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Aims The natural history of congenital or childhood non-immune, isolated atrioventricular block (AVB) is poorly defined. We
aimed at clarifying its long-term outcomes.

Methods We retrospectively studied 385 children with isolated, non-immune AVB diagnosed from in utero or up to 18 years of age, at
and results 29 French medical centres, between 1980 and 2022. Patients with structural heart disease, endomyocardial fibrosis, or ma-
ternal antibodies were excluded. Atrioventricular block was asymptomatic in 314 (81.6%) and complete in 263 (68.3%) pa-
tients at the time of diagnosis. There was progression to complete AVB in 84/122 (68.8%) patients with incomplete AVB
over 12 years (7-17). A total of 286/385 patients (74.3%) received a permanent pacemaker, implanted in the first year of life
in 39 (14%) and before 10 years of age in 172 (60%) children. The pacing indication was prophylactic in 203 children (71%).
Genetic screening was performed in 133/385 patients (34.5%), leading to the identification of a clinically actionable variant in
11 (8.3%) patients. After a median follow-up of 10 years (5-17), no patient died or developed endomyocardial fibrosis or

dilated cardiomyopathy.

Conclusion In this large nationwide study, the long-term outcome of congenital or childhood non-immune, isolated AVB was excellent.
Most children required pacemaker implantation over time, albeit often as a prophylactic measure.
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Graphical Abstract

Late outcomes of congenital and childhood non-immune, isolated atrioventricular block
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Immune-mediated atrioventricular block (AVB) diagnosed in utero or
early childhood is a very rare electrocardiographic finding, associated
with a risk of sudden death in the absence of cardiac pacing."
Isolated AVBs occur in structurally normal hearts with an estimated
prevalence of 1 per 15 000-20 000 live births; 90-95% of those diag-
nosed before 6 months of age are due to the transplacental passage
of maternal anti-Ro/SSA or anti-Ro/SSA and anti-La/SSB antibodies
and subsequent inflammation and fibrosis of the atrioventricular
node leading to irreversible complete AVB.>~ Very rarely, AVB of un-
known aetiology may be diagnosed during childhood, in the absence of
maternal antibodies, congenital heart disease, myocarditis, neuromus-
cular disorder, or any other overt cause. Long-term outcomes in these
young patients with non-immune, isolated AVB are unclear, as contra-
dictory results have been reported from large series.®” We herein
aimed at clarifying late outcomes associated with this rare form of AVB.

Methods
Study design

A multicentre, nationwide, retrospective cohort study was conducted in 29
French tertiary hospitals from January 1980 to December 2022.
Institutional review board was obtained, and all patients or legal guardians
granted their informed consent to be included in the database. Patients
were identified using the diagnosis database of the French hospitals’ national
coding system. All patients <18 years of age diagnosed with an isolated (i.e.
structurally normal heart), non-immune AVB of any type and of unknown
aetiology, were eligible for the study. Patients with positive maternal
anti-Ro/SSA  and/or anti-La/SSB antibodies, endomyocardial fibrosis,
congenital heart disease, post-operative heart block, myocarditis,

mother or child was following that may have contributed to the conduction
abnormalities were excluded. Patients without a baseline electrocardio-
gram (ECG) and/or with an unknown maternal serology were excluded
from the analysis (see Supplementary methods).

Clinical investigations and follow-up

In all patients, demographic data, personal and family history, mode of pres-
entation, ECGs, echocardiography, treatment, and major cardiac events
throughout follow-up were ascertained. In the case of device implantation,
pacemaker type and mode of pacing were noted as well as device-related
complications. All children underwent at least one ambulatory follow-up
visit per year with a paediatric cardiologist for surveillance of their clinical
status, ECG, and echocardiography. Standard 12-lead ECGs were recorded
in all patients at both times of diagnosis and pacemaker implantation, or at
last follow-up in non-paced patients. All ECGs were analysed by two
blinded investigators as previously described.®

Genetic analyses

Genetic tests were non-systematically performed; their results were col-
lected if applicable. Testing methods ranged from single-gene testing by
Sanger sequencing or scanning methods such as denaturing high-
performance liquid chromatography or high-resolution melting to gene pa-
nel testing with next-generation sequencing (NGS); both routine diagnosis
testing and genetic testing for research purposes were collected.
Next-generation sequencing panel testing included cardiac conduction
genes (SCN5A; LMNA; NKX2-5; HCN4; SCN1B; TRPM4) and cardiomyopathy
genes (see Supplementary methods). All variants were classified according
to the American College of Medical Genetics and Genomics Guideline
(ACMG) with standard terminology including benign, likely benign, variant
of unknown significance (VUS), likely pathogenic (LP), and pathogenic (P).
Only VUS/LP/P variants were reported.
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Figure 1 Age at the time of diagnosis of heart block. In 268 patients (69.6%), the diagnosis was made before 5 years of age. AVB, atrioventricular

block.

Statistical analysis

Categorical variables were presented as counts and percentages and con-
tinuous data as mean (£SD) or median [25th; 75th]. 2 and Fisher’s exact
tests were performed to compare groups. The Kaplan—-Meier method esti-
mator was used to assess the time of progression from incomplete to com-
plete AVB (time between diagnosis and complete AVB or last follow-up)
and the time from diagnosis to pacemaker implantation where appropriate.
Cox proportional hazards regressions were used to analyse predictive fac-
tors, among baseline characteristics, of pacemaker implantation during
follow-up. A two-sided P-value <0.05 was considered statistically significant.
Data were analysed with the SAS packages (version 9.4, SAS Institute Inc.,,
Cary, NC, USA).

Results

A total of 385 unrelated children [192 boys, (49.9%)] were included in
the study.

Baseline clinical characteristics

Age at diagnosis

The median age at diagnosis was 3.0 [1.0; 6.0] years ranging from
in utero up to 18 years. Congenital AVB was diagnosed in 34 (8.8%)
and childhood AVB in 351 (91.2%) patients. Congenital AVB was diag-
nosed in utero in 22 patients (5.7%), whilst 12 (3.1%) were diagnosed at
birth or during the first month of life. Childhood AVB was diagnosed
during the first year of life in 42 children (10.9%), between 1 and 5 years
of age in 192 (49.9%), between 5 and 10 years of age in 66 (17.1%), and
after 10 years of age in 51 (13.2%). The diagnosis was made before 5
years of age in 268 cases (69.6%) (Figure 1).

Clinical presentation at diagnosis

Most of the patients 314 (81.6%) were asymptomatic at diagnosis, the
AVB being identified after the detection of bradycardia in 171 (58.6%),

heart murmur in 90 (30.8%), both conditions in 31 (10.6%), and foetal
bradycardia in 22 (7.1%). Atrioventricular block was diagnosed in 71
(18.4%) symptomatic children, who presented with syncope in 32
(45.1%), heart failure in 13 (18.3%), or fatigue in 25 (35.2%); in one child,
the AVB was revealed by aborted cardiac arrest.

Foetal cases

In the 22 foetuses, AVB diagnosis was made at a median gestational age
of 32.5 [28.0; 37.0] weeks, because of foetal bradycardia in 20 patients,
hydrops fetalis in 1, and familial screening in 1 patient whose brother
had been diagnosed at age 5 years with an isolated complete AVB.
The ECG recorded at birth showed Type | second-degree AVB in 4 pa-
tients, Type |l second-degree AVB in 6, and complete AVB in 12. Of the
22 foetal cases, 20 (90.9%) received a permanent pacemaker, implanted
during the first week of life in 8 (36.4%) and during the first year of life in
17 (77.3%).

Family history and parental ECG screening

A family history of unexplained syncope, sudden death, known cardiac
conduction disorders (CCD), and/or pacemaker implantation before
50 years of age, was found in 2 (0.5%), 6 (1.6%), and 10 (2.6%), re-
spectively. One consanguineous marriage between the parents of af-
fected children was noticed. All parents were asymptomatic and in
sinus rhythm except for one 56-year-old father with undetected
complete AVB. Of the 204 parents who underwent an ECG
screening, cardiac conduction abnormalities were found in 78
(38.2%), including long PR interval (14.2%), previously unrecognized
complete AVB (0.5%), complete or incomplete right bundle
branch block (30.9%), and complete or incomplete left bundle branch
block (LBBB: 2.5%); 19 parents (9.3%) had prolonged corrected QT
interval.



F. Mycinski et al.

Table 1 Clinical characteristics at the time of diagnosis of incomplete and complete AVB

Age at diagnosis

Congenital
Childhood
Symptoms

ECG at diagnosis

Men

Min—max

Mean + SD

Median [Q1; Q3]

N =34

N =351

No

yes

FC median [Q1; Q3]
QRS Median [Q1; Q3]
QTc Median [Q1; Q3]

Incomplete (N = 122) Complete (N =263) P-value
57 (46.7%) 136 (51.7%) 0.36
65 (53.3%) 127 (48.3%)

[0.0; 17.0] [0.0; 18.0] 0.0109
3.6 £39 47 £47

2.0[1.0; 6.0] 3.0[0.0;7.0]

13 (10.7%) 21 (8.0%) 0.39
109 (89.3%) 242 (92.0%)

101 (82.8%) 213 (81.0%) 0.67
21 (17.2%) 50 (19.0%)

70 [53.0; 100.0] 50 [45; 65] <0.0001
70 [60.0; 80.0] 69 [60.0; 80.0] 0.31
409 [390; 425] 412 [400; 433] 0.20

Statistically significant P-value < 0.05 are marked in bold.

Cardiac conduction disturbances

Conduction disturbances at diagnosis

Complete AVB was diagnosed in 263 (68.3%) patients, including 21
(8.0%) with congenital AVB and 242 (92.0%) with childhood AVB
(Table 1). Incomplete AVB was diagnosed in 122 (31.7%), including
13 patients with congenital (10.7%) and 109 patients with childhood
AVB (89.3%), ranging from first-degree AVB (33 patients, 27.0%), to
Type | second-degree AVB (35 patients, 28.7%), or Type Il second-
degree AVB (54 patients, 44.3%). In the 26 (6.8%) patients whose
QRS complex was wide, the intraventricular conduction morphology
was complete LBBB in 9, left posterior fascicular block in 6, complete
RBBB in 9, complete LBBB in 1, and a combination of RBBB and left an-
terior fascicular block in 3.

Progression of conduction disturbances

The median follow-up time was 10 [5; 17] years. Of the 263 patients
who presented with a complete AVB at the time of diagnosis, 35
(13.3%) were paroxysmal complete AVB and 33 (94.3%) of those pro-
gressed to permanent complete AVB within a median of 10 years [4;
18]. Incomplete (first- or second-degree AVB) progressed to perman-
ent, complete AVB within a median of 12 [7; 17] years in 84 of 122 pa-
tients (68.8%) (Figure 2).

Pacemaker implantation
Age at pacemaker implantation
During the follow-up, 286 (74.3%) received a permanent pacemaker,
implanted during the first year of life in 39 (14%) and before 10 years
of agein 172 (60%) children. The median age at pacemaker implantation
was 5 years [2.0; 10.0] for the whole series; 1.2 month [1.2; 12] in the
case of congenital AVB; and 6 years [3; 10] in the case of childhood AVB.
The median time interval between AVB diagnosis and device implant-
ation was 1 [1; 12] month in the case of congenital AVB and 12 [1;
36] months in the case of childhood AVB (log-rank P = 0.56) (Figure 3).
Overall, 99 (25.7%) children did not have a pacemaker implanted
during follow-up. The median follow-up in this population was 6.0
[3.0; 11.0] years, 56 (56.6%) were boys, and only 11 children had a con-
genital AVB (11.1%). The median age at diagnosis was 3.0 [1.0; 6.0]
years. At diagnosis, there were only 42 (42.5%) complete permanent
or paroxysmal AVB. At last follow-up, 60 (60.6%) children had a com-
plete AVB (see Supplementary material online, Table S2).

Conduction disorders and indications for cardiac pacing

At the time of pacemaker implantation, 262 (94.2%) had complete AVB
with narrow QRS complex, including 19 (7.3%) congenital and 243
(92.7%) childhood AVB.

Of the 286 children implanted with a pacemaker, 203 (71.0%) were
paced based on prophylactic indications, including a mean daytime heart
rate <50 b.p.m. in children >1 year of age (118 patients, 58.7%), ventricu-
lar pauses longer than 3 RR intervals (63 patients, 31.0%), a heart rate
<50 b.p.m. in infants (26 patients, 12.8%), a prolonged corrected QT
interval (4 patients, 1.4%), and an escape rhythm with wide QRS complex
(5 patients, 2.5%). Pacemaker was implanted for symptomatic bradycar-
dia in 98 children (34.6%). Bradycardia-related symptoms included asthe-
niain 55 (19.2%), syncope in 40 (14.0%), exercise-induced dyspnoea in 23
(8.0%), heart failure in 12 (4.2%), and chest pain in 5 (1.7%).

Type and mode of cardiac pacing

Among 39 infants who received a permanent pacemaker before 1 year
of age, epicardial leads were implanted in 36 (95%); two were implanted
with endocardial leads, with a single-chamber device in 18 and a
dual-chamber device in 21. Among 172 children between the ages of
1 and 10 years, 117 (69%) received epicardial leads and 53 (31%) re-
ceived endocardial leads. Single-chamber pacemakers were implanted
in 72 (42%), dual-chamber devices in 99 (58.4%), and a CRTP in
1. Among 75 children >10 years of age, 34 (46%) received epicardial
leads, and 64 (88%) received a dual-chamber device.

Changes in the type of pacemaker implantation over time
We divided the study into three periods of time: before 1995, between
1995 and 2009, and after 2009. During the first period, 12 (70.6%) chil-
dren <5 years of age were paced with a single-chamber device and one
child >5 years received epicardial leads; during the second period, 30
(55.6%) children <5 years of age were paced with a single-chamber de-
vice and 14 (20.9%) children >5 years of age received epicardial leads;
and during the third period, 15 (25%) children <5 years of age were
paced with a single-chamber device and 69 (84.1%) children >5 years
of age received epicardial leads (Figures 4 and 5, Supplementary
material online, Table S3).

Genetic analyses

Genetic screening was performed in 133 (34.5%) patients, consisting of
a NGS gene panel testing in 114 (85.7%) patients and a single-gene
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testing in 19 patients. Of them, 11 (8.3%) had a variant in five genes: four
in SCN5A, three in TRPM4, two in TTN, one in LMNA, and one in
PRKAG2, including a pathogenic variant in seven (5.3%): five LP/P var-
jants in SCN5A and TRPM4 and two pathogenic variants in TTN
(Table 2). Variants in PRKAG2 and LMNA genes were classified as
VUS. Two patients with VUS in TRPM4 and SCN5A harboured a second

VUS in DSP and SNTA1. The four SCN5A mutation-positive children had
isolated AVB with no associated arrhythmias or structural heart abnor-
malities. Patients with a genetic variant had no more severe symptoms
leading to AVB diagnosis than the rest of this cohort: bradycardia in
eight, syncope in one, fatigue in one, cardiac murmur in one, and fatigue
in one. Among them, seven (63.6%) required a pacemaker implantation.
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Only one child had a family history of CCD. The two patients with TTN
pathogenic variants presented no sign of structural heart abnormalities,
and we found no higher prevalence of ventricular arrhythmias in the pa-
tients with P/LP in SCN5A. Targeted testing of variants in parents of
probands was performed in few families and identified a de novo
TRPM4 variant in proband N11.

Clinical outcomes

The follow-up was >10 years in 183 patients (47.4%) and >15 years in
102 (26.5%) patients. After a median follow-up time of the entire study
population of 10 [5; 17] years, no patient died or developed DCM, and
271/286 (94.8%) remained free from pacemaker-related complications
at last visit. Of the children who experienced pacemaker-related com-
plications, 35 (12.2%) had major ones, with cardiac tamponade in 1, lead
rupture/dysfunction in 31, and pacemaker lead endocarditis in 3 after 4,
6,and 11 years of cardiac pacing, respectively. Of the 286 children who
were implanted with a pacemaker, 146 (51%) required at least one re-
intervention. Among the 187 patients implanted with an epicardial
pacemaker, 86 (59%) had a reintervention after a median follow-up
of 8.7 [4; 12] years, 64 (34.2%) for battery replacement and 22 (12%)
for an unplanned reintervention (21 lead fractures or dysfunctions
and 1 lead infection). Among the 95 patients who had an endocardial
pacemaker, 59 (41%) had a reintervention after a median follow-up
of 13.7 [5; 17] years, 46 (46%) for battery replacement and 13 (13%)
for an unplanned reintervention (10 lead fractures or dysfunctions, 2
infections, and 1 due to lead placement anomaly).

Discussion

This study reports the clinical evaluation and follow-up of the largest
paediatric population of non-immune, isolated AVB individuals re-
ported to date. Our major finding was highly favourable long-term out-
comes of these patients presenting with this rare form of paediatric
idiopathic AVB.

It has been proposed that late-onset DCM in congenital AVB pa-
tients may be a sequela of in utero autoimmune myocarditis or due
to its post-natal reactivation.® We previously showed that immune
and non-immune AVB patients have different clinical outcomes, non-
immune ones being diagnosed and paced later in life and having a better
prognosis than the immune ones, because of a high neonatal mortality
rate and a high risk of DCM in immune-isolated AVB patients.® We later
reported a favourable long-term prognosis of non-immune, isolated
AVB, regardless of the patient’s age at the time of diagnosis, on a multi-
centre series of 141 patients.® Our results extend this observation to a
larger series with an extended follow-up, as no death and no DCM
were observed in 385 patients over a median follow-up of 10 years.

Our results contrast with a recent Danish retrospective, case—con-
trol observational study, which suggested that young patients paced
for AVB of unknown aetiology had a 3.8-fold higher rate of death, hos-
pitalization for heart failure, ventricular tachyarrhythmias, or aborted
sudden death, compared with an age- and sex-matched control popu-
lation.” These data raise questions about what exactly is meant by ‘un-
known aetiology’. The 50.3% rate of AVB of unknown aetiology
emphasizes the lack of thorough case investigations in the Danish co-
hort.” The poor outcome observed in their patients may be due to
an unknown underlying disease, which has been insufficiently investi-
gated. Diagnostic work-up was not standardized, and both maternal im-
mune status and genetic testing were lacking in most patients.
Particularly, the low 0.6% rate of genetic AVB in the Danish cohort
does not reflect the true prevalence of hereditary AVB, as SCN5A mu-
tations account for 5% of CCD in the young.'® This is due to limited
genetic testing in the studied population.11 Nevertheless, genetic testing
should be considered in patients with early-onset (age <50 years)
CCD,' as genetic variants in multiple genes have been described.

Here, genetic mutations with a strong impact on patients’ outcomes
such as LMNA mutations or SCN5A mutations possibly in the setting
of cardiac sodium channelopathy overlap syndrome'? may have been
missed.

The absence of antibody in non-immune, isolated AVB suggested a
different pathologic mechanism than autoimmunity. In a previous study,
we showed that 70% of those with incomplete AVB at the time of diag-
nosis progressed to a complete one, suggesting a genetic predisposition
to a progressive process of the specialized conduction tissue.® Given
that an increasing number of genes have been found to be responsible
for hereditary progressive cardiac conduction defect in adults">~"® and
that several common variants modulate heart rate, PR interval, and
QRS complex durations,” =" we hypothesized that idiopathic AVB in
the young may be a heritable disease. Electrocardiogram screening in
parents of children with idiopathic AVB as compared to matched
healthy control subjects revealed a high prevalence of conduction ab-
normalities as well as a high estimated heritability for isolated conduc-
tion disturbances, which supported the hypothesis of an inheritable
trait in congenital and childhood non-immune, isolated AVB.%
Genetic investigations in that cohort later confirmed culprit mutations
in SCN5A,'?° TRPM4®" and in the Connexin 40°* and Connexin 45
genes.23 However, the rate of variants identified remains low, which
shows that our genetic knowledge in this field remains limited. Our
study findings are unaligned with a recent small Italian monocentre
retrospective series of 39 young adults with CCD of unknown origin,
in which a comprehensive cardiomyopathy and arrhythmia gene panel
had an overall detection rate of 38%.2* The proportion of genetic find-
ings is likely overestimated in their study, given that an underlying car-
diomyopathy (DCM or LV non-compaction) and sick sinus syndrome
were reported in 13 and 33% of their patients, respectively. It is also
unclear whether their diagnostic work-up would have identified an
underlying neuromuscular disorder or metabolic disease, and no
follow-up data were provided. Moreover, classical genetic approaches
in this field may not be the most appropriate, and it is probably neces-
sary to use new approaches, such as the use of trios to identify other
genetic mechanisms.

In our study, no patient developed DCM or required biventricular
pacing after a median follow-up of 10 years. Choosing the optimal pa-
cing site for chronic ventricular pacing has been identified to be of major
impact in preserving ventricular function. Pacing-induced cardiomyop-
athy resulting from the detrimental effects of right ventricular apical pa-
cing in the young has well been described.?*® Pacing leads were mostly
placed on the LV apex, as LV pacing preserves LV systolic function and
synchrony in neonates and infants with congenital complete AVB over
time?” and is now accepted as the preferred site for epicardial pa-
cing 28?7 Of note, we report a shift in cardiac pacing modalities along
the study period. In the last decade as compared to earlier era, there
has been an increase in the use of epicardial leads in children aged 5—
15 years requiring pacing. In our experience, the rate of unplanned re-
interventions was similar between epicardial and endocardial pacing
systems, although the follow-up of children who received an epicardial
pacemaker was shorter. Children might be more prone to complica-
tions because of their active lifestyle, higher frequency of traumatic
events, and infections that affect the pacing system. Within those limita-
tions, there is a consensus that the smallest infants are best served with
epicardial pacing systems, with a cut-off weight around 15-20 kg. >
Epicardial leads are more likely to fracture and are prone to exit block,
and implantation requires a major operation that is accompanied by the
inherent risks and need for perioperative support.>° On the contrary,
endocardial systems may carry a significant risk of venous thrombosis
in young patients, which can result in loss of venous access in the future,
leading to a more complicated lead revision later in the patient’s life. !
Up to a 19% transvenous lead-related failure rate has been reported by
others who choose the endocardial approach. Extraction of abandoned
transvenous leads in the paediatric population is also problematic, and
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optimal lead management remains to be defined. This should explain
the observed trend with an increase in epicardial pacemaker implants
in subjects over 5 years of age over time.*°

Study limitations

First, the retrospective data collection over 42 years at multiple centres
may have underestimated the incidence of adverse events during
follow-up. However, the follow-up of children with AVB (with or with-
out pacemaker implanted) requires at least 1 to 2 medical consultations
annually, which limits the likelihood of underreported clinically signifi-
cant events. The retrospective nature of this study represents a limita-
tion as genetic testing has evolved, so that some cardiac conduction
system genes, channelopathy genes, and cardiomyopathy genes may
have not been tested. As the review of medical records was not ex-
haustive at all participating centres, the prevalence of idiopathic AVB
may have been underestimated.

Conclusions

In this large paediatric cohort of non-immune, isolated AVB of un-
known cause, the long-term outcome was favourable with no death,
no DCM, and relatively few pacemaker-related complications. Nearly
70% of patients with incomplete AVB progressed to a complete one,
suggesting a genetic predisposition to a progressive process of the car-
diac conduction system. Among patients with a genetic testing, 5.3%
had an identified pathogenic variant. Genetic testing using an arrhythmia
and cardiomyopathy genes panel should be considered in every infant
or child with cardiac conduction system disease and whose mothers
are anti-Ro/SSA negative, with cascade testing whether they are posi-
tive. Further investigations are needed to determine (a) the very long-
term evolution in adulthood and (b) the aetiology and pathophysiology
of this rare type of conduction disorder.

Supplementary material

Supplementary material is available at Europace online.
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