASopathy; 2 with an inborn errors
of metabolism, 1 of these with Danon disease. Interestingly, no
arrhythmic events occurred in 78 children with Friedreich’s
ataxia-related hypertrophic cardiomyopathy, suggesting that these
patients may be at lower risk of ventricular arrhythmias.76 Among
the RASopathies, patients with Noonan syndrome with multiple
lentigines (previously known as LEOPARD syndrome) appear to
carry a higher risk. Limongelli et al.77 evaluated 26 patients with
Noonan syndrome with multiple lentigines (age range 0–63 years)
and found that hypertrophic cardiomyopathy was present in 19
(73%) patients. Among these, four patients had sudden cardiac
death or resuscitated cardiac arrest and two of these events
occurred in the paediatric age. There has been no systematic

assessment of aetiology as a sudden cardiac death risk factor in
childhood hypertrophic cardiomyopathy.

This writing group considers that, although the risk of sudden
cardiac death appears to be higher in patients with non-syndromic
hypertrophic cardiomyopathy and with RASopathies (particularly
NSML), aetiology is not an independent risk factor for sudden car-
diac death in children with hypertrophic cardiomyopathy.

Risk factors for sudden death in Noonan syndrome and other
RASopathies. The hypertrophic cardiomyopathy associated with
Noonan syndrome is histologically indistinguishable from hyper-
trophic cardiomyopathy associated with sarcomere mutations,
including features such as myocardial disarray.78 One early study
of cardiac involvement in Noonan syndrome reported absence of
sudden cardiac deaths, but subsequent studies with larger groups
of Noonan-associated hypertrophic cardiomyopathy have
reported significant numbers of sudden cardiac deaths, a few
occurring during first 2 years of life, but the majority after a late
hazard period starting around 10 years of age.79,80 Several studies
exploring risk factors for sudden cardiac death specifically in
paediatric hypertrophic cardiomyopathy have also included
Noonan-associated hypertrophic cardiomyopathy25,27,35 and have
suggested that the degree of left ventricular hypertrophy is a major
risk factor for sudden cardiac death. One study has suggested that a
limb-lead QRS amplitude sum >10 mV, maximal wall thickness
Z-score >6 (using the Detroit Z-score values),39 and an electrocar-
diogram risk score>5 were indicators of increased risk.25 Only two
studies so far have attempted to compare risk factors in non-
syndromic hypertrophic cardiomyopathy and Noonan syndrome-
related hypertrophic cardiomyopathy. In the first study, higher
electrocardiogram voltage amplitudes in the limb leads were a sig-
nificant risk factor in both Noonan-associated and non-syndromic
hypertrophic cardiomyopathy, and severity of septal hypertrophy
had a B-value on Cox hazard analysis of 0.015, p= 0.001 in non-
syndromic hypertrophic cardiomyopathy, and virtually identical
B-value of 0.014 in the smaller group with Noonan-associated
hypertrophic cardiomyopathy.35 The second study found that a
sum of electrocardiogram risk score and HCM Risk-Kids
score≥14 after the age of 7 years was a significant predictor of
sudden cardiac death both short and long term also in Noonan
syndrome.47

This writing group considers that hypertrophic cardiomyopa-
thy patients with RASopathy syndromes may be at risk of sudden
cardiac death and should not be excluded from consideration of
implantable cardioverter-defibrillator implantation. Further mul-
ticentre studies are required to delineate optimal risk stratification
strategies in patients with RASopathy-related hypertrophic cardio-
myopathy, including an assessment of the role of severity of left
ventricular hypertrophy and electrocardiogram abnormalities.

Genetics. Sarcomere protein gene mutations are the commonest
cause of hypertrophic cardiomyopathy beyond infancy7,9, and
there is good agreement on which genes should be screened in
non-syndromic hypertrophic cardiomyopathy, although no spe-
cific comment on paediatric hypertrophic cardiomyopathy is usu-
ally made. Due to the limited number of genes for diagnostic
purposes, targeted panel next-generation sequencing has evolved
as the method of choice. Gene panels generally include eight sar-
comere genes, includingMYH7,MYBPC3, TNNI3, TNNT2, TPM1,
MYL2, MYL3, and ACTC1.21 Among patients with hypertrophic
cardiomyopathy and a pathogenic sarcomeric gene variant, the
two most common genes implicated are beta myosin heavy chain
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7 (MYH7) and myosin-binding protein C3 (MYBPC3). Several
reports suggest that clinical screening should commence during
early childhood and not be delayed until 10 or 12 years of age.22,23,81

There have been very few paediatric studies assessing genotype–
phenotype correlations, but a family screening study for hypertro-
phic cardiomyopathy suggested that MYH7/MYBPC3 variant
positive patients were at highest risk of developing early hypertro-
phic cardiomyopathy and then experiencing an event or requiring
a major intervention. All events occurred in phenotype-positive
children.81 Genotype-positive individuals who remain phenotype
negative by 18 years of age have a variable frequency of phenotype
conversion, ranging from 10 to 50%.22,82 In one paediatric study
Troponin I (TNNI3) and Troponin T (TNNT2), variants were pre-
dictive for the risk of lethal arrhythmic events.22 The PRIMaCY
study suggested that genotype-positive individuals had a 1.3-fold
higher risk of experiencing a sudden cardiac death event when
compared to individuals who were genotype-negative on genetic
testing after accounting for all clinical risk factors, although no
assessment of individual genes or the presence of additional co-
existent genetic variation was made, and the addition of genotype
status did not improve the performance of the model.15 Data from
the SHaRe registry have recently shown that patients with child-
hood-onset sarcomeric hypertrophic cardiomyopathy had a 63%
increased risk for the overall cardiac composite outcome compared
with non-sarcomeric childhood-onset hypertrophic cardiomyopa-
thy, with no significant increased hazard identified for the ven-
tricular arrhythmia composite.10 Larger studies are needed to
analyse and incorporate genotype-specific differences in risk
predictions.

This writing group considers that the prognostic value of iden-
tifying sarcomere gene variant carriers in children without pheno-
typic manifestations is unclear.

Age. Different multicentre studies have investigated age at diag-
nosis or at presentation as a potential risk factor for death.
Presentation in infancy (<1 year of age) was associated with an
increased risk of cardiovascular death5,6,8,83,84; however, the cause
of death in this subgroup is most commonly associated with con-
gestive heart failure and non-cardiovascular causes, rather than
sudden cardiac death.85 One study reported an increased risk
of sudden cardiac death or malignant arrhythmia occurring in
children above 13 years of age,24 and a population-based study
showed that 8–16-year-olds had a significantly higher mortality
rate in sudden cardiac death than 17–30-year-olds, with the high-
est rate between the ages of 9 and 14 years.44 Maurizi et al.22 evalu-
ated 100 hypertrophic cardiomyopathy patients from 1 to 16
years old at diagnosis to describe the long-term outcome of paedi-
atric onset hypertrophic cardiomyopathy and to identify age-
specific arrhythmic risk factors. In their cohort, patients aged
≤12 years at diagnosis showed significantly more cardiovascular
events, including lethal arrhythmic events (defined as sudden car-
diac death or aborted cardiac arrest in patients who were success-
fully resuscitated or who received appropriate implantable
cardioverter-defibrillator shocks), compared to those diag-
nosed >12 years at diagnosis; however, age at diagnosis was
not a predictor of lethal arrhythmic events on multivariate analy-
sis. More recently, data from the International Paediatric
Hypertrophic Cardiomyopathy Consortium on 639 children
diagnosed with hypertrophic cardiomyopathy under 12 years
of age were compared with 568 children diagnosed between 12
and 18 years; age at presentation did not influence the prevalence
of adverse outcomes, including sudden cardiac death and

malignant ventricular arrhythmia, but children diagnosed in pre-
adolescence had adverse events at younger ages.11

In the HCM Risk-Kids model developed by the International
Paediatric Hypertrophic Cardiomyopathy Consortium to predict
5-year sudden cardiac death risk during childhood (age≤16 years),
age at diagnosis was not a predictor of sudden cardiac death, and its
inclusion in the paediatric model did not improve its perfor-
mance.14 In contrast, the PRIMaCY sudden cardiac death risk pre-
diction model15 included age at diagnosis as a variable, considering
its non-linear association with sudden cardiac death identified in
the evaluated cohort. The authors found that sudden cardiac death
risk increased with increased age at diagnosis, starting from 5 years
of age. In particular, they noted that patients diagnosed before 5
years of age had a higher frequency of non-sudden cardiac death
death and transplant than those diagnosed later, and that these
events occurred mostly in infants (i.e., age<1 year). On the other
hand, early-onset hypertrophic cardiomyopathy patients had a
lower frequency of sudden cardiac death events than those diag-
nosed after 5 years of age. This difference, however, may be partly
related to the higher non-sudden cardiac death mortality and
transplant in the first years of age.

This writing group considers that the risk of sudden cardiac
death occurring in infancy and below 5 years of age is very low.
There are data to suggest an increased risk of sudden cardiac death
in the age range between 5 and 14 years.

Proposed risk factors for which there is no evidence of an
association with sudden cardiac death risk in childhood
hypertrophic cardiomyopathy

Sex
The penetrance of autosomal dominant mutations causing hyper-
trophic cardiomyopathy is both age-related and sex-related, with
higher penetrance in males at least below 40 years of age.86,87

However, a substantial proportion of non-syndromic hypertrophic
cardiomyopathy cases in childhood are sporadic rather than fam-
ilial, around 31–38% in geographical cohorts,25,44 and between 47
and 52% in large tertiary centre collaborations.14,15 Nevertheless,
there is still a male predominance in studies of childhood hyper-
trophic cardiomyopathy, ranging from 55% males in a study diag-
nosing cases by school screening88, to 58–62% in geographical
cohorts,25,44 and to 60–69% in tertiary centre studies.14,15,26,38

Consistently, however, the sex proportion of subjects with sudden
cardiac death is either identical to, or only marginally different
from, the sex proportion among survivors. Neither univariate
Cox hazard regression26,44 nor multivariate analysis14,15,25 has
found sex to be a risk factor for sudden death in childhood hyper-
trophic cardiomyopathy, with two very large multicentre studies
having ample statistical power to detect even small increases in
risk.14,15

This writing group considers that sex is not an independent risk
factor for sudden cardiac death in childhood hypertrophic
cardiomyopathy.

Family history of sudden cardiac death
In adults with hypertrophic cardiomyopathy, the presence of a
family history of premature sudden cardiac death is accepted as
a major risk factor both in American Heart Association/
American College of Cardiology guidelines21 and in the
European Society of guidelines.1 Paediatric studies, however, have
consistently failed to demonstrate that a malignant family history
is an independent risk factor for sudden death in childhood
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hypertrophic cardiomyopathy.24–26,28,38,84 This is unlikely to result
from lack of statistical power, as relative risks or hazard ratios are
1.0 or close to 1 in most individual studies.24,38 Possible explana-
tions for this apparent difference in the role of family history of
sudden cardiac death in children compared to adults include a
lower proportion of familial hypertrophic cardiomyopathy cases
in childhood, higher prevalence of de novo disease or incomplete
reporting of family linkage, as well as the possibility that follow-up
times in paediatric studies are relatively short and childrenmay not
have developed the phenotype until later in adulthood.82 However,
even if the analysis is restricted to familial paediatric hypertrophic
cardiomyopathy only, the hazard ratio is still not significant (1.2
[0.5–2.8]), and the specificity is low (55%).25 While even in paedi-
atric hypertrophic cardiomyopathy there are some families with
multiple deaths occurring at young age, family history was not
an independent risk factor on multivariate analysis25 and all paedi-
atric hypertrophic cardiomyopathy cases with a malignant family
history who died suddenly also had additional clinical markers of
increased risk, whereas those with malignant family history who
did not have any adverse events showed a more benign clinical
phenotype.25 Two very largemulticentre studies have provided fur-
ther evidence that a family history of sudden cardiac death is not an
independent risk factor, both PRIMaCY-sudden cardiac death15

with 572 patients and 53 individuals reaching the end points,
and HCM Risk-Kids14 with 1024 patients and 89 end points
reached; in the latter, family history of sudden cardiac death
had a hazard ratio of 1.01.

This writing group considers that, while the presence of amalig-
nant family history may be an indication for detailed early inves-
tigations for risk stratification and for a more frequent follow-up, it
is not an independent risk factor for sudden cardiac death in child-
hood hypertrophic cardiomyopathy and should not be used to jus-
tify implantable cardioverter-defibrillator implantation in children
in the absence of additional clinical risk factors.

Review of proposed risk assessment strategies

European Society of Cardiology 2014 guidelines
The European Society of Cardiology (ESC) 2014 guidelines pro-
posed using a risk calculation algorithm for adult patients,
HCM Risk-SCD, but this was not validated in patients below 16
years of age.1 A brief section on risk stratification in children states
that risk assessment is hampered by lack of data, but that “there is
general agreement” that unexplained syncope, severe left ventricu-
lar hypertrophy, non-sustained ventricular tachycardia, and family
history of sudden cardiac death would constitute major risk fac-
tors, and that≥2 risk factors would constitute an indication to con-
sider implantation of a primary prevention implantable
cardioverter-defibrillator. This approach was formally evaluated
by Norrish et al. in a United Kingdom cohort of 411 patients
(295 with complete data) with median follow-up 5.5 years; com-
paring freedom from major arrhythmias in the low-risk group
(0–1 risk factors) with the high-risk group of≥2 risk factors, there
was no significant difference in the respective Kaplan–Meier sur-
vival curves (log-rank= 0.34).89 The discrimination≥2 risk factors
in identifying patients having a major arrhythmia event by 5 years
of follow-up had a C-statistic of 0.62 [0.52–0.72], with a positive
predictive value of only 12.5% and a negative predictive value of
93.9%. Only 3/43 (7%) of patients experiencing amajor arrhythmia
were identified by the≥2 risk factors criterion.89

This writing group considers that the ESC 2014 guidelines have
insufficient sensitivity for clinical use in children.

American Heart Association/American College of Cardiology
2020 Guidelines
The updated American Heart Association/American College of
Cardiology Guidelines published in 202021 contain a few short sec-
tions dealing with recommendations for paediatric patients, which
are relatively similar to those in 2011.37 They recommend implan-
tation of a primary prevention implantable cardioverter-defibrilla-
tor in children with one or more of the following risk factor:
unexplained syncope, massive left ventricular hypertrophy, non-
sustained ventricular tachycardia, or a family history of sudden
cardiac death. The guidelines acknowledge that the positive predic-
tive value of this approach is poor, and that “new risk factor algo-
rithms with higher positive predictive value are needed, especially
in children.”21 There are only two additions compared to the 2011
guidelines: massive left ventricular hypertrophy is defined as “risk
maximised around a Z-score of 20” (although there is no definition
of which normative data should be used), in contrast to the earlier
definition of Z-score>6; and a suggestion that the physician
should “consider the presence of massive late gadolinium enhance-
ment” in the risk assesssment21. The performance in paediatric
hypertrophic cardiomyopathy of the presence of zero, one, or
two or more of these classical risk factors was assessed by
Norrish et al. in 2019, showing no significant difference on
Kaplan–Meier survival curve analysis of the freedom from major
arrhythmic events between individuals with 0 and 1 risk factor at 5
years follow-up89; a further multicentre study confirmed a non-sig-
nificant C-statistic for 1≥ risk factor of 0.55.47

This writing group considers that the use of only one risk factor
as potential indication for implantable cardioverter-defibrillator-
implantation does not confer significant discrimination for risk
of sudden cardiac death in childhood hypertrophic cardiomyopa-
thy and agrees that new risk factor algorithms with higher positive
predictive value are needed.

Multiparametric paediatric risk prediction models

Hypertrophic cardiomyopathy Risk-Kids
Following the demonstration of poor discriminatory power of the
paediatric ESC2014 guidelines,89 a major effort at collecting a large
group of paediatric hypertrophic cardiomyopathy patients with the
aim of constructing a paediatric-specific risk assessment algorithm
was launched. This eventually collected 1024 patients from 39 par-
ticipating centres.14 Five pre-selected parameters, based on a
meta-analysis of published data in childhood hypertrophic cardio-
myopathy,90 were included: maximal left ventricular wall thickness
(as a continuous variable and expressed as a Z-score rather than an
absolute value), left atrial diameter Z-score (also as a continuous
variable), presence of unexplained syncope, presence of non-
sustained ventricular tachycardia, and left ventricular outflow tract
obstruction gradient (continuous variable). Family history of sud-
den cardiac death and age were not included in the model develop-
ment as they were not significant. Missing values were imputed by
computer analysis of chained equations.14 Internal validation in
527 patients with complete data and 34 end points within the first
5 years of follow-up, demonstrated a C-statistic of 0.69 [0.66–0.72],
similar to the adult HCM Risk-SCD score.18 A calculated HCM
Risk-Kids annual percent risk of≥6% identified 26/32 patients
with a major arrhythmia event within 5 years (sensitivity
76%).14 However, 45.2% of those with a cut-off≥6% did not reach
the end point within 5 years. Limitations of the model include the
large amount of missing data with use of imputed data.91 The appa-
rently paradoxical reduction of sudden cardiac death risk with
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increasing left ventricular outflow tract obstruction gradient
assigned to the algorithm has also been raised as a concern, as dis-
cussed in detail above. A large-scale external validation study of
HCM Risk-Kids was reported in 2022, confirming the ability of
the model with a threshold of>6% risk at 5 years to identify over
70% of children with a major arrhythmic event and a C-statistic of
0.75.93 Additional external validation was provided from a national
cohort, in which similar performance was observed (C-statistic
0.69, sensitivity 73%, positive predictive value 22%, and negative
predictive value 95%).47 In this study, using data from ≥7 years
of age in patients with a diagnosis in infancy improved the
C-statistic to 0.76, and combining HCM Risk-Kids score with
electrocardiogram risk score improved specificity and C-statistic
compared with either measure alone.47 The HCMRisk-Kids model
is available online (www.hcmriskkids.org).

PRIMaCY-sudden cardiac death
Following the publication of hypertrophic cardiomyopathy Risk-
Kids, a separate paediatric-specific model was developed in a
North American multicentre retrospective cohort (PRIMaCY) of
572 patients up to 18 years of age and validated using data from
285 patients from the SHaRe registry15. Risk factors were selected
on the basis of an association with the end point of an arrhythmic
event in a development cohort and included age at diagnosis, doc-
umented non-sustained ventricular tachycardia, unexplained syn-
cope, septal diameter z-score, left ventricular posterior wall
diameter z-score, left atrial diameter z-score, and peak left ven-
tricular outflow tract obstruction gradient. The presence of a
pathogenic sarcomeric variant was also explored in an additional
model, but this did not improve model performance, possibly due
to small numbers of genotyped patients. Over a total of 2855
patient-years follow-up, 53 patients experienced a sudden cardiac
death or equivalent event, with a median time from diagnosis to
event of 2.2 years. C-statistics of 0.75 and 0.71 were reported for
the development and external validation cohorts, respectively,
but confidence intervals for the performance estimates were not
reported, nor was the final equation made available, but the model
is available online (www.primacycalculator.com). Given that both
the development and internal validation and the external valida-
tion cohorts for the hypertrophic cardiomyopathy Risk-Kids
model are nearly twice as large as PRIMaCY, confidence intervals
would be expected to be wider than in HCM Risk-Kids, reflecting
uncertainty in the estimates due to small patient numbers and
missing data. The authors assessed the performance of the model
dividing the cohort into three risk tertiles (<4.7% (low), 4.7–8.3%
(medium), and>8.3 (high risk) at 5 years) and showed good agree-
ment, but with large confidence intervals.

This writing group considers that HCM Risk-Kids outperforms
the ESC 2014 and AHA/ACC 2020 risk assessment strategies.
Further independent external validation studies of the HCM
Risk-Kids and PRIMaCY models side by side are needed to com-
pare performance in clinical practice. Incorporation of additional
clinical risk factors may improve their performance.

Implantable cardioverter-defibrillator management in
paediatric hypertrophic cardiomyopathy

Determining the need for primary prevention implantable cardi-
overter-defibrillator therapy in paediatric patients involves careful
balancing of risks and benefits. Implantable cardioverter-defibril-
lator implantation is effective in reducing mortality in children
with severe hypertrophic cardiomyopathy but is also associated

with a high complication and re-intervention rate. Ideally, the ben-
efits of therapy should outweigh its risks; thus, the risk of receiving
appropriate implantable cardioverter-defibrillator therapy should
outweigh the risk of adverse events related to implantable cardi-
overter-defibrillator implantation. In addition, risks and benefits
carry different weights for each different patient, parent, and
doctor. These factors need to be examined, balanced, and discussed
with paediatric patients and their caregivers, thereby leading to a
thoroughly shared decision to implant or to not implant an
implantable cardioverter-defibrillator.

Device and lead systems

The choice of device systems and leads in children with hypertro-
phic cardiomyopathy requiring implantable cardioverter-defibril-
lator therapy is not essentially different compared to children with
other cardiac diseases. In small children, non-transvenous systems
are commonly used with the device placed in the right anterior
abdominal wall, the ventricular pacing and sensing lead epicar-
dially, and the shock array subcutaneously in the left thorax.
Other techniques have also been reported, including placement
of the shock array in the pericardial or pleural space.94,95 In older
children, as in adults, transvenous implantable cardioverter-defib-
rillator systems are mostly used. Lead failures are more common in
non-transvenous systems as compared to transvenous systems
with a failure rates of 29% versus 7%, respectively, over a median
follow-up of 4.3 year.96,97 A recent study describing a retrospective
implantable cardioverter-defibrillator cohort of 90 paediatric
hypertrophic cardiomyopathy patients showed a re-intervention
rate of 35.6% over a median follow-up of 4.6 years for generator
replacement (10%), lead replacement (13.3%), lead repositioning
(3.3%), system infection (5.6%), system upgrade (5.6%), or
implantable cardioverter-defibrillator pocket erosion (1.1%).20

Limitation of the amount of implantable cardioverter-defibril-
lator leads decreases the chance of lead-related complications. The
additional value of an atrial lead is limited to anti-bradycardia pac-
ing of patients in sinus rhythm, rare cases of early-onset atrio-
ventricular (AV) conduction disease (e.g., variants in PRKAG2
gene), and can be considered in cases with poorly controlled left
ventricular outflow tract obstruction where AV sequential pacing
has been described to reduce left ventricular outflow tract
obstruction.98

There is no additional value of atrial sensing in discrimination
of supraventricular tachycardia or sinus tachycardia from ven-
tricular tachycardia.96,99,100

In recent years, S-implantable cardioverter-defibrillator has
been used increasingly, especially in young patients, including
paediatric hypertrophic cardiomyopathy patients.101,102 There
were no lead failures in the S-implantable cardioverter-defibrillator
group.102 Screening for S-implantable cardioverter-defibrillator
fails in 14 to 38% of hypertrophic cardiomyopathy patients due
to higher risk of T-wave sensing which may improve by alternative
placement of the screening electrodes.103 S-implantable cardi-
overter-defibrillator therapy in hypertrophic cardiomyopathy
patients appears effective in the recognition and termination of
ventricular tachycardia/ventricular fibrillation even in the presence
of extreme left ventricular hypertrophy.104,105 Cardiac pacing and
thereby antitachycardia pacing is impossible in S-implantable car-
dioverter-defibrillator which can be a disadvantage for hypertro-
phic cardiomyopathy patients with monomorphic ventricular
tachycardia as presenting rhythm. Recently, a retrospective
implantable cardioverter-defibrillator series on clinical outcome
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and programming strategies in 90 paediatric hypertrophic cardio-
myopathy patients showed 20% of patients receiving appropriate
therapy to be successfully cardioverted by antitachycardia pacing
for monomorphic ventricular tachycardia, without the need for
high-voltage therapy.20

In paediatric hypertrophic cardiomyopathy patients, implant-
able cardioverter-defibrillator systems have gradually changed
away from dual-chamber and dual-coil systems towards single-
chamber systems and S-implantable cardioverter-defibrillators.
These simpler systems may be preferable for most paediatric
hypertrophic cardiomyopathy patients, since they reduce the risk
of device-related complications without significantly increasing
the risk of inappropriate therapies.

This writing group considers that transvenous, non-transve-
nous, and subcutaneous implantable cardioverter-defibrillators
are equally effective in primary and secondary prevention of sud-
den cardiac death in paediatric hypertrophic cardiomyopathy.
Dual-chamber implantable cardioverter-defibrillators are not
superior to single-chamber implantable cardioverter-defibrillators
in supraventricular or sinus tachycardia discrimination. Lead fail-
ure problems are more common in non-transvenous systems in
comparison with transvenous systems, and the most simple
implantable cardioverter-defibrillator systems are associated with
the least possible (lead failure) complications. Therefore, this writ-
ing group considers the most appropriate implantable cardi-
overter-defibrillator system in paediatric hypertrophic
cardiomyopathy to be the least complicated complying system
after careful consideration of the patient’s weight, the potential
indication for atrial pacing and the potential expected effect of anti-
tachycardia pacing in relation to available device properties.

Effectiveness and complications

Benefits
Appropriate implantable cardioverter-defibrillator therapy in
paediatric hypertrophic cardiomyopathy. Appropriate implant-
able cardioverter-defibrillator therapy in paediatric hypertrophic
cardiomyopathy patients is reported in 9–28%14,19,28,106 and occurs
more often in children who had an implantable cardioverter-defib-
rillator implanted for secondary prevention compared to primary
prevention (47–70% versus 14–16%, respectively; mean follow-up
4–5 years).15,19,20,28,107,108

Potential risks
Inappropriate implantable cardioverter-defibrillator therapy.
Inappropriate implantable cardioverter-defibrillator therapy is still
designated as major problem associated with implantable cardi-
overter-defibrillator implantation in children and adolescents
diagnosed with hypertrophic cardiomyopathy, primary arrhyth-
mia substrates or CHD. The majority of literature describes inap-
propriate implantable cardioverter-defibrillator therapy occurring
in ranges between 10 and 33% with a predilection for paediatric
patients in comparison with adults.96,101,102,109–116

Series addressing implantable cardioverter-defibrillator
implantation in paediatric hypertrophic cardiomyopathy used to
report inappropriate therapy rates between 18 and 28%19,28,106,
but recently a tendency towards a decrease in inappropriate
implantable cardioverter-defibrillator therapy towards 8 to 13%
was described.20,107

No patient or device-related indices investigating age and
weight at implant,19,20,112 implantation for primary or secondary
prevention,19,20,28,106 (anti-arrhythmic) medication,19,20,106 left

ventricular outflow tract obstruction, myocardial wall thickness,
different strategies for implantable cardioverter-defibrillator pro-
gramming, 20 and single- versus dual-chamber devices,20,28,96,99

have been identified as risk factors, nor for prevention of inappro-
priate implantable cardioverter-defibrillator therapy. In addition,
no difference in inappropriate therapy rate was found comparing
transvenous, subcutaneous, or non-transvenous implantable car-
dioverter-defibrillators.101,102

Causes of inappropriate therapy. Inappropriate therapies are due
to lead dysfunction, electromagnetic noise, T-wave oversensing,
and misclassification of supraventricular tachycardia or sinus
tachycardia.20,96,109,110,112,115,117

Missed implantable cardioverter-defibrillator therapy.
Implantable cardioverter-defibrillator therapy can be missed,
delayed, or fail to cardiovert arrhythmia which can lead to mortal-
ity despite implantable cardioverter-defibrillator implantation.
Missed therapy is described to occur in 1–8% of patients during
a median follow-up between 2 and 8 years.20,28,110,112.
Undersensing (e.g., due to very small R-waves during ventricular
fibrillation), sustained ventricular tachycardia below rate where
therapy programmed, or battery depletion are some of the under-
lying causes. Awareness of the potential haemodynamic compro-
mise caused by slow ventricular tachycardia in hypertrophic
cardiomyopathy patients is important, particularly in patients with
severe diastolic dysfunction, since slower rates are usually not pro-
grammed into implantable cardioverter-defibrillator ventricular
tachycardia detection zones. Clinically, this subset of patients
may experience haemodynamic benefit from implantable cardi-
overter-defibrillator therapy during (haemodynamically signifi-
cant) slow ventricular tachycardia. The downside however of
programming lower ventricular tachycardia detection zones is
an increased risk for inappropriate shocks due to sinus or atrial
tachycardia, although using Holter or exercise stress test informa-
tion about the normal maximal heart rate in the patient may mit-
igate this risk.96

Infection. Infections ranging from superficial wound infection to
skin erosion and endocarditis are reported between 1 and 33%
of implantable cardioverter-defibrillator patients, with a higher
incidence in children compared to adults.19,20,95,96,110,114,115,118

With respect to subcutaneous implantable cardioverter-defibrilla-
tors, pocket infection and skin erosion are reported in 3–13% of
patients, and no systemic infections are described.20,101,102,119,120

Periprocedural systemic antibiotic prophylaxis is warranted at
the time of implantable cardioverter-defibrillator implantation in
order to prevent implantation-related infections. The Heart
Rhythm Society andAmericanHeart Association recommend pro-
phylaxis with anti-staphylococcal antimicrobial drugs (e.g.,
Cefazolin or Vancomycin in case of cephalosporin allergy).121

The presence of a (transvenous) implantable cardioverter-defibril-
lator per se is not an indication for endocarditis prophylaxes
according to current guidelines. 122

Psychosocial impact and quality of life.Diagnosis of hypertrophic
cardiomyopathy in children may lead to a lower health-related
quality of life.123 To the best of our knowledge, no literature is avail-
able addressing the impact of implantable cardioverter-defibrilla-
tor implantation on psychosocial functioning of paediatric patients
with hypertrophic cardiomyopathy in particular. For the general
population of paediatric implantable cardioverter-defibrillator
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patients, higher levels of anxiety, depression, and sleeping disor-
ders are described, and quality of life is reported to be lower when
compared to normative controls and patients with CHD or pace-
makers.124–129 A history of implantable cardioverter-defibrillator
shocks does not seem to show an association with generic or dis-
ease-specific health-related quality of life.126,130 Conflicting results
exist with respect to the experience of implantable cardioverter-
defibrillator shocks and depression or anxiety.125,127 These data
suggest that the availability of appropriate mental health resources
and clinic-based screening tools to assess for anxiety and depres-
sion might be of potential benefit for this population. A recent
explorative study investigating unmet needs in implantable cardi-
overter-defibrillator paediatric patients and parents indicated
knowledge and understanding of cardiac events in addition to
how an implantable cardioverter-defibrillator will affect their lives,
as most imported unmet needs for the patients.131 For the parents,
their focus on over-protectiveness and their children’s emotional
needs appeared to be unmet needs. Further research is needed
to investigate the potential benefits of additional tools aiming to
help patients better understand their new recommended lifestyle
and medical conditions.

Defibrillation threshold testing
In the adult population, defibrillation threshold testing during
implantation does not show significant benefit in shock efficacy
or reduction in arrhythmic death.132–134 However, the majority
of paediatric electrophysiologists still prefer to assess defibrillation
efficacy during implantable cardioverter-defibrillator implanta-
tion.20,135 The reason for this difference probably lies on the one
hand in the different indications for implantable cardioverter-
defibrillator implantation in children compared with adults. On
the other hand, the small (and changing) body size and the some-
times complex surgical and anatomic substrates necessitating non-
transvenous implantable cardioverter-defibrillator implanting
techniques potentially affect the defibrillation efficacy.

No association between the performance of defibrillation
threshold testing and subsequent failure or delay of therapy during
4.5 years follow-up was described in 90 paediatric implantable
cardioverter-defibrillator patients with hypertrophic
cardiomyopathy.20

Regarding transvenous implantable cardioverter-defibrillators,
there is no technical reason to expect the defibrillation efficacy
in children to be different from its performance in adults. The addi-
tional value of defibrillation threshold testing of transvenous
implantable cardioverter-defibrillators in children without a spe-
cific risk for abnormal defibrillation efficacy is therefore debatable,
particularly as the maximum available energy is programmed for
defibrillation therapy. However, still few paediatric electrophysiol-
ogists choose to programme a lower than the maximum available
energy for defibrillation guided by defibrillation threshold value at
implantation. Adherence to a protocol that programmes minimal
required defibrillation energy requires additional defibrillation
threshold testing with growth as the defibrillation threshold might
change with growth, consequently necessitating to increase the
programmed defibrillation energy output during follow-up.

Regarding non-transvenous (epicardial) implantable cardi-
overter-defibrillators, serial defibrillation threshold testing showed
an increase of defibrillation threshold related to body length during
a mean follow-up of 2 years136 and a significant number of failures
over a mean follow-up of over 5 years.94,137 Major change in defib-
rillation threshold may be specifically expected with somatic

growth in patients with subcutaneous and pleural arrays associated
with long defibrillation vectors and change in the vector with time.
These data emphasise the role for regular serial defibrillation
threshold testing in children with non-transvenous implantable
cardioverter-defibrillators during follow-up, as with growth or tho-
racic deformities (e.g., scoliosis) their defibrillation vectors, and
thereby implantable cardioverter-defibrillator efficacy might
change.

Themost recent guideline on optimal implantable cardioverter-
defibrillator programming and testing recommends defibrillation
threshold testing in patients undergoing a S-implantable cardi-
overter-defibrillator implantation.138 This recommendation is
based on the lack of data regarding the safety and efficacy of
not performing defibrillation threshold testing in patients receiv-
ing a S-implantable cardioverter-defibrillator system during pub-
lication of this guideline in 2015. Currently, the clinical practice
and prospective validation of the PRAETORIAN score is being
performed in a dedicated randomised controlled trial.139 The
PRAETORIAN score is a potentially promising scoring system
being capable of predicting shock efficacy and of identifying
patients at high risk of conversion failure, thus questioning regular
defibrillation threshold testing necessity.140 A recent clinical obser-
vational study showed that non-defibrillation threshold testing
during S-implantable cardioverter-defibrillator implantation had
no impact on the safety of defibrillation therapy and overall
patients' survival.141

This writing group considers that defibrillation threshold test-
ing during transvenous implantable cardioverter-defibrillator
implantations and follow-up does not appear to confer significant
benefit in shock efficacy or reduction in arrhythmic death.
However, for non-transvenous (epicardial) implantable cardi-
overter-defibrillator,s defibrillation threshold testing is warranted
at implant and regularly with somatic growth in case of long and/or
changing defibrillation vectors. For subcutaneous devices, defibril-
lation threshold testing at implant is advised according to current
guidelines.

Implantable cardioverter-defibrillator programming, remote
monitoring, and pharmacological therapy for hypertrophic
cardiomyopathy implantable cardioverter-defibrillator carriers
Implantable cardioverter-defibrillator programming. The pri-
mary purpose of implantable cardioverter-defibrillator implanta-
tion is the prevention of sudden cardiac death. Besides,
inappropriate shocks should be avoided and unnecessary implant-
able cardioverter-defibrillator shock therapy minimised. Large
adult series have shown that implantable cardioverter-defibrillator
shocks can be reduced by programming faster rates for tachycardia
detection, prolonged detection duration, antitachycardia pacing,
algorithms that discriminate supraventricular tachycardia from
ventricular tachycardia, and specific programming to minimise
the sensing of noise. A meta-analyses including 7687 adults
(56% ischemic heart disease) investigated the effect of these pro-
grammed implantable cardioverter-defibrillator settings aiming
to reduce nonessential implantable cardioverter-defibrillator
therapies. They observed a 30% relative decrease of all-cause mor-
tality and a 50% relative reduction of inappropriate implantable
cardioverter-defibrillator shocks with therapy reduction program-
ming versus conventional implantable cardioverter-defibrillator
programming.142 Implantable cardioverter-defibrillator program-
ming consensus statements have been composed and updated
based on these observations.138,143 Recently, Ananwattanasuk
et al. assessed the outcomes of device programming according
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to these consensus statements and concluded that “guideline con-
cordant programming” was associated with a 53% reduction in
implantable cardioverter-defibrillator therapy without a difference
in mortality.144

Although the majority of patients included in the large implant-
able cardioverter-defibrillator trials constitute of adult heart failure
and ischemic heart disease patients, these trials provide the best
and only available data to be extrapolated for implantable cardi-
overter-defibrillator programming in paediatric implantable cardi-
overter-defibrillator patients. At the same time, it has to be kept in
mind that paediatric implantable cardioverter-defibrillator
patients constitute a group of more heterogeneous diagnoses, com-
plying different (more active) lifestyles and in addition encounters
challenges inherent to somatic growth and development.
Guidelines for implantable cardioverter-defibrillator program-
ming in children are not available. The principles of adult implant-
able cardioverter-defibrillator programming guidelines are
generally used and shown to be effective in the only available
described hypertrophic cardiomyopathy implantable cardi-
overter-defibrillator paediatric series.20 Table 1 shows a general
proposal for implantable cardioverter-defibrillator programming
in (paediatric) hypertrophic cardiomyopathy patients.138,143

Tachycardia detection is generally programmed in highest heart
rate zones with long detection times in order to avoid inappropri-
ate and minimise unnecessary implantable cardioverter-defibrilla-
tor shocks. Similar to other cardiomyopathies, slower ventricular
tachycardias might be poorly tolerated haemodynamically in
patients with severe diastolic dysfunction, and therefore for these
patients, lower programmed tachycardia rates should be consid-
ered. For secondary prevention implantable cardioverter-defibril-
lators, in patients in whom the clinical ventricular tachycardia rate
is known, it is reasonable to programme the slowest tachycardia
therapy zone at least 10 bpm below the documented hemodynami-
cally significant tachycardia rate. Tachycardia therapy in the ven-
tricular tachycardia zone consists of shock therapy. In the
ventricular tachycardia zone, haemodynamically tolerated slow
ventricular tachycardias should preferably not be treated by
implantable cardioverter-defibrillator shock therapy. Programme
antitachycardia pacing therapy within the faster ventricular tachy-
cardia zones is considered (in patients with antitachycardia pacing-
capable implantable cardioverter-defibrillator therapy devices) fol-
lowed by shock therapy if not successful. Shock therapy is pro-
grammed to the maximum available energy or in case
defibrillation threshold testing is preferred, at least 10 Joules above
the defibrillation threshold. A monitor zone without therapy can
be considered in the very slow ventricular tachycardia zones (in
order to be informed about the existence of slow ventricular
tachycardias).

Antitachycardia pacing therapy. Programme antitachycardia pac-
ing during charging or as sole therapy for one or multiple therapy
cycles in patients with antitachycardia pacing-capable implantable
cardioverter-defibrillator therapy devices for all ventricular
tachyarrhythmia detection zones is considered. 21

Antitachycardia pacing should be programmed to deliver at least
one antitachycardia pacing attempt with a minimum of eight
stimuli and a cycle length of 84–88% of the tachycardia cycle length
for ventricular tachyarrhythmia’s. Specifically, for hypertrophic
cardiomyopathy patients, it has been shown that in more than
one-third of patients, the presenting ventricular arrhythmia is fre-
quently monomorphic ventricular tachycardia, which has been
shown to be effectively converted to sinus rhythm by

antitachycardia pacing without the need for high-voltage therapy
(in 74–85% of attempted patients).20,145 In cases where antitachy-
cardia pacing is documented to be ineffective or pro-arrhythmic, it
should not be activated.

Implantable cardioverter-defibrillator remote monitoring
Remote monitoring has been proven to reduce the rate of inappro-
priate shocks in adult implantable cardioverter-defibrillator
patients.146–148 Due to the early recognised and transmitted clues
for lead failure by remote monitoring, the majority of lead failures
is diagnosed before clinical complications such as inappropriate
shocks occur.149,150 Not surprisingly given the higher incidence
of lead failure in children in comparison with adults, remote mon-
itoring also improves the management of children with implant-
able cardioverter-defibrillators.149,151

Recently, a large meta-analysis demonstrated remote monitor-
ing of implantable cardioverter-defibrillator patients to result in
increased effectiveness for lower costs over a 5-year period, com-
pared to the current standard care with regular in hospital clinic
visits for surveillance.152

In addition, remote monitoring might contribute to the efficacy
and adherence to pharmacologic therapy and lifestyle advices. By
programming remote monitoring alert on heart frequency’s doc-
umented in the monitoring zone, this information can be used
for optimising patient-tailored therapy and advise, potentially
decreasing the risk for ventricular arrhythmias requiring implant-
able cardioverter-defibrillator therapy.

The writing group considers that, although guideline-directed
implantable cardioverter-defibrillator programming has been
investigated in a limited extent in hypertrophic cardiomyopathy
children, there is no reason to assume that its principles would
not be effective within this patient group. However, careful consid-
eration of systolic and diastolic function and attention to available
information on previously treated arrhythmic events is warranted
for patient-tailored programming. Anti-tachycardia pacing can be
effective to convert ventricular tachycardia to sinus rhythm in chil-
dren with hypertrophic cardiomyopathy. Implantable cardi-
overter-defibrillator remote monitoring is valuable in children
with hypertrophic cardiomyopathy based on current evidence in
adults showing reduction in the rate of inappropriate shocks, cost
effectiveness, and potential contribution to patient-tailored follow-
up, treatment, and patient/parent’s convenience.

Pharmacological therapy
In patients with hypertrophic cardiomyopathy and implantable
cardioverter-defibrillators, preventing recurrent ventricular tachy-
cardia is important in the prevention of recurrent implantable car-
dioverter-defibrillator shocks. There are no randomised controlled
trials investigating the efficacy of anti-arrhythmic medication in
hypertrophic cardiomyopathy. None of the currently available
anti-arrhythmic agents are 100% effective, probably due to the
various underlying pathophysiologic mechanisms responsible for
ventricular arrhythmia in hypertrophic cardiomyopathy.153 Beta-
blockers, sotalol, and amiodarone are generally used as anti-
arrhythmic agents in hypertrophic cardiomyopathy.21,57,154–157 In
addition to beta-blockers, disopyramide and calcium channel
blockers are guideline-recommended agents for the management
of heart failure symptoms (by the improvement of diastolic left
ventricular filling) and left ventricular outflow tract obstruction.21

The latter medications also have anti-arrhythmic properties.
Awareness for potential decrease in arrhythmia rate by anti-

arrhythmic drugs is emphasised, particularly for sotalol,
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disopyramide, and amiodarone. Anti-arrhythmic drugs may slow
clinical ventricular tachycardia under the implantable cardi-
overter-defibrillator tachycardia detection zone, while simultane-
ously increasing QRS duration and decreasing systolic
ventricular function, resulting in worse haemodynamic toleration
of slower ventricular tachycardia.

Amiodarone is preferably not used as first choice anti-arrhyth-
mic therapy due to significant side effects including hyper- or
hypothyroidism associated with its use, particularly in children.
It is therefore usually reserved for the treatment of ventricular
arrhythmias in cases where other medications fail.

Some hypertrophic cardiomyopathy patients experience ven-
tricular arrhythmia in response to (even slow) sinus tachycardia.
In addition to lifestyle advises limiting vigorous exercise, it might
be considered for these patients to limit themaximum heart rate by
beta-blockers.

Inappropriate implantable cardioverter-defibrillator therapy
can be triggered by misinterpretation of sinus tachycardia as ven-
tricular arrhythmia. Pharmacologic limitation of maximum sinus
frequency below the programmed lowest ventricular tachycardia
therapy zones can be facilitated by treating also primary preven-
tion, non-obstructive implantable cardioverter-defibrillator hyper-
trophic cardiomyopathy patients with beta-blockers.

The intended effect of pharmacologic therapy on arrhythmia,
but also on sinus frequency limitation for primary prevention
implantable cardioverter-defibrillator patients in particular, can
be evaluated by Holter electrocardiogram recording during daily
life settings and by exercise stress testing.

This writing group considers that none of the currently avail-
able anti-arrhythmic agents are 100% effective in the prevention
of ventricular arrhythmia in hypertrophic cardiomyopathy.
However, in the presence of an implantable cardioverter-defibril-
lator, anti-arrhythmic therapy potentially decreases the risk of an
arrhythmic event requiring implantable cardioverter-defibrillator
therapy. In addition, beta-blockade can be useful for heart rate
modulation, potentially to decrease the risk of an arrhythmic event
and to limit sinus node frequencies below the lowest ventricular
tachycardia therapy zone.

Physical activity and sports participation in paediatric
hypertrophic cardiomyopathy – implantable cardioverter-
defibrillator carriers
The possibility of participation in physical activity including
competitive sports is primarily based on the diagnosis and physi-
ology of the patient, rather than the presence of the implantable
cardioverter-defibrillator.158 Guidelines considering the manage-
ment of hypertrophic cardiomyopathy patients are used to advise
against competitive sports for patients with hypertrophic cardio-
myopathy. However, recent studies showed that vigorous exercise
was associated with favourable diastolic function in hypertrophic
cardiomyopathy and was not associated with ventricular arrhyth-
mias, nor with increased risk for major cardiac events.159–161

Based on these findings, both the recent European recommenda-
tions162 and 2020 AHA/ACC guidelines 21 encourage controlled
moderate-intensity exercise but discourage participation in
intensive exercise programmes and competitive sports in patients
with hypertrophic cardiomyopathy and phenotype leading to
implantable cardioverter-defibrillator indication. Children can
typically participate in physical education at school which is,
however, not graded or scored. There is lack of data to make for-
mal recommendations regarding isometric exercise. Valsalva
manoeuvre or standing from the squatting position may be used

to uncover significant exercise-induced left ventricular outflow
tract obstruction. In such patients and in those with resting left
ventricular outflow tract obstruction, isometric exercise should
be discouraged.21

Safety of sports in young patients with an implantable cardi-
overter-defibrillator has been recently evaluated in a
Multinational ICD Sports Registry.163 The primary end points
were death or resuscitated cardiac arrest during sports or injury
during sports because of arrhythmia or shock. Secondary end
points included system malfunction and incidence of ventricular
arrhythmias requiring multiple shocks for termination. Thirty of
the 129 studied athletes (23.3%) had hypertrophic cardiomyopa-
thy. There were no tachyarrhythmic deaths, nor externally resus-
citated tachyarrhythmia during or after sport participation and no
severe injury resulting from arrhythmia-induced syncope or shock
during sports. Appropriate shocks during sport competition or
practice occurred in 4/18 individuals, of which all were in the
highly competitive subgroup, with an overall rate of 1.5 appropri-
ate shocks during sports per hundred person-years. Five athletes
received inappropriate shocks during sports. The rate of inappro-
priate shocks may be decreased by programming the first therapy
zone to cut-offs higher than 200 beats per minute.164 The authors
conclude 163 that restriction from sports activity would not have a
large impact on the overall burden of treated arrhythmias. Lead
malfunction rates (20% during 10 years) were similar or better
to previously reported in unselected paediatric implantable
cardioverter-defibrillator populations,117 but only few patients
participated in aggressive contact sports. Implantable cardi-
overter-defibrillator protection devices may be used to protect
the generator from dynamic impact and are currently commer-
cially available.

Recently published recommendations do not regard participa-
tion in competitive sports in the individual patient with cardiomy-
opathy and implantable cardioverter-defibrillator as absolute
contraindication and place it rather in the 2B class (may be con-
sidered).21,162,165 The indications for an implantable cardi-
overter-defibrillator in competitive athletes should, however, not
differ from the general population with a diagnosis of cardiomy-
opathy. The desire of the athlete with cardiomyopathy to compete
should not constitute a primary (or unique) indication for implant-
able cardioverter-defibrillator implantation.158,162

This writing group considers that controlled moderate-inten-
sity exercise is encouraged, but participation in intensive exercise
programmes and competitive sports in patients with hypertrophic
cardiomyopathy and an implantable cardioverter-defibrillator is
discouraged. Programming the first therapy zone to cut-offs higher
than 200 beats per minute may decrease the risk of inappropriate
shocks in athlete implantable cardioverter-defibrillator patients.
Implantable cardioverter-defibrillator protection devices may be
used to protect the generator from dynamic impact.
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