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ABSTRACT

Objective: Sudden cardiac death (SCD) and malignant ventricular arrhythmia (VA) are increasingly recognized as
important issues for people living with a Fontan circulation, but data are lacking. We sought to characterize the
cohort who had sudden cardiac death, most likely related to VA and/or documented VA in the Australia and New
Zealand Fontan Registry including risk factors and clinical outcomes. Methods: A retrospective cohort study was
performed. Inclusion criteria were documented non-sustained ventricular tachycardia, sustained ventricular
tachycardia, ventricular fibrillation, resuscitated cardiac arrest or SCD > 30 days post-Fontan completion. Results:
Of 1611 patients, 20 (1.2%) had VA; 14 (1.0%) had VA without SCD and 6 (<1%) had SCD (6% of all deaths
recorded in Registry; 5 of those had documented VA at the time of arrest and 1 was presumed to be VA-asso-
ciated). The median age at first VA was 20.5 (14–32) years, 10 (50%) were females, and the median age at Fontan
operation was 8 (4–17) years. On univariable analysis, hypoplastic left heart syndrome (p = 0.03) and older age
Fontan operation (p < 0.001) were associated with VA. Earlier Fontan era (p < 0.003), atriopulmonary Fontan (p <
0.001), pre-Fontan atrioventricular valve repair (p = 0.013) pre- or post-Fontan atrial arrhythmia (p = 0.010) were
associated with SCD. Patients with VA had a 3 times higher risk of death or heart transplant (HR 3.27(1.19, 8.98),
p = 0.02). Conclusions: A proportion of people living with a Fontan circulation have malignant VA. Routine VA
screening in this cohort is essential. More data are needed to aid risk stratification.
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1 Introduction

With optimized management and surgical refinement, most children born with complex univentricular
cardiac conditions repaired with a Fontan circulation will survive to adulthood. However, life expectancy is
reduced [1–5] with sudden cardiac death (SCD) accounting for 5%–13% of deaths [4,6–8]. Malignant
ventricular arrhythmia (VA) are a likely contributor to SCD in patients with a Fontan circulation but risk
factors, appropriate screening strategies and management strategies are not well-established [4,5,7,9–11].

In this retrospective study, we sought to characterise the cohort of patients followed by the Australian
and New Zealand Fontan Registry who had documented VA or SCD most likely related to malignant VA.

2 Materials and Methods

2.1 Research Objects
Approval for this study was obtained as part of ongoing ethical approval for the Australia and New

Zealand Fontan Registry. The Registry, created in 2008 [8], is a bi-national registry that collects the clinical
data of all patients who have survived a Fontan procedure. Inclusion criteria were documented non-
sustained ventricular tachycardia (NSVT), sustained ventricular tachycardia (VT), ventricular fibrillation
(VF), resuscitated cardiac arrest or sudden cardiac death (SCD) >30 days post-Fontan completion. Patients
or the public were not involved in the design, conduct, reporting, or dissemination plans of our research.

Participants were included in the VA group if the clinical record documented either non-sustained VT
(defined as three or more consecutive ventricular beats, at a rate of more than 100 beats per minute and a
duration of less than 30 s that terminates spontaneously) or sustained VT (more than 30 s or requiring
termination in less than 30 s due to hemodynamic instability). Holter monitor reports are not routinely
collected by the registry so the VA needed to be reported in a clinical letter for inclusion. SCD was
defined as the sudden cessation of cardiac activity so that the victim became unresponsive, with no
normal breathing or no signs of circulation [3,4]. SCD was presumed to be related to VA if there was
documented VT or VF during resuscitation or if there was no other explanation such as a
thromboembolic event. Moderate to severe ventricular dysfunction (i.e., moderate or worse) is defined as
the ejection fraction of less than 40% documented with cardiac MRI or based on the subjective
assessment of the treating cardiologist based on transthoracic echocardiographic images [12].

2.2 Statistical Analysis
Data were analysed using R software (version 4.1.0, R Foundation for Statistical Computing, Vienna,

Austria). Patient characteristics were described using the mean and standard deviation for normally
distributed variables, or the median and interquartile range for variables that had skewed distributions.
Categorical variables were calculated as frequencies and percentages. Separate subgroup analyses were
performed for patients with VA. Time to ventricular arrhythmia was measured from completion of the
Fontan operation and was censored at the time last known alive with death and heart transplantation as
competing risks. Cumulative incidence curves were used to depict the time to ventricular arrhythmia and
time to sudden cardiac death (SCD). Time to death or heart transplantation was measured from
completion of the Fontan and depicted using the Kaplan-Meier method. Proportion estimates for the time-
to-event endpoints at the landmark times of 5, 10, and 15 years were reported with 95% confidence
intervals. Cause-Specific Cox regression models were used to identify univariable predictors of
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developing ventricular arrhythmia and sudden cardiac death. Ventricular arrhythmia was modelled as a time-
varying covariate using a Cox regression model to assess its association with time to SCD and death or heart
transplantation. We determined freedom from SCD since the date of the initial recorded VA. Due to the small
number of events, the multivariable model for ventricular arrhythmia was limited to one variable and was
only performed post-hoc to assess whether there was an interaction between HLHS and pre-Fontan Glenn
shunt in the model. Hazard ratios and their corresponding 95% confidence intervals were reported.

The covariates that were entered into the regression model are shown in Supplementary Tables S1
and S2.

3 Results

3.1 Fontan Population
Subject characteristics are demonstrated in Table 1. A total of 1611 patients followed by the ANZ Fontan

Registry were included in this study. Of those, 20 (1.2%) had VA recorded (1 case per 1,000 person-years of
follow-up). Of the 107 patients who died during follow-up since 2008, 43 (40%) were cardiac-related deaths,
5 (4.7%) of the total deaths were SCD with documented VA and 1 (0.9%) were SCD attributed to VA in the
absence of other more likely causes–thus 6 (5.6%; 2.8 deaths per 10,000 person-years of follow-up) of deaths
recorded in the Registry were likely related to VA during follow-up.

Table 1: Subject characteristics

Variable N (%) VA (20) No VA (1591) All (1611)

Sex

Female 10 (50%) 675 (42%) 685 (43%)

Age (years) at fontan operation

Mean ± SD 10.1 ± 7.0 5.6 ± 3.8 5.7 ± 3.9

Age (years) at last follow-up

Mean ± SD 31.5 ± 13.7 18.9 ± 10.3 19 ± 10.4

Year range of fontan operation

1975–1989 7 (35%) 186 (12%) 193 (12%)

1990–1999 10 (50%) 349 (22%) 359 (22%)

2000–2009 3 (15%) 521 (33%) 524 (33%)

2010–2018 0 (0%) 535 (34%) 535 (33%)

Fontan type

AP 7 (35%) 224 (14%) 231 (14%)

LT 9 (45%) 280 (18%) 289 (18%)

ECC 4 (20%) 1087 (68%) 1091 (68%)

Fontan fenestration

Yes 6 (35%) 586 (37%) 592 (37%)

Isomerism

None 16 (94%) 1453 (93%) 1469 (93%)

Left atrial isomerism 0 (0%) 46 (3%) 46 (3%)

Right atrial isomerism 1 (6%) 65 (4%) 66 (4%)
(Continued)
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Table 1 (continued)

Variable N (%) VA (20) No VA (1591) All (1611)

Cardiac position

Normal 17 (89%) 1407 (91%) 1424 (91%)

Dextrocardia/mesocardia 2 (11%) 141 (9%) 143 (9%)

Ventricle morphology

Left 15 (75%) 906 (58%) 921 (58%)

Right 5 (25%) 526 (33%) 531 (33%)

Biventricular 0 (0%) 98 (6%) 98 (6%)

Indeterminate 0 (0%) 41 (3%) 41 (3%)

Pre-fontan collaterals

No 12 (86%) 834 (67%) 846 (67%)

HLHS

No 17 (85%) 1373 (87%) 1390 (87%)

HLHS 3 (15%) 209 (13%) 212 (13%)

Primary diagnosis

Tricuspid atresia 8 (40%) 343 (22%) 351 (22%)

Double inlet left ventricle 3 (15%) 262 (17%) 265 (17%)

Double outlet right ventricle 2 (5%) 226 (14%) 227 (14%)

Atrioventricular Canal or atrioventricular septal
defect

0 (0%) 127 (8%) 127 (8%)

Pulmonary atresia with ventricular septal defect 0 (0%) 34 (2%) 34 (2%)

Pulmonary atresia with interventricular septum 0 (0%) 138 (9%) 138 (9%)

Ebstein’s anomaly 0 (0%) 15 (1%) 15 (1%)

ccTGA 3 (15%) 102 (6%) 105 (7%)

Other 1 (10%) 145 (9%) 147 (9%)

Common atrioventricular valve

No 20 (100%) 1582 (100%) 1602 (100%)

Length of hospital stay (week)

Mean (SD) 2.8 ± 2.0 2.7 ± 2.3 2.7 ± 2.3

Pleural effusion

No 17 (94%) 1496 (94%) 1513 (94%)

Prior cardiac procedures to fontan (n)

Mean (SD) 2.6 ± 1.2 3.0 ± 1.1 3.0 ± 1.1

Prior cardiac surgery type

Balloon septostomy 1 (5%) 88 (6%) 89 (6%)

Atrial septectomy 4 (21%) 435 (28%) 439 (28%)
(Continued)
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Table 1 (continued)

Variable N (%) VA (20) No VA (1591) All (1611)

Pulmonary artery band 3 (16%) 383 (25%) 386 (24%)

Blalock tausig shunt 10 (53%) 593 (38%) 603 (38%)

Central shunt 1 (5%) 153 (10%) 154 (10%)

Norwood 3 (16%) 252 (16%) 255 (16%)

Arterial switch 0 (0%) 12 (1%) 12 (1%)

Damus kaye stansel 1 (5%) 145 (9%) 146 (9%)

Total anomalous pulmonary venous drainage
repair

0 (0%) 28 (2%) 28 (2%)

Aortic arch repair 1 (5%) 82 (5%) 83 (5%)

Coarctation repair 0 (0%) 84 (5%) 84 (5%)

Pulmonary artery reconstruction 1 (5%) 134 (9%) 135 (9%)

Bidirectional cavo-pulmonary shunt/bidirectional
cavo-pulmonary connection/glenn

5 (26%) 894 (57%) 899 (57%)

Kawashima 0 (0%) 29 (2%) 29 (2%)

Hemi fontan 1 (5%) 37 (2%) 38 (2%)

Left ventricular outflow tract obstruction
bulboventricular foramen resection

0 (0%) 10 (1%) 10 (1%)

Tricuspid valve repair 0 (0%) 45 (3%) 45 (3%)

Tricuspid valve replacement 0 (0%) 2 (0%) 2 (0%)

Mitral valve repair 0 (0%) 22 (1%) 22 (1%)

Mitral valve replacement 0 (0%) 0 (0%) 0 (0%)

Common atrio-ventricular valve repair 0 (0%) 16 (1%) 16 (1%)

Common atrio-ventricular valve replacement 0 (0%) 3 (0%) 3 (0%)

Ventricular septal defect repair 0 (0%) 6 (0%) 6 (0%)

Pre-fontan pulmonary artery pressure (mmHg)

Mean ± SD 12.2 ± 2.9 11.5 ± 3.5 11.5 ± 3.4

Prior cardiac procedures to fontan (n)

Mean (SD) 2.6 ± 1.2 3.0 ± 1.1 3.0 ± 1.1

Pre-fontan moderate to severe atrioventricular valve regurgitation

Yes 2 (13%) 126 (10%) 128 (10%)

No 13 (87%) 1166 (90%) 1179 (90%)

Post-fontan moderate to severe atrioventricular valve regurgitation (last follow-up)+

Yes (%; Median [IQR] Years) 1 (6%; 5) 188 (12%;
12.2 [6.1, 17.2])

189 (12%;
12.1 [6.1, 17.2])

No (%; Median [IQR] Years) 16 (94%;
2.3 [0, 14.5])

1339 (88%;
9.9 [4.1, 17.8])

1355 (88%;
9.9 [4.0,17.8])

(Continued)
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3.2 Ventricular Arrhythmia and Sudden Cardiac Death
In patients with VA, the median follow-up time since Fontan surgery was 23.5 (16–29) years. The VA

event occurred at a median age of 20.5 (14–32) years and 14.5 (8.5–22) years post-Fontan repair. The median
age at Fontan operation was 8 (4–17) years old and 10 (50%) were females. Subject characteristics are
demonstrated in Table 1. Of all Fontan patients followed in the Registry, 43 of 1611 (3%; 2 cases per
1,000 person-years of follow-up) had a cardiac-related death >30 days after their Fontan completion. Of
these people, 6 of the 43 deaths (14%) were secondary to VA.

The classification of VA events is demonstrated in Fig. 1. Fourteen of the 20 patients who had VA
survived the event and did not suffer from SCD (non-SCD VA). Of the 14 patients with non-SCD VA,
arrhythmia was identified via Holter monitoring in 3 patients and exercise stress test in 3 patients,

Table 1 (continued)

Variable N (%) VA (20) No VA (1591) All (1611)

Pre-fontan moderate or severe ventricular dysfunction

Yes 1 (5%) 36 (5%) 36 (5%)

No 19 (95%) 619 (95%) 626 (95%)

Post-fontan moderate or severe ventricular dysfunction (last follow-up)+

Yes (%; Median [IQR] Years) 3 (23%;
14 [13.3,18.6])

36 (3%;
20.7 [12.8,
26.9])

39 (3%;
20.3 [13.0, 26.2])

No (%; Median [IQR] Years) 10 (77%;
24 [19.3,28.7])

1291 (97%;
11.4 [5.8, 18.9])

1301 (97%;
11.5 [6.0, 18.9])

Pre-fontan oxygen saturations (%) (last follow-up)

Mean ± SD 80.9 ± 4.9 82.6 ± 6.7 82.6 ± 6.7

Post-fontan oxygen saturations (%) (last follow-up)

Mean ± SD 84.6 ± 6.9 91.2 ± 6.4 91.1 ± 6.5

Post-fontan NYHA class (last follow-up)

NYHA Class I 2 (12%) 561 (39%) 563 (39%)

NYHA Class II 13 (81%) 792 (55%) 805 (56%)

NYHA Class III 0 (0%) 67 (5%) 67 (5%)

NYHA Class IV 1 (6%) 10 (1%) 11 (1%)

Missing 4 161 165

Pre or peri-fontan atrial arrhythmia*

Yes 0 (0%) 25 (2%) 25 (2%)

No 20 (100%) 1566 (98%) 1586 (98%)

Post-fontan atrial arrhythmia**

Yes 8 (40%) 25 (1%) 1433 (89%)

No 12 (60%) 1566 (99%) 179 (11%)
Notes: *Defined as atrial fibrillation, atrial flutter or supraventricular tachycardia prior to Fontan surgery or up to 30 days after Fontan operation.
**Defined as atrial fibrillation, atrial flutter or supraventricular tachycardia >30 days after Fontan operation.
+Modelled as a time-varying covariate based on a follow-up of median (IQR) years.
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inpatient telemetry for 4 patients (2 had syncopal episodes, 1 had angina, and 1 had palpitations) and the
remaining 4 had VA (2 VT, 2 NSVT) noted on their cardiologist’s letter but the mode for identification
was unclear. Of the 14 non-SCD VA patients, 3 have died from other causes during follow-up at a
median age of 36 (30–40), at ages 24, 36 and 43 years of age, a median time of 19 (16.5–21.5) years
from their Fontan repair and a median of 12 (11–13) years from their first VA event. Two deaths were
from Fontan circulatory failure and 1 from an unknown cause. It was also observed that if a VA event
was noted on other investigations, then an EP study was not performed. In general, most centres will not
perform an EP study if there is considered to be a definite sustained ventricular tachycardia or long or
frequent episodes of non-sustained ventricular tachycardia documented on monitoring even if there has
not been a syncopal episode. However, if a cause for syncope or symptoms is not found, then a
diagnostic EP study is usually performed.

Of the 6 who had SCD due to documented or presumed VA, 5 (83%) were males and 1 (17%) was
female. Median age at the time of SCD was 15.5 (14–18) years old and at a median time of 12 (10–14)
years from Fontan operation. Four (67%) had dominant left ventricular morphology and the remaining 2
(33%) patients had dominant right ventricular morphology. Three (50%) had an atriopulmonary Fontan, 2
(33%) had an extracardiac conduit and one (17%) had a lateral tunnel Fontan connection. One patient had
had an ICD implanted for primary prevention due to severely impaired ventricular function and had SCD
from VA in the setting of lead malfunction.

3.3 Management and Cardioverter-Defibrillator Implantation (ICD) Post VA Event
Four of the 14 (29%) patients who survived the VA event had an implantable cardioverter-defibrillator

(ICD) inserted after the event. These 4 patients remained alive at a median time of 4.5 (0–27) months from
ICD implantation. ICD implantation occurred at a median age of 45 (37–52) years old, 12.5 (8.5–21) days
from their VA event. Of the 4 who had an ICD implanted, 2 received an ICD after a documented sustained
VT event. The other 2 had received an ICD as they were both symptomatic from their non-sustained VT
(NSVT), where one had a syncopal episode and was noted to have frequent NSVT and the other had
decreased exercise tolerance and was found to have a high burden of NSVT (multiple episodes up to
12 beats) on exercise stress test. To date, none have received therapy from their ICD.

Of the remaining 10 patients (71%), two were commenced on beta-blockade, one was thought to have
had the event due to flecainide (commenced for atrial arrhythmia) which was ceased, one had fenestration

SCD with
Documented
VA (VF) = 5

Documented VA
Without SCD at
Diagnosis = 14 

No. of Patients Post Fontan = 1611

SCD Presumed
Related to
VA = 1

Sustained VT
= 9 

Non-Sustained
VT = 5

ICD Insertion
Post Event = 2

ICD Insertion
Post Event = 2

Figure 1: Table describing VA and SCD events
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closure as the treating team suspected severe cyanosis was the VA trigger, two were referred for cardiac
transplantation and in three, uncontrolled rapid atrial arrhythmia was thought to be the trigger (one
underwent Fontan conversion, one had an ablation and one was managed medically).

3.4 Hazard and Survival Analysis
Results from the univariable Cause-Specific Cox regression analysis are shown in Tables 2 and 3.

Kaplan Meier analysis is shown in Fig. 2 and a competing risks plot is shown in Fig. 3.

Table 2: Univariable Cause-Specific Cox regression for all VA events

Variable HR (95% CI) p-value

Age at fontan repair 1.10 (1.04–1.15) <0.001

HLHS 4.32 (1.15–16.3) 0.031

Norwood operation 3.72 (0.98–14.1) 0.054

Post-fontan NYHA class II*+ 3.35 (0.89, 12.6) 0.074
Notes: Only variables with a weak to strong association with the risk of VA; p < 0.1 are shown.
*No events in people with NYHA Class III/IV.
+Modelled as a time-varying covariate.

Table 3: Univariable Cause-Specific Cox regression for SCD events

Variable Level N N (SCD) HR (95% CI) p-value

Year fontan operation group 1975–1989 193 20 1 0.003

1990–1999 359 16 0.54 (0.28–1.07)

2000–2009 524 5 0.19 (0.07–0.53)

2010–2018 535 1 0.09 (0.01–0.74)

Fontan repair type AP 231 26 1 <0.001

LT 289 7 0.26 (0.11–0.61)

ECC 1091 9 0.20 (0.09–0.46)

Fontan fenestration No 995 36 1 0.049

Yes 592 6 0.41 (0.17–1.00)

Pre-fontan cardiac procedures Per unit increase 1580 41 0.76 (0.55–1.04) 0.089

Bidirectional glenn shunt No 681 33 1 0.015

Yes 899 8 0.37 (0.17–0.83)

Atrioventricular valve repair No 1558 39 1 0.013

Yes 22 2 6.14 (1.47–25.6)

Pre and peri-fontan atrial arrhythmia* No 1586 39 1

Yes 25 3 4.69 (1.45–15.18) 0.010

Post-fontan atrial arrhythmia**
(time-varying)

No 1433 31 1

Yes 178 11 2.83 (1.28–6.24) 0.010
Notes: Only variables with a weak to strong association with the risk of SCD; p < 0.1 are shown.
*Defined as atrial fibrillation, atrial flutter or supraventricular tachycardia up to 30 days from Fontan operation.
**Defined as atrial fibrillation, atrial flutter or supraventricular tachycardia >30 days after Fontan operation.
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Older age at Fontan repair (p < 0.001), having HLHS morphology (p = 0.031), a previous Norwood
operation (p = 0.05) and post-Fontan NYHA Class II (p = 0.074) were associated with VA events
occurring post–Fontan (Table 2).

Earlier Fontan repair era (p = 0.003), AP Fontan repair (p < 0.001), having a Fontan, pre-Fontan cardiac
procedures (p = 0.089), atrioventricular valve repair (p = 0.013), pre and peri-Fontan atrial arrhythmia
(p = 0.01) and post-Fontan atrial arrhythmia (p = 0.01) were associated with SCD events post-Fontan
repair. Fontan fenestration (p = 0.049) and pre-Fontan Bidirectional Glenn shunt (p = 0.015) were
protective against SCD (Table 3).
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Death or transplanted
VA

Figure 3: Competing risks plot showing cumulative incidence of VA

Figure 2: Kaplan-Meier curve demonstrating risk for death or heart transplantation with VA as a time-
varying covariate
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The Kaplan Meier analysis demonstrates a 3-fold risk of Fontan failure leading to death or heart
transplant in those with VA (HR 3.27 (1.19, 8.98), p = 0.02) (Fig. 2).

Competing risk analysis demonstrates the cumulative incidence of VA and the contribution of VA to
morbidity and mortality (Fig. 3). Probability estimates for Fig. 3 are shown in Supplementary Table S3.

We performed a post hocmultivariable analysis to assess whether HLHS was a confounder with some of
the associations observed; we found that the association between pre-Fontan Glenn shunt and VA lost
significance when HLHS was added to the model (HLHS–HR 5.49 (1.35,22.3), p = 0.017, pre-Fontan
Glenn shunt 0.51 (0.16,1.64), p = 0.26)).

4 Discussion

This study, the largest series to date investigating VA in people who have a Fontan circulation,
demonstrates that in the current era, ventricular arrhythmia are important clinical issue closely linked to
adverse clinical outcomes in the setting of Fontan physiology. However, few patients have an ICD, even
in those who have had documented VA, likely reflecting uncertainties relating to risk stratification and
challenges with implantation.

Doctor et al. [13] found that patients with adult congenital heart disease (ACHD) other than Tetralogy of
Fallot (TOF) and non-sustained ventricular tachycardia (NSVT) were at a higher risk of SCD. Current
guidelines recommend an automated implantable cardioverter defibrillator (AICD) for high-risk patients
with congenital heart disease with NSVT as a primary prevention for VT/VF or SCD but clinical
management has remained cautious [13]. Ventricular arrhythmia have been increasingly recognized as an
important late consideration post-Fontan repair [2,4,5,10,11,14] accounting for up to one-quarter of deaths
[4,6–8,15]. Despite the relatively low prevalence of VA (1%–8%) in the Fontan population compared
with atrial arrhythmia, sustained VA is highly likely to be life-threatening [2], [4,10,11]. One study found
that around one fifth of people with a Fontan circulation who had SCD had previously documented VA
[4]. A large retrospective study and survey of 996 patients from the Mayo Clinic reported a prevalence of
5% in respondents [4]. In one of the largest series to date from the Pediatric Heart network, VA was
identified in 3.5% (n = 520) [10]. Our data demonstrate that just over 1% of the ANZ Fontan have
ventricular arrhythmia based on information collected from the clinician letters and 6% of deaths were
likely to be VA-associated; our cohort includes current-era patients across the lifespan, the majority of
whom have ECC Fontan repair.

Risk factors for VA in the setting of a Fontan circulation are not well-defined. We found that having
hypoplastic left heart syndrome and older age at time of Fontan were associated with VA. In our cohort,
earlier Fontan operation era, having an atriopulmonary Fontan type repair, a pre-Fontan atrioventricular
valve repair and pre- or post-Fontan atrial arrhythmia were associated with SCD. Interestingly having a
Fontan fenestration and a pre-Fontan Glenn shunt were protective against SCD which are likely
confounded by an earlier era of Fontan operation. While risk factors associated with atrial arrhythmia,
death and Fontan circulatory failure are reasonably well characterized, the risk factors for ventricular
arrhythmia are not well understood [2,16–18]. The only previously reported clinical risk factors for VA in
the setting of Fontan physiology are atrioventricular valve replacement and post-Fontan completion
central venous pressures >20 mm Hg; pre-Fontan sinus rhythm was reportedly protective–these data were
collected from a people who had Fontan completion from 1973–2012 [4]. The degree of MRI detected
myocardial fibrosis has also been shown to correlate with the burden of non-sustained VT after Fontan
completion and may be an important underutilized tool to aid risk stratification [19]. It is currently
unclear whether the association we and others have observed between atrial arrhythmia and risk for SCD
is the result of atrial arrhythmia degenerating into VA, a low output state associated with atrial arrhythmia
causing SCD or atrial and ventricular adverse remodeling which predisposes to both VA and atrial
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arrhythmia. While it is generally accepted that atrial arrhythmia should be aggressively treated in this
population, more data are needed to address these uncertainties.

In most large series, HLHS is associated with worse late clinical outcomes including ventricular
dysfunction [3] and thus the association we found between HLHS and VA was not unexpected. The
association between VA and HLHS was weakened when pre-Fontan Glenn shunt was included in the
model suggesting that HLHS combined with pre-Fontan Glenn may be an especially high-risk
combination. Delving further into this topic, we noted that patients with Norwood operation had a
significantly higher risk of VA and further analysis found that it was likely related to HLHS. Given that
all patients who had HLHS had a Norwood operation after.

Of note, none of the patients in our series with HLHS and VA had a Sano (right ventricle-pulmonary
artery shunt) procedure which has also been associated with an increased risk for ventricular arrhythmia
[20]. One of the most striking negative findings of our study is the lack of association between pre-
Fontan ventricular dysfunction and the risk for VA–this may partly be explained by the subjective nature
of grading ventricular dysfunction in the setting of univentricular heart–however we have previously
reported important associations with other clinical outcomes using these data. Fontan fenestration was
originally introduced to create a controlled right-to-left shunt between the systemic venous system and
the pulmonary venous atrium to partially offload systemic venous pressures and improve ventricular
preload [7,21]. In more recent times, some Australia and New Zealand (ANZ) centers only fenestrate the
Fontan circulation in children with suboptimal hemodynamics which may explain why fenestration was
protective against SCD in our cohort [7]. The association between (the now obsolete) atriopulmonary
connection and SCD likely reflects an era with less effective intraoperative cardiac protection as well as
the predisposition to atrial arrhythmia [9,17]. An alternative explanation may be that chronic cyanosis is
associated with myocardial dysfunction and fibrosis–emerging data have suggested that chronic cyanosis
does negatively impact other organs such as the brain [22] and endothelium [23].

Adequate risk stratification to aid decision making for primary preventative ICD in the setting of Fontan
circulation is virtually impossible due to lack of data, reflected in international guidelines [24]. It is also
unclear what the ‘tipping point’ should be when short runs of non-sustained VT are identified on routine
screening in asymptomatic patients. Data from the Mayo Clinic demonstrated that none of the patients
who had suffered SCD in their cohort had an ICD yet all the patients who had an ICD implanted for
secondary prevention did not die from SCD reflecting the challenge for clinicians. This therefore reflects
the inadequacies of current risk stratifications [4]. Similarly, in our study, none of the patients who had an
ICD received appropriate therapy during follow-up–the one patient who did have an ICD and died from
VA did not receive appropriate therapy due to lead malfunction. In the absence of data, many centers
resort to using severely reduced ejection fraction (<30%–35%) as an indication for primary preventative
ICD extrapolating data from acquired heart failure populations [1,25]. However, it is becoming
increasingly apparent that using ejection fraction to guide ICD implantation in the setting of complex
congenital lesions such as a systemic right ventricle is inadequate for risk stratification. Especially
considering the high number of inappropriate shocks that affect this cohort who are prone to atrial
arrhythmia [26]. The lack of association we found between ventricular dysfunction and risk of VA further
highlights the inadequacies of ejection fraction-determined decisions. There is an urgent need for detailed
phenotyping in large multi-center studies designed to develop superior risk stratification tools.

Inadequate risk stratification is not the only barrier to ICD prescription in the Fontan population. Due to
the anatomy of the circulation, transvenous implantation is not possible and so historically, surgical
epicardial ICD implantation was the only option. The invasiveness of the procedure, perioperative risk
and longer post-operative recovery may outweigh the possible benefits in many patients. Secondly,
epicardial device-related complications such as lead conductor defects and insulator issues causing the
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device to lose capture or develop higher thresholds and shorter battery life are also considerations. Lastly,
outgrowing of lead length is likely in children. Leadless devices may alleviate many of these issues and
have been utilised successfully in the Fontan setting [25–30]. However, many patients are unsuitable for
current-generation devices due to baseline ECG abnormalities which would result in poor arrythmia
detection [4,25].

5 Limitations

This study, although the largest of its kind to date, was limited by small sample size which prevented
multivariable analysis. Furthermore, data collection was limited to that collected by the ANZ Fontan
registry. We did not have Holter monitor reports–we relied on clinician letters and assumed that clinically
significant arrhythmia would have been reported. We did not have sufficient invasive haemodynamic or
cardiac MRI data from the cohort to include in our analysis, the latter in particular warrants further
investigation.

6 Conclusions

A proportion of people living with a Fontan circulation have malignant VAwhich is a common cause for
premature death. Routine VA screening in this cohort should be strongly considered as documented VA is not
surprisingly a risk factor for SCD. More data are needed to aid risk stratification. International multicentre
studies are needed to address the uncertainties in this relatively rare cohort.
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Supplementary Materials

Table S1: List of variables considered in univariable analysis

Variable Statistic/level

Patient demographics Sex

Age at fontan repair

Year of fontan operation 1975–1989

1990–1999

2000–2009

2010–2018

Fontan type AP

LT

ECC

Fontan fenestration Yes/no

Isomerism None

Left atrial isomerism

Right atrial isomerism

Cardiac position Normal

Dextrocardia/mesocardia

Ventricle morphology Left

Right

Biventricular

Indeterminate

Prefontan collaterals Yes/no

HLHS Yes/no
(Continued)
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Table S1 (continued)

Variable Statistic/level

Primary diagnosis Tricuspid atresia

Double inlet left ventricle

Double outlet right ventricle

Atrioventricular canal or AVSD

Pulmonary atresia with VSD

Pulmonary atresia with IVS

HLHS

Ebstein’s anomaly

ccTGA

Other

Missing

Common atrio-ventricular valve Yes/no

Length of hospital stay (weeks) Mean (SD), median [IQR], range

Length of hospital stay (months) Mean (SD), median [IQR], range

Pleural effusion Yes/no

Number of prior cardiac procedures Mean (SD), median [IQR], range

Type of prior cardiac procedures Balloon septostomy

Atrial septectomy

Pulmonary artery band

BT shunt

Central shunt

Norwood

Arterial switch

Damus kaye stansel

TAPVD Repair

Aortic arch repair

Coarctation repair

Pulmonary artery reconstruction

BCPS; BCPC; Glenn

Kawashima

Hemi fontan

LVOTO BVF Resection

Tricuspid valve repair/replacement

Mitral valve repair/replacement

Common atrioventricular valve repair/replacement

VSD repair
(Continued)

CHD, 2023, vol.18, no.5 521



Table S1 (continued)

Variable Statistic/level

Pre-fontan ventricular dysfunction Yes/no

Post-fontan ventricular dysfunction Yes/no

Pre-operative atrio-ventricular valve regurgitation Yes/no

Post-operative atrio-ventricular valve regurgitation Yes/no

Pre-operative atrio-ventricular valve regurgitation Yes/no

Pre-fontan oxygen saturations Mean (SD), median [IQR], range

Pre-fontan pulmonary artery pressure (mmhg) Mean (SD), median [IQR], range

Pre-fontan atrial arrhythmia* Yes/no

Post-fontan atrial arrhythmia** (time-varying) Yes/no
Notes: *Defined as atrial fibrillation, atrial flutter or supraventricular tachycardia up to 30 days from Fontan operation.
**Defined as atrial fibrillation or flutter or supraventricular tachycardia >30 days after Fontan operation.
Abbreviations: AP: Atriopulmonary Fontan; AV Valve: Atrio-Ventricular Valve; AVSD: Atrio-Ventricular Septal Defect; BCPS: Bidirectional Cavo-
Pulmonary Shunt; BCPC: Bidirectional Cavo-Pulmonary Connectio; BT: Blalock-Taussig; ccTGA: Congenitally Corrected- Transposition of Great
Arteries; ECC: Extra-Cardiac Conduit Fontan; LT: Lateral Tunnel Fontan; LVOTO BVF: Left Ventricular Outflow Tract Obstruction Bulboventricular
Foramen; HLHS: Hypoplastic Left Heart Syndrome; NYHA: New York Heart Association; SCD: Sudden Cardiac Death; TAPVD: Total Anomalous
Pulmonary Venous Drainage; VA: Ventricular Arrhythmia; VSD: Ventricular Septal Defect.

Table S2: Subject characteristics VA without SCD and VA with SCD

Variable Statistic/level VA & SCD
(N = 6)

VA & No SCD
(N = 14)

Gender Female 2 (33%) 8 (57%)

Male 4 (67%) 6 (43%)

Age fontan Mean (SD) 4.6 ± 2.5 12.5 ± 7.0

Median [IQR] 4 [3.3–4.6] 10.5 [8.1–18.5]

Range 2.2–9.3 2.4–21.8

Year of fontan operation group 1975–1989 2 (33%) 5 (36%)

1990–1999 3 (50%) 7 (50%)

2000–2009 1 (17%) 2 (14%)

2010–2018 0 (0%) 0 (0%)

Fontan type AP 3 (50%) 4 (29%)

LT 1 (17%) 8 (57%)

ECC 2 (33%) 2 (14%)

Fontan fenestration No 5 (83%) 6 (55%)

Yes 1 (17%) 5 (45%)

Isomerism None 6 (100%) 10 (91%)

Left atrial isomerism 0 (0%) 0 (0%)

Right atrial isomerism 0 (0%) 1 (9%)
(Continued)
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Table S2 (continued)

Variable Statistic/level VA & SCD
(N = 6)

VA & No SCD
(N = 14)

Ventricle morphology Left 4 (67%) 11 (79%)

Right 2 (33%) 3 (21%)

HLHS No 5 (83%) 12 (86%)

HLHS 1 (17%) 2 (14%)

Primary diagnosis Tricuspid atresia 3 (50%) 5 (36%)

Double inlet left ventricle 0 3 (21%)

Double outlet right ventricle 0 1 (7%)

Congenitally corrected-
transposition of great arteries

1 (17%) 2 (14%)

Other 1 (17%) 1 (7%)

Common atrioventricular valve No 6 (100%) 14 (100%)

Yes 0 0

Missing 0 0

Number of prior cardiac
procedures

Mean (SD) 2.8 ± 1.2 2.5 ± 1.2

Pre-operative atrioventricular
valve regurgitation

No 5 (83%) 8 (57%)

Yes 0 (0%) 2 (14%)

Missing 1 (17%) 4 (29%)
Abbreviations: AP: Atriopulmonary Fontan; ECC: Extra-Cardiac Conduit Fontan; LT: Lateral Tunnel Fontan; HLHS: Hypoplastic Left Heart
Syndrome; SCD: Sudden Cardiac Death; VA: Ventricular Arrhythmia.

Table S3: Probability estimates for Fig. 3

Years since fontan Alive and event free
(95% CI)

VA (95% CI) Death or transplanted (without VA)
(95% CI)

5 96.9% (96%, 97.8%) 0.4% (0.2%, 0.9%) 2.7% (2%, 3.7%)

10 93.9% (92.5%, 95.2%) 0.6% (0.3%, 1.3%) 5.5% (4.4%, 6.9%)

15 90.7% (89%, 92.5%) 1% (0.6%, 1.9%) 8.2% (6.7%, 10.1%)

20 87% (84.7%, 89.3%) 1.7% (1%, 2.9%) 11.3% (9.3%, 13.7%)

25 82.3% (79.3%, 85.5%) 2.5% (1.5%, 4.2%) 15.1% (12.5%, 18.3%)

30 74.2% (69.6%, 79.2%) 3.1% (1.8%, 5.4%) 22.6% (18.5%, 27.7%)
Abbreviations: VA: Ventricular Arrhythmia.
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