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Aims This study aimed to explore the incidence of severe cardiac events in paediatric arrhythmogenic right ventricular cardiomy-
opathy (ARVC) patients and ARVC penetrance in paediatric relatives. Furthermore, the phenotype in childhood-onset
ARVC was described.

Methods Consecutive ARVC paediatric patients and genotype positive relatives <18 years of age were followed with electrocardio-
graphic, structural, and arrhythmic characteristics according to the 2010 revised Task Force Criteria. Penetrance of ARVC
disease was defined as fulfilling definite ARVC criteria and severe cardiac events were defined as cardiac death, heart trans-
plantation (HTx) or severe ventricular arrhythmias. Childhood-onset disease was defined as meeting definite ARVC criteria
<12 years of age.

Results Among 62 individuals [age 9.8 (5.0-14.0) years, 11 probands], 20 (32%) fulfilled definite ARVC diagnosis, of which 8 (40%)
had childhood-onset disease. The incidence of severe cardiac events was 23% (n=14) by last follow-up and half of them
occurred in patients <12 years of age. Among the eight patients with childhood-onset disease, five had biventricular involve-
ment needing HTx and three had severe arrhythmic events. Among the 51 relatives, 6% (n = 3) met definite ARVC criteria at
time of genetic diagnosis, increasing to 18% (n=9) at end of follow-up.

Conclusions In a paediatric ARVC cohort, there was a high incidence of severe cardiac events and half of them occurred in children <12
years of age. The ARVC penetrance in genotype positive paediatric relatives was 18%. These findings of a high-malignant
phenotype in childhood-onset ARVC indicate a need for ARVC family screening at younger age than currently
recommended.

* Corresponding author. Tel: +4723071393, Fax: +4723073530, Email: kristina.haugaa@medisin.uio.no

© The Author(s) 2022. Published by Oxford University Press on behalf of the European Society of Cardiology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https:/creativecommons.org/licenses/by-nc/4.0/), which permits
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://orcid.org/0000-0003-0342-1399
https://orcid.org/0000-0001-9466-856X
https://orcid.org/0000-0002-2022-4568
https://orcid.org/0000-0002-4312-9969
https://orcid.org/0000-0002-2321-2490
https://orcid.org/0000-0002-3800-765X
https://orcid.org/0000-0003-1546-8522
https://orcid.org/0000-0002-4900-0453
https://doi.org/10.1093/eurheartj/ehac585
mailto:kristina.haugaa@medisin.uio.no
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/eurheartj/ehac485

Highly malignant disease

4695

Structured Graphical Abstract

Key Question

What is the incidence of severe cardiac events in paediatric arrhythmogenic right ventricular cardiomyopathy (ARVC) patients and what

is the yield of family screening for ARVC in childhood?

Key Finding

The cumulative incidence of severe cardiac events in paediatric ARVC patients was 23% during 6 years of follow-up and half of the events
occurred in children <12 years of age. Eighteen % of paediatric relatives met diagnostic criteria for definite ARVC.

Take Home Message

Childhood-onset ARVC is a highly malignant disease. Family screening for ARVC should start at an earlier age than recommended in

current guidelines.
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Highly malignant disease in childhood-onset arrhythmogenic right ventricular cardiomyopathy: study design and summary results. In a paediatric
ARVC cohort, childhood-onset ARVC was found in 40% of all patients with a definite diagnosis. There was a 23% cumulative incidence of sever-
ecardiac events and half of them occurred in children <12 years of age. The ARVC penetrance in genotype positive paediatric relatives was 18%.
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Introduction

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inher-
itable and progressive heart muscle disease characterized by high risk of
ventricular tachyarrhythmias and sudden cardiac death, in addition to
morphological abnormalities and eventually heart failure.” The disease
has autosomal dominant inheritance with variants in genes encoding
cardiac desmosomal |:>roteins,2 and it exhibits variable penetrance

and expressivity.> ARVC diagnosis is made by combining multiple
sources of information as described by the consensus-based revised
2010 Task Force Criteria (TFC).*

ARVC is considered a disease most relevant to the young adult
population, with onset typically observed in the third and fourth decade
of life.> Penetrance of ARVC disease has been described in adoles-
cents,® but is currently considered to be extremely rare under the
age of 10.° Ten perecent to 25% of sudden deaths in children have
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been shown to be associated with ARVC.”® However, children with
ARVC are underrepresented in research publications. The clinical char-
acteristics of paediatric ARVC are largely unknown and data is lacking
on both the incidence of events in children with ARVC and the pene-
trance of disease in ARVC genotype positive paediatric relatives.

The current expert consensus document in arrhythmogenic cardio-
myopathy (AC)® recommends that first-degree relatives undergo clin-
ical evaluation every 1-3 years starting at 10-12 years of age. However,
the clinical value of this approach has not been systematically evaluated.

We aimed to explore the incidence of severe cardiac events related
to ARVC in paediatric patients (<18 years) and to describe the pheno-
type of childhood-onset ARVC. Furthermore, we aimed to assess the
penetrance of ARVC disease in genotype positive paediatric relatives.
We hypothesized that the frequency of childhood-onset ARVC in chil-
dren is underestimated and that the current screening recommenda-
tions leads to under-diagnosis of childhood-onset disease, which can
impact timely interventions aimed at preventing severe outcomes.

Methods
Study population

In a single-centre cohort study, we included all consecutive ARVC probands
and genotype-positive relatives <18 years old followed at the Department
of Paediatric Cardiology, Oslo University Hospital, Rikshospitalet, Norway,
between 2007 and 2021.

Inclusion was defined as the time of first echocardiographic examination.
Last clinical follow-up was the last clinical visit before death, cardiac trans-
plantation, turning 19 years of age or August 2021.

We defined phenotype positive patients as those fulfilling definite 2010
TFC. These diagnostic criteria were applied retrospectively for patients
identified before 2010. We defined a proband as the first person in a family
to exhibit clinical symptoms or signs that triggered an evaluation of ARVC.
Genotype positive relatives were included regardless of fulfilling definite,
borderline, or possible diagnosis at time of inclusion. Genotype negative
probands and their relatives were only included if fulfilling a definite
ARVC diagnosis by the revised 2010 TFC.* Patients with other cardiopul-
monary comorbidities were excluded. Penetrance of ARVC disease in fam-
ily members was defined as fulfilling definite ARVC criteria. Written
informed consent was given by the study participants or by the legal guar-
dians of the participants if they were under the age of 16. The study com-
plied with the Declaration of Helsinki and was approved by the Regional
Committees for Medical Research Ethics (REK: 185666).

Electrocardiogram
Twelve-lead electrocardiograms (ECGs) were evaluated for repolarization
(precordial T-wave inversion in leads V1 and V2 or beyond) and/or depolar-
ization (epsilon waves or terminal activation duration >55 ms). In agree-
ment with the revised 2010 TFC,* precordial T-wave inversions were not
considered for patients <14 years of age. Holter recordings were evaluated
for premature ventricular complex (PVC) count and regarded abnormal if
>500 PVCs per 24 h were recorded.*

Signal-averaged electrocardiographic recordings, obtained using time-
domain analysis with a bandpass filter of 40 Hz, were evaluated for evidence
of late potentials using age appropriate criteria.”

Genetic analyses

From 2007 to 2018, we used Sanger-based gene panels consisting of DSC2,
DSG2, DSP, TMEM43 and PKP2 genes. From 2018, we used larger next-
generation sequencing (NGS)-based gene panels for genetic testing. If no
findings on Sanger sequencing or NGS, multiplex ligation-dependent probe
amplification (MLPA, SALSA MLPA Probemix P168 ARVC-PKP2, MRC
Holland) was performed. All identified variants were manually curated

according to the 2015 American College of Medical Genetics and
Genomics (ACMG) guidelines'® and only variants classified as pathogenic/
likely pathogenic (P/LP) were included.

In case of a genotype positive proband, first-degree relatives were of-
fered genetic cascade screening at the time ARVC was diagnosed in the fam-
ily. Genotype positive relatives were called in to first clinical evaluation at
time of genetic diagnosis, regardless of patient age.

Cardiac imaging

Two-dimensional echocardiography

All patients underwent an echocardiographic examination at time of study
inclusion (Vivid 7, E9 or E95, GE Vingmed, Horten, Norway). Cine loops
from three standard apical views (4 chamber, 2 chamber, and apical long-
axis) were recorded. All echocardiographic data were analysed (EchoPac,
GE, Vingmed, Horten, Norway) blinded to clinical data.

We measured right ventricular (RV) outflow tract (RVOT) diameter in
parasternal short-axis view, RV basal diameter (RVD1) and RV fractional
area change (RVFAC). All echocardiographic views, including the subcostal
view, were used to detect RV akinesia, dyskinesia, or aneurysms.11 Left ven-
tricular (LV) function by LV ejection fraction (LVEF) was measured by
Simpson's biplane method."?

Cardiac magnetic resonance imaging

Cardiac magnetic resonance (CMR) imaging was performed in a subset of
22 patients. CMR was performed on clinical indication including severe ven-
tricular arrhythmias and reduced ventricular function and not routinely for
diagnostic work-up. The late gadolinium enhancement (LGE) technique was
performed in 21 patients. We used 1.5 Tesla units (Magnetom Vision Plus
or Magnetom Sonata, Siemens, Erlangen, Germany) and a phased array
body coil. Axial and sagittal T1 turbo spin echo images, multiple axial images,
and one sagittal cineloop covering the RV and LV were recorded. RV and LV
chamber dimensions, wall thickness, and myocardial function were as-
sessed. A negative CMR study was defined as normal RV and LV dimensions,
normal global or regional wall motion, no fatty infiltration, and no aneurysm
formation.

Both echocardiography and CMR imaging were assessed to determine
the severity and extent of structural abnormalities according to the revised
2010 TFC.* LV involvement was defined by identification of at least one of
the following: LVEF <55%; epicardial LGE; end-diastolic volume >120/ml/
m?; and wall motion abnormalities. Patients included before 2010 were
retrospectively re-evaluated for fulfilment of revised 2010 TFC.*

Outcomes
This study collected three outcomes:

(1) Definitive ARVC diagnosis by the revised 2010 TFC* established <18
years of age.

(2) Severe cardiac events, defined as cardiac death, heart transplantation
(HTx) or severe ventricular arrhythmias. A severe ventricular arrhyth-
mic event was defined as aborted cardiac arrest (ACA), sustained ven-
tricular tachycardia (VT) documented on 12-lead ECG or Holter, or
VT or ventricular fibrillation (VF) terminated by appropriate implanta-
ble cardioverter defibrillator (ICD)-therapy.

(3) Childhood-onset ARVC, defined as meeting definite ARVC criteria at
12 years of age or younger.

Statistical analysis

Continuous data were presented as mean = standard deviation or median
[interquartile range (IQR)], and categorical variables as number (percent-
age). Continuous variables were compared using the independent
Student t test and categorical data using chi-square tests, Fisher exact
test or Kruskal-Wallis rank test, as appropriate. We performed exact logis-
tic regression analysis and provided odds ratio (95% confidence interval) for
risk markers for severe cardiac events. Survival analyses were performed for
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Baseline characteristics of 62 paediatric ARVC patients, comparing probands and relatives

Table 1
Overall
(n=62)

. Fema|e Sex .................................................... 34 ( 55) ................
Age at inclusion, years 9.8 (5.0-14.0)
Mutation carrier 57 (92)
Duration of follow-up, years 6.0 (2.9-9.6)
Clinical phenotype
Repolarization criteria® 13 (21)

Major 0 (0)
Minor 13 (21)
Depolarization criteria 6 (10)
Epsilon wave 0(0)
Late potentials 6 (10)
Arrhythmia criteria 16 (26)
Major 0 (0)
Holter monitor, >500 PVCs/24 h 16 (26)
Imaging results abnormal 12 (19)
Major 12 (19)
Minor 0 (0)

Proband Relative P-value
(n=11) (n=51)
ORI 4 (36) ............................. 30(59) ......................... 0 1 8 -
12.3 (11.4-16.4) 9.0 (4.3-12.9) 0.02
7 (64) 50 (98) <001
6.6 (1.8-9.9) 5.8 (3.5-9.2) 072
9 (82) 4(8) <0.01
0 (0) 0 (0) 1.00
9 (82) 4(8) <0.01
4 (36) 2 (4) <0.01
0(0) 0 (0) 1.00
4 (36) 2 (4) <0.01
9(82) 7 (14) <0.01
0 (0) 0 (0) 1.00
9 (82) 7 (14) <0.01
10 (91) 2 (4) <0.01
10 (91) 2 (4) <0.01
0 (0) 0 (0) 1.00

ARVC, arrhythmogenic right ventricular cardiomyopathy; PVC, premature ventricular complex; h, hours.
Values are frequency (%) or median (interquartile range). P-values by Student’s t-test, chi-square test or Fisher’s exact test, as appropriate.

*T-wave inversions were not counted in patients under the age of 14 years.

age at outcomes with groups compared by log-rank test and displayed in
Kaplan—Meyer plots (SPSS statistics version 26). Two-sided P-values
<0.05 were considered significant.

Results

Study population

We included 62 patients, 34 (55%) females, 11 (18%) probands, age 9.8
(range 0.4-18.4, IQR 5.0-14.0) years, with follow-up time of 6.0 (2.9—
9.6) years. Genetic analyses were performed in all patients, and 57
(92%) had a disease-causing variant (P/LP variant) (Table 1). Patients
were included from 29 families, ranging from 1 to 6 members per family
(see Supplementary material online, Table S7). No patients had homo-
zygote or digenic variants (see Supplementary material online,
Table S2).

Outcome

Diagnosis of ARVC

Atinclusion, 13 (21%) of the 62 included patients fulfilled definite ARVC
criteria, increasing to 20 patients (32%) by the end of follow-up
(Figure 7). Median age at definite diagnosis was 15.0 (11.6—17.6) years
and eight (40%) patients had childhood-onset disease (Figure 2,
Structured Graphical Abstract). The two youngest patients with a definite
diagnosis were three years old.

Severe cardiac events
Among the 62 included patients, 6 had a severe cardiac event at inclu-
sion as the first sign of ARVC disease. These six were all arrhythmic
events (3 ACA, 3 sustained VT). Additional eight patients experienced
a severe cardiac event during follow-up, giving a cumulative incidence of
23% (n=14/62) at age < 18. Median age at severe cardiac event was
12.9 [10.9-16.6] years (Figure 3) and 7 (50%) events occurred in pa-
tients <12 years of age (Table 2, Figure 2, Structured Graphical
Abstract). Of the 14 events, 9 (64%) were arrhythmic events (3 ACA,
5 sustained VT, one VF terminated by appropriate ICD therapy) and
5 (36%) were HTx (Table 2). All 14 patients with severe cardiac events
met diagnostic criteria for definite ARVC according to the revised 2010
TFC* (Table 3).

Eleven patients (18%) received an ICD; eight as secondary preven-
tion and three as primary prevention therapy. No patients died during
the study period (Table 2).

Cardiac phenotype in childhood-onset disease

The phenotypes identified in the 20 patients with a definite ARVC
diagnosis at end of follow-up were right predominant in 11 (55%)
and biventricular in 9 (45%) patients. In the nine patients with
biventricular involvement, the ARVC diagnosis was confirmed by
CMR in eight and histologically in one patient. The eight patients with
childhood-onset disease had more frequently biventricular disease
(63% vs. 33%, P <0.01) with reduced LVEF of 37 +14% and RVFAC
23+ 7% at end of follow-up. All five children who underwent HTx
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Figure 1 Flowchart of included patients, diagnostic criteria, and outcome.

20 patients fulfilled definite ARVC diagnosis
40% had childhood-onset disease
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Figure 2 Age distribution of definite arrhythmogenic right ventricular cardiomyopathy diagnosis and severe cardiac events. Eight (40%) of the 20
phenotype-positive children had childhood-onset disease. Seven (50%) of 14 children with a severe cardiac event experienced it <12 years of age.

had childhood-onset disease and the youngest patient was transplanted
at age 3.

Penetrance of AC disease in paediatric relatives

The 51 genotype positive paediatric relatives identified by screening
were 9.0 (4.3-12.9) years of age at genetic diagnosis. At inclusion, three
fulfilled definite ARVC criteria. Another six relatives progressed to def-
inite diagnosis during 5.8 (3.5-9.2) years of follow-up (Figures 1 and 2),
giving a cardiac penetrance of 18% (9/51). Three of the nine (33%) re-
latives with a definitive ARVC diagnosis had childhood-onset ARVC.

Three (6%) of the relatives experienced severe cardiac events
(Figure 1) at a mean age of 12.6 (range 7.9-18.8) years (Figure 3) and
at median 1.1 (range 1.0-5.2) years after genetic diagnosis. Two of
these patients underwent cardiac transplantation at 7 and 12 years of
age, and one experienced exercise induced sustained VT at 18 years
of age (Table 2).

Sex differences
No sex differences were found, neither regarding penetrance of ARVC
disease nor regarding the incidence of cardiac events.



Highly malignant disease

4699

100

80

60

40

20 Log rank p<0.001
= Relatives
= Probands

Survival free from positive phenotype (%)

0
0 6 12 18
Age (years)
== Number at risk: 51 48 kL) I
= Number at risk: 11 10 8 16

=l

20 Log rank p<0.001

Survival free from severe cardiac event (%)

= Relatives
6 = Probands
0 6 12 18
Age (years)
=== Number at risk: 51 49 36 14
== Number at risk: 1 10 8 1

Figure 3 Survival free from definite arrhythmogenic right ventricular cardiomyopathy diagnosis and severe cardiac events. Twenty (32%) of the pa-
tients were diagnosed with definite arrhythmogenic right ventricular cardiomyopathy <18 years of age (end of follow-up). Median age at time of diag-
nosis was 15.0 (11.6—17.6) years. Fourteen (23%) of the patients had experienced a severe cardiac event by <18 years of age (end of follow-up). Median

age at time of event was 12.9 (10.9-16.6) years.

Discussion

This study reports a 23% cumulative incidence of severe cardiac events
in paediatric ARVC patients < age 18. Of those with a definite ARVC
diagnosis, 40% had childhood-onset disease, all with a highly malignant
phenotype including ventricular arrhythmias and biventricular cardiac
involvement and end-stage heart failure, reflecting the severity of
ARVC disease at young age. Severe cardiac events also occurred in
6% of paediatric relatives and disease penetrance among relatives
was 18%, indicating that genetic testing and clinical evaluation of
relatives might be warranted at a younger age than currently
recommended.

Outcome

Our study showed that 40% of patients with definite ARVC diagnosis
had childhood-onset disease. Previous studies, however, have sug-
gested that paediatric ARVC is a disease of adolescents. In the study
of Roudijk et al.” the youngest relative fulfilling ARVC diagnosis was
11 years old, while one proband was 9 years old. Te Riele et al. re-
ported the youngest patient with a definite ARVC diagnose being 11
years old. According to the 2019 HRS expert consensus document
ARVC is considered to be extremely rare under the age of 10 and ex-
clusively seen in probands.® A recent review of ARVC in children de-
clared that identifying ARVC prior to age 10 is exceedingly unlikely."*
Our findings question these statements as we found a high frequency
of childhood-onset disease defined as meeting definite ARVC criteria
at <12 years of age.

This study is to the best of our knowledge, the first to report the in-
cidence of severe cardiac events in ARVC patients <18 years of age.
Our study demonstrated that ARVC is a highly malignant paediatric dis-
ease with a high incidence of ventricular arrhythmias, heart failure and
need of HTx. Importantly, 50% of the severe cardiac events occurred in
patients <12 years of age.

Risk assessment of VT and SCD in ARVC is challenging. There are
published risk calculators for VT and SCD derived from the adult
ARVC population.”® As always when working with decision support
tools, these should be regarded as guidance in decision making
and should not be followed inndIy.17 As discussed in a recent

commentary,"” risk calculators do generally not incorporate the effect
of treatment. They evaluate the baseline arrhythmic risk to predict fu-
ture malignant events, without accounting for changes in the risk result-
ing from treatment and which may overestimate risk.'”” We did not use
arrhythmic risk calculators in this study, nor do we use them in clinical
paediatric practise due to the lack of validation in children. Implanting
cardiac devices in children requires extreme care, involving unique pa-
tients’ characteristics, technical issues due to growth, and parents’ and
patients’ preferences.

Severe cardiac phenotype in
childhood-onset ARVC

Patients with childhood-onset ARVC showed more frequently biventri-
cular involvement and heart failure necessitating heart transplantation.
Five out of 8 children with childhood-onset ARVC showed a grave pro-
gression and needed HTXx, illustrating the severity of ARVC structural
disease in childhood. One of the 2 patients diagnosed with definite
ARVC at 3 years of age (PKP2 positive), presented with neonatal car-
diac failure, a period of recovery, and then later disease progression
leading to HTx at age 3.6 years.

During the recent years, the AC clinical spectrum has grown to
include both RV-, LV- and biventricular-predominant patterns of dis-
ease.” AC include a broader spectrum of diseases with other features.'®
Our patient population represented a classical ARVC cohort, with RV
disease in all phenotype positive patients. Despite the ‘classical’ pheno-
type in our study, nine patients had biventricular disease emphasizing
that paediatric-onset ARVC can involve both RV and/or LV at the
time of presentation, as also recently shown by deWitt et al."

We used the revised 2010 TFC* to ascertain ARVC diagnosis in
study subjects. It is important to recognize that the revised 2010
TFC were derived using a predominantly adult population (mean 38
+ 13 years of age). More specifically, only 8% of probands in the original
TFC document® were diagnosed between 12 and 18 years of age.* As
such, extrapolation of the TFC for use in paediatric cases might be
speculative. Of note, all 14 children with severe cardiac events in our
study met diagnostic criteria for definite ARVC according to the revised
2010 TFC,* indicating that severity of disease is covered by the TFC also
in paediatric patients.
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Table 3 Clinical, electrical and cardiac imaging characteristics of 62 paediatric ARVC patients and mutation carriers,

stratified by presence of severe cardiac events

Severe cardiac event

(n=14)
. Fema|e Sex ................................................. 6 (4 3) ....................
Proband 11.(79)
Previous syncope 3(21)
Repolarization criteria® 6 (43)
Major 6 (43)
Minor 0 (0)
Depolarization criteria 7 (50)
Epsilon wave 4(29)
Late potentials 3 (21)
Holter monitor >500 PVCs/24 h 11.(79)
Number of PVCs 1600 (800-7000)
Imaging results abnormal 14 (100)
Major 14 (100)
Minor 0 (0)
LVEF, % GSERN(E
RVOTi, cm/m® 25+09
RVDi, cm/m® 33+09
RVFAC, % 26+9
LVEDD, cm/m? 36+10
PKP2 variant ¢.2146-1G > C 3(21)
PKP2 variant ¢.2197_2202delinsG 2 (14)

No severe cardiac event P-value Exact logistic regression
(n=48) analysis
OR (95% CI) P-value
........... 21(44)067
0(0) <0.01 2 2
0 (0) <0.01
6 (13) 0.01 2 2
6 (13) 0.01
0 (0) 1.00
4 (8) <0.01 14.0 (2.8-96.3) <0.01
0(0) <0.01
4 (8) 0.14
4 (8) <0.01 25.9 (4.8-199.0) <0.01
3.5 (1-10) <0.01
4(8) <0.01 2 2
2 (4 <0.01
2 (4) 0.45
60+4 <0.01 0.8 (0.6-0.9) <0.01
20+05 0.04 5.1 (1.5-21.6) 0.01
24+0.7 0.24 3.7 (1.5-11.5) <0.01
44+4 <0.01 0.6 (0.4-0.8) <0.01
31+08 0.08 1.7 (0.9-3.4) 0.10
14 (29) 0.57 0.7 (0.1-3.1) 0.84
12 (25) 0.40 0.5 (0.1-2.8) 0.65

ARVC, arrhythmogenic cardiomyopathy; PVC, premature ventricular complex; h, hours, LVEF, left ventricular ejection fraction; PKP2, plakophilin-2; RVOT], right ventricular outflow tract
indexed; RVDi, right ventricular diameter indexed; RVFAC, right ventricular fractional area change; LVEDD;, left ventricular end-diastolic diameter indexed.
Values are reported as frequency (%), mean =+ standard deviation, or median (interquartile range). On the left side of the table, P-values by Student’s t-test, chi-square test, Fisher’s exact

test or Kruskal-Wallis rank test, as appropriate.
*Model did not converge.

®T-wave inversions were not counted in patients under the age of 14 years. Results from exact logistic regression analysis were reported as odd ratios (95% confidence interval) and

P-values.

Clinical yield of screening during childhood
In genotype positive paediatric relatives, ARVC penetrance at end of
follow-up was as high as 18%, confirming ARVC disease also in paedi-
atric relatives.

Cascade family screening to identify asymptomatic individuals is
widely accepted as an important part of ARVC management.
However, the 2019 HRS expert consensus® recommends that first-
degree relatives undergo clinical evaluation every 1-3 years starting
as late as at 10—12 years of age. This recommendation is based on pre-
vious studies with underrepresentation of children that reported that
most ARVC does not manifest until adulthood. However, the high
penetrance of ARVC disease in our paediatric patients indicates a
need of an earlier screening approach and is emphasized by the findings
of childhood-onset disease and severe cardiac events among young
paediatric relatives. This highlights the importance of starting clinical
and genetic family screening earlier than current recommendations.

Study limitations

We performed a longitudinal cohort study with inherent limitations.
The study may have entailed survival bias and we did not cover out
of hospital ARVC deaths. Undiagnosed ARVC patients dying suddenly
were not included. We can therefore not report the true incidence of
ARVC related SCD in children which would require a nationwide
autopsy-based study. Childhood-onset ARVC could be underesti-
mated, as screening did not consequently start at birth. We did not per-
form CMR in all genotype positive paediatric relatives due to the need
of anaesthesia, which may have underestimated the number of relatives
fulfilling definite 2010 TFC. In addition, recent reports have shown that
the TFC are relatively insensitive for paediatric diagnosis," which fur-
ther may have underestimated the number of patients with definite
ARVC diagnosis. Age-specific norms for T-wave amplitude are antici-
pated to be useful, 22 although this is a more complex measurement
and not included in the TFC that were applied in our study. Start of
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genetic testing in 2007 in Norway and changes in awareness of
ARVC disease®® may have influenced the dynamics of presentation of
disease.

Although this study represents one of the largest studies on paediat-
ric ARVC to date, the sample size was limited. The design of our study
was a longitudinal cohort study with a descriptive aim and it was not
powered for risk analyses nor sex differences. Future multicenter stud-
ies with larger number of participants should explore age-, sex-, gene,
and variant -specific features to improve management of ARVC in child-
hood. The issue of dependency within data should be considered when
including data from families. Random effect analysis of family could not
be included in our model due to absence of convergence. However, the
families were relatively small with maximum six members in the biggest
family (see Supplementary material online, Table S7). Furthermore, the
analysis on clustering of genetic variant did not show association with
severe cardiac events, suggesting that the relevance of dependency
was not likely to be too significant in our model.

Conclusions

We found a 23% cumulative incidence of severe cardiac events, includ-
ing VA and HTx, in a paediatric ARVC cohort of probands and geno-
type positive relatives < 18 years of age. Childhood-onset ARVC was
found in 40% of all patients with a definite diagnosis and appeared
with a highly malignant phenotype, including biventricular involvement
and end-stage heart failure necessitating HTx. Genotype positive paedi-
atric relatives had a 18% disease penetrance and 6% experienced severe
cardiac events. Increased awareness of childhood-onset, aggressive
ARVC disease has important implications for patient management, sug-
gesting that clinical screening should begin at a younger age than cur-
rently recommended.

Supplementary material

Supplementary material is available at European Heart Journal online.
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