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Abstract: Although substantial progress has been made to prevent sudden cardiac death in repaired
tetralogy of Fallot patients, ventricular arrhythmia and sudden death continue to be major causes
of morbidity and mortality in these patients. Greater survival in contemporary cohorts has been
attributed to enhanced surgical techniques, more effective management of heart failure, and increased
efforts in risk stratification and management of ventricular arrhythmias. More recently, our un-
derstanding of predictive risk factors has evolved into personalized risk prediction tools that rely
on comprehensive demographic, imaging, functional, and electrophysiological data. However, the
universal applicability of these different scoring systems is limited due to differences between study
cohorts, types of anatomic repair, imaging modalities, and disease complexity. Noninvasive risk
stratification is critical to identify those who may derive benefit from catheter ablation or cardioverter
defibrillator implantation for primary prevention. Ultimately, assessment and risk stratification by
a multidisciplinary team is crucial to analyze the various complex factors for every individual patient
and discuss further options with patients and their families.
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1. Introduction

Tetralogy of Fallot (TOF) is the most common cyanotic congenital heart defect [1].
Since the first surgical repair of TOF over 65 years ago, significant advancements in its
management have led to increased survival. Advances in surgical interventions combined
with enhanced imaging techniques, catheter-based and electrophysiology procedures, heart
failure management, and improved surveillance have all contributed to significant progress
in long-term outcomes [1]. However, late mortality from sudden cardiac death (SCD) was
recognized in the 1970s and has continued to be an area of concern since then [2]. The
principal etiologies presumed to contribute to SCD are ventricular arrhythmia and heart
failure, though other mechanisms may be involved [3]. Although significant improvement
in the detection, treatment, and prevention of such triggers has occurred, SCD remains
a leading cause of mortality in this population [4]. Historical cohorts reported up to
an 8.3% mortality rate for patients over 35 years [5] (which is 20 times higher than that of
the general population); more recent cohorts are showing an annual mortality rate of 1% [6].
As a result, in these patients, we have been observing the constant evolution of approaches
to enhance the prediction and management of arrhythmia substrates. Efforts have been
made to develop comprehensive scoring systems that identify patients at high-risk of SCD
and guide the decision for defibrillator implantation [7–9].

This article aims to explore etiologies of SCD in TOF patients, review the current liter-
ature exploring risk stratification for SCD, and examine the role of different interventions
to reduce this risk.
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2. Mechanisms of Ventricular Tachycardia in Repaired TOF

The incidence of ventricular arrythmias in adults with TOF is unknown, but it is
likely the dominant mechanism of SCD in this patient population [10]. The leading form
of ventricular arrhythmia is monomorphic ventricular tachycardia (VT). A large study
evaluating the effectiveness of implantable cardioverter defibrillators (ICDs) for primary
and secondary prevention in repaired TOF found that >80% of ICD therapies were targeted
specifically at monomorphic VT [11]. Such VTs are usually fast and not well tolerated [12].
Similar to VT related to structural heart disease (including ischemic cardiomyopathy), the
leading mechanism of arrhythmia is macro re-entry. The substrate for re-entry in patients
with repaired TOF depends on critical anatomic isthmuses (AIs) confined between areas of
myocardial fibrosis or surgical patch and anatomic barriers, most commonly the pulmonic
or tricuspid annulus [10]. Conduction between those barriers can slow down over time,
facilitating re-entry around fixed barriers, most commonly between the ventricular septal
defect (VSD) patch or right ventricular outflow tract (RVOT) incision and the pulmonic
or tricuspid valve annulus [12,13]. Figure 1 highlights the AIs that may trigger VT. Both
presence and geometry of AIs are influenced by variations in original anatomy, type of
surgical repair, and presence of concurrent fibrosis [10].
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Figure 1. Anatomic isthmuses that may trigger ventricular tachycardia. RVOT, right ventricular
outflow tract; VSD, ventricular septal defect.

Slow conduction (defined as conduction velocity < 0.5 m/s) across any pathway
of interstitial fibrosis surrounded by inexcitable borders is shown to be a sensitive and
specific marker for the presence of an arrhythmogenic isthmus that can sustain VT. Detailed
electroanatomic mapping studies have demonstrated that lack of any slowly conducting
anatomic isthmus in the RVOT of such patients correlates with lack of VT inducibility
during electrophysiologic provocation, and absence of clinical VT on 2-year follow-up. On
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the other hand, the presence of a slowly conducting AI correlates with VT inducibility in
93% of patients [13].

Thus, the pathogenesis of VT in repaired TOF is related to an initial substrate due to the
congenital anomaly and subsequent surgical corrections. Persistent hemodynamic insults,
including volume/pressure overload, dilation, hypertrophy, and aging, lead to progressive
fibrosis and slow conduction [10]. Triggers (such as PVCs and non-sustained ventricu-
lar tachycardia (NSVT)) that are facilitated by diffuse fibrosis coupled with susceptible
substrate allow the generation of sustained VT [10].

In a minority of patients, VT substrates may be remote from the defined AIs, for
instance, in relation to the duration of right ventricular ischemia during surgery or postcar-
diotomy fibrosis in others, and may create substrate changes in non-RVOT locations [10].
These patients are also at an increased risk of bundle branch re-entrant VT, especially with
underlying conduction abnormalities and commonly present with right bundle-branch
block [13]. Polymorphic VT or ventricular fibrillation are more frequently encountered
in patients with suboptimal hemodynamics and worsening ventricular function. The
relationship between these arrhythmias and the AIs remains unclear.

Bradyarrhythmia and SCD in Repaired TOF

While most sudden deaths in repaired TOF patients are assumed to be related to
ventricular tachyarrhythmias and heart failure, a strong association between late-onset
high-grade atrioventricular (AV) block and SCD exists and is well documented in the litera-
ture [14,15]. A large epidemiologic analysis noted an incidence of 1% in this population,
with 0.6% undergoing permanent pacemaker implantation [16]. Patients typically present
with syncope or cardiac arrest, often in the absence of a known trigger or electrocardiogram
(ECG) changes [17]. As with degenerative conduction disease, AV block risk factors include
a prolonged PR interval, left fascicular disease, and bifascicular block [18]. Additionally,
delayed recovery of postoperative AV block following initial surgical repair (occurring
beyond the third day) has been independently linked to a six-fold increase in risk of SCD
over a 30-year follow-up [18]. However, it is important to note that these results pertain
to a cohort who underwent a historic surgical repair approach, and various other risk
factors may have contributed to their risk for SCD. To date, no prospective studies have
examined the role of screening strategies in risk stratification for late AV block in repaired
TOF patients. Whether extended invasive or noninvasive rhythm monitoring can detect
occult conduction disease before SCD is yet to be seen. Finally, the utility of invasive
electrophysiology evaluation to assess conduction intervals and, ultimately, its role in risk
stratification of these patients remains unclear [19].

3. Risk Stratification
3.1. Risk Factors

Although SCD is among the leading causes of mortality in adults with TOF, recent
studies have shown that the annual risk of SCD in adult patients with repaired TOF
is 0.2% [20]. Since this number is far too low to warrant invasive risk stratification or
implantation of ICDs for every patient, significant interest has been shown in identifying
individuals at higher risk for SCD. To date, no single risk factor has sufficiently stratified the
risk of SCD in repaired TOF patients. However, various risk factors allow for a more precise
prediction of risk within this population [5]. Early multicenter studies demonstrated that the
most common risk factors for SCD were left or right ventricular (RV) systolic dysfunction,
prolonged QRS duration (≥180 milliseconds), late age of repair, and transannular patch
repair [5]. A recently published meta-analysis of over 7000 patients with repaired TOF
further noted the consistent impact of age, QRS duration, older age of repair, previous
palliative shunts, atrial arrhythmias, and RV or left ventricular (LV) dysfunction on the risk
of SCD in these patients [21].
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3.2. Age

Older patient age, late age of initial repair, and late age at pulmonary valve replace-
ment (PVR) have all been linked to an increased risk of ventricular arrhythmia in TOF
patients. A large multicenter observational study noted age at initial repair to be an inde-
pendent predictor of VT in univariate analyses, in addition to being a predictor of SCD
in multivariate analyses [5]. Multiple prospective and retrospective multicenter registries
demonstrated an association between older age at PVR and risk of VT, SCD or appropriate
ICD therapies [21,22]. Yet, examining the influence of age on surgical repair independently
from the surgical technique is challenging, as advancements in surgical techniques have
occurred simultaneously with the push for early surgical repair. Patients undergoing repair
at an older age are more likely to have increased myocardial fibrosis in light of multiple
surgical interventions (hence surgical scars), worsened hemodynamics, and increased RV
remodeling and hypertrophy.

3.3. Clinical Risk Factors

The presence of arrhythmia-like symptoms, including palpitations, pre-syncope, or
syncope, has been linked with a higher incidence of malignant arrhythmias and SCD [23,24].
Khairy et al. [25] demonstrated that a reported history of syncope prior to the electrophysi-
ological study was predictive of a higher risk of inducible monomorphic or polymorphic
sustained VT (OR 4.9, p-value < 0.0001). Moreover, heart failure symptoms, including dysp-
nea, orthopnea, and edema (particularly NYHA class II or higher), have been independently
associated with higher rates of SCD and ventricular arrhythmia [9,24,26].

Cardiopulmonary exercise testing is typically utilized to assess the extent of exercise
intolerance in congenital heart disease (CHD) patients. A study by Müller et al. [27]
revealed that predicted peak oxygen uptake (VO2) that was ≤65% or ventilatory efficiency
(expressed as V E/V CO2 slope) ≥31 were independent predictors of sustained VT and
mortality. A similar trend was observed in another prospective trial, demonstrating that
a peak VO2 ≤ 17 mL/kg/m2 was associated with ventricular arrhythmias and all-cause
mortality [9].

3.4. Surgical Risk Factors

As mentioned above, one of the proposed risk factors for SCD in repaired TOF patients
is the effect of the surgical era in which the repairs occurred. Mechanisms for SCD that have
been postulated in such patients include prolonged cyanosis and extensive right ventricu-
lostomy, which have been shown to increase the incidence of ventricular arrhythmias [28].
The location and extent of ventriculotomy in these patients influence the dimensions of
an AI that can propagate VT. A multicenter analysis indicated that the increasing com-
plexity of defects in repaired TOF patients independently confers a higher risk of SCD [7].
Complex repairs, including patients with pulmonary atresia or a double outlet RV, resulted
in a four-fold increased risk of SCD compared with conventional anatomy [7]. Another
multicenter cohort study demonstrated that patients who underwent repair with a conduit
associated with RV remodeling/hypertrophy had a higher mortality rate than patients
with native outflow tracts [29]. In addition, palliative shunts before definite repair have
been associated with ventricular arrhythmias [23]. Conversely, TOF patients who undergo
transannular patch repair or who have an intact ventricular septum, even with significant
RVOT obstruction, are at low risk of VT and SCD. In these cases, the repair circumvents the
creation of an AI [23].

3.5. QRS Duration

Most patients with repaired TOF have a complete RBBB. Additional hemodynamic
alterations (such as increased right ventricular pressure or volume overload) can induce
ventricular fibrosis, further slowing down conduction and causing prolongation of the QRS
complex [30]. A landmark study identified a strong association between QRS duration of
≥180 milliseconds and VT/SCD [5]. However, this older study examined patients from
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a different surgical era, while contemporary surgical techniques correlate with narrower
QRS durations. As such, QRS duration must be evaluated within the context of the surgical
era, and in current populations, a lower QRS duration (150 milliseconds) may be sufficient
to indicate an AI and risk of VT [30]. More recent cohorts have confirmed these associations
and noted that the risk association is continuous instead of dichotomous [23,31].

3.6. QRS Fragmentation

Fragmentation of the QRS complex (fQRS) is defined by the presence of three or more
notches of the widened QRS in two or more contiguous leads. It has been associated
with myocardial fibrosis and increased risk of SCD [32,33]. fQRS is present in up to 40%
of patients with repaired TOF [34,35], and is more commonly found in patients with RV
dysfunction, dyssynchrony, or fibrosis [34,36]. A prospective, multicenter study evaluated
the influence of fQRS on mortality in patients with repaired TOF. The extent of fQRS was
superior in predicting mortality compared to QRS duration, and fQRS was also predictive
of ventricular arrythmias [34]. Another long-term follow-up study of repaired TOF patients
who had implanted ICDs noted that QRS fragmentation was the sole independent predictor
of appropriate ICD therapies in patients with devices inserted for primary prevention [37].

3.7. Cardiac Imaging

Echocardiography and cardiovascular magnetic resonance (CMR) can identify sub-
clinical features that can recognize TOF patients at increased risk for SCD. Multiple studies
have shown an association between RV remodeling (RV size and hypertrophy) and ventric-
ular arrhythmias [29,38,39]. In addition, ventricular dyssynchrony and abnormalities in
global longitudinal strain are implicated [40–42]. The presence and extent of late gadolin-
ium enhancement (LGE) on CMR have been associated with spontaneous and inducible
VT [39,43]. A study by Khairy et al. [11] demonstrated that elevated LV diastolic pressures
were associated with a higher risk of ventricular arrhythmias. However, the thresholds for
LV/RV dysfunction that translate to a significant risk of VT/SCD remain unknown.

3.8. Genetic Syndromes

Patients with genetic syndromes, especially DiGeorge syndrome (22q11 microdeletion
syndrome) associated with pulmonary atresia and repaired TOF, have a higher mortality
rate and as much as five times higher risk of SCD [44]. However, these patients have higher
rates of LV systolic dysfunction and more deleterious effects resulting from extra-cardiac
lesions that may be confounding factors for higher rates of mortality compared to TOF
patients without genetic syndromes [45].

Table 1 summarizes the anatomical, clinical and EP risk factors for SCD in this population.

Table 1. Anatomical, clinical, and EP risk factors for SCD in repaired TOF patients.

Risk Factors Described Associations References

Age
Older age

Older age of Repair
Older age at PVR

Atallah et al. [23], 2020, Bokma et al. [34], 2017,
Gatzoulis et al. [5], 2020, Possner et al. [21], 2020,

Waldmann et al. [37], 2020

Surgical Technique

Prior palliative shunt
Ventriculotomy

Transannular repair
Multiple repairs

Atallah et al. [23], 2020, Gatzoulis et al. [5], 2000,
Khairy et al. [11], 2008, Possner et al. [21], 2020

Genetics 22q11 syndrome
Trisomy 21

Blais et al. [46], 2021, Kauw et al. [47], 2020, Van
Mil et al. [44], 2020

Symptoms

Heart failure symptoms (particularly
NYHA II or III)

Arrhythmic symptoms (such as
syncope), especially in combination

with NSVT

Atallah et al. [23], 2020, Koyak et al. [48], 2013,
Oliver et al. [7], 2021, Vehmeijer et al. [26], 2018
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Table 1. Cont.

Risk Factors Described Associations References

Ischemic Heart Disease Coronary disease or symptomatic
ischemic disease Oliver et al. [7], 2021, Vehmeijer et al. [26], 2018

Biomarkers Elevated BNP ≥ 127 Ghonim et al. [9], 2022

Functional Assessment VO2 max < 17 mL/kg/m2 by
cardiopulmonary exercise testing

Müller et al. [27], 2015, Ghonim et al. [9], 2022

Ventricular Dysfunction

LV: Abnormal systolic or diastolic
function, increased LVEDP

Ghai et al. [24], 2002, Ghonim et al. [9], 2022,
Khairy et al. [11], 2008, Oliver et al. [7], 2021,

Possner et al. [21], 2020, Vehmeijer et al. [8], 2021

RV: At least moderate dysfunction Ghonim et al. [9], 2022, Oliver et al. [7], 2021,
Possner et al. [21], 2020, Vehmeijer et al. [8], 2021

Presence of LV LGE, burden of
RV LGE Ghonim et al. [9], 2022

NSVT Associated with ventricular
arrhythmias only when symptomatic

Bokma et al. [49], 2023, Ghonim et al. [9], 2022,
Khairy et al. [11], 2008, Koyak et al. [48], 2013

QRS Duration

While originally stratified by QRS
duration > 180 msec, contemporary
cohorts suggest risk interpretation

with QRS duration as
a continuous variable

Bokma et al. [34], 2017, Gatzoulis et al. [5], 2000,
Oliver et al. [7], 2021, Possner et al. [21], 2020

Fragmentation of the QRS

Presence and degree of QRS
fragmentation, with the highest risk
when >3 fragmented signals in 2 or

more contiguous anterior leads
Associated with overall mortality

Bokma et al. [34], 2017, Egbe et al. [35], 2018,
Possner et al. [21], 2020, Vehmeijer et al. [26], 2018,

Waldmann et al. [37], 2020

BNP, B natriuretic peptide; LGE, late gadolinium enhancement; LV, left ventricle; LVEDP, left ventricular end-
diastolic pressure; NSVT, non-sustained ventricular tachycardia; NYHA, New York Heart Association; PVR,
pulmonary valve replacement; RV, right ventricle.

4. Risk Scores
4.1. Khairy Score

In a landmark analysis published in 2004 [25], Khairy et al. showed that inducible
monomorphic or polymorphic VT following rigorous programmed ventricular stimulation
increased the likelihood of SCD five-fold compared to established noninvasive risk factors
alone. Conversely, noninducibility was shown to have a favorable prognosis with 89%
15-year survival. Extrapolating from results, the Khairy score [11] was published in 2008 to
better predict the need for ICD implantation for primary prevention in this patient popula-
tion. Although widespread adoption and implementation of this risk score have provided
significant benefits, clinicians should be aware of some important pitfalls when using this
score in contemporary management. Firstly, calculating the score requires the derivation
of LV end-diastolic pressure in addition to results of an invasive electrophysiology study
(EPS). This limits its usefulness as a screening tool. An approach that is commonly used is
to refer patients with multiple noninvasive risk factors to have an invasive EPS to further
stratify their risk of arrhythmia and SCD [10]. Secondly, patients with complex defects
(such as pulmonary atresia, double outlet RV, or Rastelli repair) were excluded from the
study cohorts, which may underestimate the risk of SCD within these specific groups of
patients [7]. Finally, patients included in the initial cohort had multiple comorbidities
by contemporary standards, including a late age of repair (average age 4.5 years), 50%
requiring palliative shunts before definitive repair, 17% with documented sustained VT,
and 25% with a history of syncope [25]. A reanalysis of the Khairy score that was recently
published highlighted a suboptimal C-index of 0.6 in predicting SCD [50]. As discussed
previously, it is plausible that older surgical techniques, along with longer durations of
cyanotic circulation during childhood, may have resulted in more significant myocardial
fibrosis. This, in turn, lead to a larger substrate for ventricular arrhythmia and a greater
risk of SCD that may not be appreciated within a contemporary cohort.
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To enhance the versatility of the Khairy score while recognizing the robust and com-
prehensive disease discrimination that CMR can provide in patients with repaired TOF,
Bokma and colleagues devised a model for predicting mortality and ventricular arrhyth-
mia in 2017 [51]. This model utilized the noninvasive variables of the Khairy score and
supplemented them with CMR-derived metrics related to significant systolic dysfunction
(LVEF < 45% and RVEF < 30%), translating to an augmented C-index of 0.75.

4.2. Contemporary Risk Scores

More recently, four large multicenter analyses have formulated risk scores with greater
sensitivity and specificity than the Khairy score for prediction of SCD in TOF patients. The
Spanish ACHD network [7] evaluated over 3500 patients with a wide range of congen-
ital heart diseases, including 360 patients with repaired TOF, to create a risk score with
high sensitivity (C-index of 0.91) without marked reduction in specificity. Similarly, the
PREVENTION-ACHD risk score [8] was devised to recognize high-risk features for SCD in
congenital heart disease patients, and their cohort included 138 patients with repaired TOF.
Both of these contemporary risk scores highlighted ischemic heart disease as a novel and
significant risk factor for SCD, with a four- to eight-fold increase in odds [7,8]. Unfortu-
nately, both of these risk scores were derived from all CHD patients. Although they provide
high sensitivity and specificity for SCD across various CHD lesions, their predictive value,
specifically within TOF patients, remains unknown.

A recently published prospective study by Ghonim et al. [9] included a large cohort
of 550 patients with repaired TOF and incorporated detailed CMR and LGE burden to
construct a score that exhibited a strong predictive capability for SCD risk. The score,
consisting of eight risk factors, heavily relies on CMR measurements (68/100 points) and
more specifically on the extent of RV LGE (40/100 points). Patients in the highest-risk group
(≥51 points) had a 4.4% annual mortality rate and 36% mortality at ten years, while those
in the low-risk group (0–20 points) had <0.2 yearly mortality and 1% 10-year mortality [9].
It is worth noting that after accounting for the degree of LGE, characteristics of surgical
repair, QRS duration, and NSVT were not independently predictive of outcomes. This
further validates the complex interplay between such parameters as surrogate indicators
of myocardial fibrosis [52]. An important caveat is that accurate quantification of RV
LGE requires a high level of expertise to guarantee reproducibility. Given how significant
this value is to determining the overall score, each institution must consider its ability to
accurately provide CMR metrics to avoid inappropriate implementation to their specific
patient population [9].

Another study published earlier this year [53] used a machine learning algorithm that
incorporated 57 variables from electronic records of patients with repaired TOF to develop
a scoring system that could predict a composite outcome of mortality, resuscitated sudden
death, heart failure admissions, and sustained VT. Once developed, a refined model that
included the ten strongest risk factors (labeled “AiTOR”) performed well in an independent
validation cohort with a C-index of 0.82. However, LGE data were only available for
a small subset of patients (4%), which may reflect routine clinical practice and thus was not
sufficiently powered to be included in the final model. Importantly, while this model could
predict a composite of outcomes, very few sustained VTs or sudden deaths were noted,
limiting the score’s utility in predicting VT and ICD.

As with any high-risk cohort, it is important to highlight that these risk scores do
not encompass every patient who develops SCD. Studies have shown that even with
a sensitivity of ~95%, low-risk patients continue to have an approximately 0.2% annual
risk of ventricular arrhythmias and SCD [9]. It is yet uncertain whether complimentary
strategies, such as continuous monitoring through wearable biosensors [53], contemporary
multidisciplinary clinical surveillance techniques, and early intervention for structural and
electrophysiological abnormalities, effectively reduce the remaining risk.

Table 2 summarizes the various tools available for risk stratification of SCD in repaired
TOF patients.
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Table 2. Risk stratification tools.

Risk Score Variables Risk Classification Predictive Value (C-Index)

Khairy et al. [11], 2008
Bokma et al. [51], 2017

modifications

12-point risk score:
LVEDP ≥ 12 mmHg (3)

NSVT (2)
Ventriculotomy (2)

Inducible VT on PES (2)
Prior palliative shunt (2)

QRS ≥ 180 msec (1)
Bokma et al. [51] modification

included CMR-assessed LV
and RV function, excluded

inducible VT on PES

The annual risk of appropriate
ICD therapy:

0–2: low risk (0%)
3–5: intermediate risk (3.8%)

6–12: high risk (17.5%)

0.6
Bokma et al. [51]

modification: 0.75

Spanish ACHD
(Oliver et al. [7], 2021)

Odds ratio in parentheses:
Lesion specific risk

Low (3.4)
Moderate (3.9)

High (9.8)
Age (0.98)

Male sex (1.8)
Syncope (4.1)

Symptomatic ischemic heart
disease (8)
NSVT (5.3)

QRS Duration (1.02)
Moderate–severe LV or RV

dysfunction (3.74)
Moderate–severe systemic

ventricular (3.75) or
subpulmonary (2.72)

hypertrophy

Composite risk score for 5-year
predicted risk of SCD:

Very low (<1%)
Low (1–4%)

Moderate (4–12%)
High (>12%)

0.83

PREVENTION-ACHD
(Vehmeijer et al. [8], 2021)

7-point risk score:
CAD (1)

NYHA II/III symptoms (1)
SVT (1)

LV impairment (1)
RV impairment (1)
QRS ≥ 120 msec (1)

QT dispersion ≥ 70 msec (1)

Annual risk of SCD:
1–2: <1%

3: 1%
4: 3%
5: 6%
6: 14%

7: >25%

0.81

Ghonim et al. [9], 2022

100-point risk score:
RV LGE extent (0–40)

LV LGE presence (0–6)
RV ejection fraction (4–10)
LV ejection fraction (4–12)

Peak VO2 uptake ≤ 17
mL/kg/min2 (0–6)

BNP ≥ 127 ng/L (0–12)
Sustained atrial
arrhythmia (0–8)
Age > 50 (0–6)

Mortality/year:
0–20: 0.2%
21–50: 0.7%
≥51: 4.4%

0.87

BNP, B natriuretic peptide; CMR, cardiac magnetic resonance; ICD, implantable cardioverter defibrillator; LGE, late
gadolinium enhancement; LV, left ventricle; LVEDP, left ventricular end-diastolic pressure; NSVT, non-sustained
ventricular tachycardia; NYHA, New York Heart Association class; PES, programmed electrical stimulation; RV,
right ventricle; SCD, sudden cardiac death; VT, ventricular tachycardia.

4.3. Invasive Risk Stratification

In patients who exhibit multiple noninvasive risk factors for SCD, programmed ven-
tricular stimulation (PVS) can be utilized as a tool for further risk stratification. Khairy
et al. [25] analyzed the utility of PVS in predicting sustained VT or SCD in patients with
repaired TOF. Clinical VT and/or SCD occurred in 25% of patients, although the majority
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had isolated VT without SCD and did not require resuscitation. A positive PVS showed
a likelihood ratio of 3.8 for VT or SCD, while inducible sustained VT had a relative risk of
4.7 for VT or SCD [25]. A recently published prospective cohort study evaluated the yield of
a PVS pre-pulmonary valve replacement (PVR) [54]. In total, 49% of patients had inducible
sustained VT prior to PVR, and most patients underwent surgical cryoablation. In addition,
50% of patients who had surgical ablation remained inducible at postoperative EPS and
subsequently underwent ICD implantation. Although this study was provocative, it was
limited by inconsistency in the approach to surgical ablation. Furthermore, it is uncertain
whether an analysis conducted when patients are most hemodynamically vulnerable (to the
point when PVR is necessary) can accurately predict long-term arrhythmic risk following
the predicted ventricular remodeling after PVR [10].

Current guidelines from the 2018 American Heart Association/American College of Car-
diology Adult Congenital Heart Disease recommend invasive EPS with PVS for repaired TOF
patients and further risk factors for SCD, including NSVT, QRS duration ≥ 180 milliseconds,
LV systolic or diastolic dysfunction, or extensive RV fibrosis on CMR [55].

5. Reducing SCD Risk
5.1. Medical Therapy for Heart Failure

With an aging TOF population, heart failure is becoming a progressively more recog-
nized contributor to SCD in repaired TOF patients. Causes are multifactorial and closely
resemble risk factors highlighted in the scoring systems described above, including increas-
ing age, atrial tachyarrhythmia, LV dysfunction, and valvular disease [56]. The utility of
conventional medical therapy such as beta-blockers, renin–angiotensin inhibitors, SGLT-2
inhibitors, and cardiac resynchronization therapy for reducing mortality and SCD in re-
paired TOF patients with heart failure remains uncertain. However, these interventions
may be useful in patients exhibiting LV dysfunction [57–60].

5.2. Antiarrhythmic Drugs

In recent decades, the predominant emphasis on arrhythmia suppression has been
directed toward ablation and devices, with comparatively less attention given to antiar-
rhythmic therapy. Choosing a suitable medication regimen for the management of ventric-
ular arrhythmias in TOF patients is mostly extrapolated from VT management in adult
patients without CHD [10]. Limited research has been conducted to explore the medical
management of ventricular arrhythmias in CHD. A small single-center study investigated
the outcomes of antiarrhythmic therapy combined with radiofrequency ablation in those
with drug-refractory VT [61]. The study concluded that amiodarone and sotalol, when used
in conjunction with ablation, were successful at suppressing VT. The lack of specific studies
on the effectiveness of various antiarrhythmics in the management of VT has resulted in
inconsistent use of these drugs. Patients who present with VA, particularly polymorphic
VT that is not amenable to ablation, may derive benefit from beta blockade. If ineffective,
consideration may be given to a class III antiarrhythmic.

5.3. Implantable Cardiac Defibrillators

Patients with a history of resuscitated SCD or hemodynamically unstable VT should
be offered a secondary prevention ICD to prevent SCD [10]. Guidelines from the 2018
American Heart Association/American College of Cardiology offer a class IIa recommenda-
tion for ICD implantation for the primary prevention of SCD in patients with repaired TOF
and multiple risk factors [55]. These include NSVT, QRS duration ≥ 180 milliseconds, LV
dysfunction, extensive RV scarring, and inducible sustained VT at invasive EPS. However,
these guidelines were established before recently published contemporary risk scores that
are more likely to estimate an individual patient’s SCD risk.

The two strategies currently available for ICD implantation are transvenous and sub-
cutaneous defibrillators. Transvenous systems offer the added benefit of anti-tachycardia
pacing, which has the potential to be customized for patients with a secondary indica-
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tion [62], as well as bradycardia pacing for individuals with pre-existing conduction disease.
When there is no pacing indication, an attractive alternative is an entirely subcutaneous
device, which preserves venous access in younger patients and may circumvent the high
risk of transvenous-related lead complications [63,64]. However, loss of anti-tachycardia
pacing with subcutaneous ICDs can result in more shocks when compared to transvenous
systems, which was highlighted by a study showing that 59% of VT in TOF patients with
ICDs was terminated successfully through anti-tachycardia pacing [37]. Limited data
are available to compare long-term outcomes of subcutaneous devices, although the risk
of complications in appropriately screened patients is low [65,66]. The main barrier to
implantation of subcutaneous devices is ineligibility in up to 40% of patients because of
T-wave oversensing in the setting of a typically wide QRS and RBBB morphology associ-
ated with repaired TOF. Right-sided screening and implantation have been shown to have
higher success rates (up to 75%). Nonetheless, screening failure is strongly associated with
increasing QRS duration, often observed in this cohort [67].

Patients with repaired TOF experience a high rate of appropriate ICD shocks, ranging
from 5 to 10% annually, and this rate does not differ between primary or secondary indica-
tion implants [68]. In addition, these patients experience increased rates of device-related
complications, with a large registry reporting a 6% complication rate within 30 days of
implantation and 43% by a median follow-up of 7 years [37]. The most frequently experi-
enced complication is inappropriate shock in 25% of patients (predominantly due to atrial
arrhythmia), followed by lead failure, lead infection, and bleeding [64,69]. To mitigate the
risk of inappropriate shocks in patients with atrial arrhythmias, programming of appro-
priate detection zones, long detection times, and algorithms for SVT discrimination are
crucial [52]. Lead failure occurs in 2–9% of cases and is typically managed by replacement
of the lead and concurrent lead extraction [37,64]. Device infection occurs in 2–11% of
patients and includes device lead vegetation, device pocket infection, or bacteremia [37,64].
Given that one third of device infections are encountered within 30 days from generator
change, scrupulous wound care and appropriate monitoring may decrease the incidence of
postprocedural infections [10].

Therefore, it is strongly recommended that ICD implantation and surveillance are
performed at well-equipped centers with resources and expertise to manage device-related
complications and provide timely management of arrhythmia.

5.4. Ablation of VT

In TOF patients with ICDs implanted for SCD prevention, >80% of appropriate shocks
are delivered for monomorphic VT [70,71]. ICDs can effectively terminate ventricular
arrhythmias but do not prevent them and, as mentioned above, have an increased risk
of complications. Despite the availability and utility of anti-tachycardia pacing, about
40% of patients still require ICD shocks to terminate primarily fast VTs [37]. Thus, fast
monomorphic VT is the most frequently encountered subtype of arrhythmia in repaired
TOF and contributes to increased morbidity and mortality [10]. The dominant VT substrate
(mainly slowly conducting AIs) utilizes a macro re-entrant circuit that relies on distinct slow
conduction pathways within the RV. A minority of patients exhibit an alternative source
of VT, such as conduction bundles or focal sites within the left or right outflow tracts that
are also amenable to ablation [52]. Several studies have demonstrated that radiofrequency
catheter ablation reduces the risk of VA, ICD shocks, and SCD in patients with sustained
VT [70,71]. Moreover, the 12 lead VT ECG was shown to be a noninvasive predictor of
the involved AI: most RBBB VTs were due to clockwise activation of AI3 while most
LBBB VTs were due to clockwise activation of AI3 if precordial transition was <V5 while
a transition of ≥V5 was due to AI1 or AI3 involvement [72]. Slowly conducting AIs can be
identified during stable rhythm and do not need VT induction [10]. As such, even in cases of
hemodynamic instability, isthmus-dependent VTs may be ablated and have a low rate of VT
recurrence if a conduction block is achieved across targeted isthmuses [73]. In the minority
of patients who exhibit a focal VT mechanism, induction of VT and mapping remain
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necessary for identification. Multiple anatomic studies have demonstrated that the most
commonly observed AIs are Isthmuses 1 and 3. Isthmus 3 is frequently narrow and exhibits
reduced wall thickness, potentially predisposing to adverse remodeling [74]. Since Isthmus
1 (mean length 3.9 ± 1.08; thickness 1.5 ± 0.3 cm) is usually broad and more challenging to
transect with catheter ablation, Isthmus 3 (mean length, 1.4 ± 0.8; thickness, 0.6 ± 0.2 cm)
may be considered a preferred ablation target for this circuit [74]. Outcomes of catheter
ablation are generally favorable, with success rates of 70–80% acutely [71]. When catheter
ablation fails, it may be attributed to inaccessible tissue (due to overlying material such as
prosthetic valves or patches), hypertrophied myocardium, or pulmonary conduits attached
to the outlet septum [13]. In the fast VT cohort, however, there is a higher risk of recurrent
fast VT associated with poorer outcomes and possibly increased mortality, so these patients
maintain a long-term indication for ICD placement [75]. Reported complication rates of
catheter ablation are low, further solidifying the role of ablation as a safe and early treatment
modality [10]. In the well-tolerated VT subgroup, there is significant interest in determining
whether initiating first-line VT ablation upfront could eliminate the need for an ICD [75]
once satisfactory ablation endpoints, including non-inducibility, are achieved [13]. While
this approach has a class IIb indication in international guidelines [55,76], comprehensive
outcome data are scarce, and additional long-term monitoring and follow-up for these
patients is necessary before incorporating this into routine clinical practice.

5.5. Pulmonary Valve Replacement

Pulmonary valve regurgitation with significant hemodynamic changes is common
after repaired TOF, leading to longstanding volume overload of the RV and consequent ad-
verse remodeling (abnormal dilatation and systolic dysfunction). These changes predispose
patients to ventricular arrhythmias and SCD [5,77]. While pulmonary valve replacement
(PVR) improves symptoms as well as RV parameters (resulting in positive remodeling of
the RV), its impact on reducing the risk for future ventricular arrhythmias, ICD shocks,
and SCD remains uncertain [78,79]. A large cohort study published in 2021 reduced the
burden of appropriate ICD therapies following PVR [78]. A separate multicenter registry
study did not find a significant effect on recurrent sustained VT or SCD using a propensity
score-adjusted analysis [79]. However, long-term outcomes from this cohort were recently
reported, demonstrating a significant reduction in sustained VT and SCD (HR 0.4) [49].
Variability in study results could be attributed, at least in part, to differences in indications
for intervention and timing for PVR across cohorts. This variation may have led to different
levels of RV arrhythmic burden and reversible substrate.

Although PVR typically leads to lower RV volumes and improved hemodynamics,
replacing the pulmonary valve does not eliminate slowly conducting AIs as a substrate
for monomorphic VT [80]. Complimenting valve replacement with ablation, under the
guidance of intraoperative VT mapping, has significantly reduced the risk of spontaneous
monomorphic VT following surgery [81]. Additionally, for patients at increased risk of VT
or those who have inducible VT preoperatively, concomitant ablation significantly reduces
the need for an ICD [82,83]. However, empiric concurrent cryoablation during PVR has
a high failure rate in achieving isthmus block [54]: even though the burden of VT may be re-
duced, up to half of cases still exhibit inducible VT after intraoperative cryoablation. Hence,
consideration for implanting an ICD remains warranted in such cases [54]. Under the guid-
ance of pre-procedure electroanatomic mapping and potential catheter ablation, a more
targeted surgical cryoablation of certain isthmuses has demonstrated superior outcomes
with lower rates of ventricular arrhythmias, SCD and potential ICD implantation [82,83].

Despite conflicting data, it may be reasonable to offer certain patients undergoing
pulmonary valve replacement a preoperative risk assessment with an EPS and subsequent
electroanatomic-guided ablation for cases of induced VT [10,55]. Such decisions should
be discussed with and endorsed by a multidisciplinary team specialized in adult CHD at
an expert center.
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6. Our Approach to Risk Stratification of Repaired TOF and Primary Prevention

As discussed in this review, risk stratification of patients with repaired TOF remains
rather complex. Balancing the risk of VT-related clinical events with the risk of long-term
complications after ICD implantation should be carefully reviewed with the patients and
their families, and a shared decision-making model is recommended. We approach this
challenge by addressing three main categories of risk factors: (1) clinical indicators, in-
cluding the presence and severity of heart failure symptoms as well as any history of
unexplained syncope and atrial arrhythmia; (2) markers of myocardial dysfunction, includ-
ing elevated BNP, reduced RV/LV ejection fraction, RV strain and VO2, and (3) markers of
myocardial fibrosis including fragmented QRS, QRS duration and the presence of LGE on
cardiac MRI. We also calculate the risk based on the Ghonim score model to further aid in
identifying the risk category. In patients with a high risk of SCD (>4%/5 years), defibrillator
implantation is offered, and we typically favor transvenous ICD implantation as it offers
ATP therapy and backup pacing due to the small risk of complete AV block. To reduce the
risk of infection, intraoperative use of intravenous antibiotics and a pouch as well as careful
postoperative follow-up are recommended. Patients at moderate risk of SCD are offered an
electrophysiology study to assess for inducible sustained monomorphic or polymorphic
ventricular tachycardia and ICD implantation if positive. A negative electrophysiology
study has a strong negative predictive value; however, periodic re-evaluation and Holter
monitors are performed for longitudinal follow-up. Patients deemed to be at low risk
(<1%) are followed regularly with periodic cardiac rhythm monitors, especially for those
demonstrating any LGE on cardiac MRI imaging. The value of long-term monitoring,
including wearable devices and loop recorders, has not been clearly established, although
it appears theoretically advantageous. Our approach to risk stratification of repaired TOF
is highlighted in Figure 2.
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7. Conclusions

SCD remains a concern in repaired TOF patients. Despite advancements in both
invasive and noninvasive risk stratification, there is currently no universally accepted
algorithm for identifying patients at the highest risk of ventricular arrhythmias who warrant
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more aggressive management. Decision-making is often difficult due to the heterogeneity
of patients from various surgical eras and the variability in estimates of SCD derived
from historical versus contemporary risk-scoring tools. A multidisciplinary approach
involving ACHD experts as well as patients and their families is crucial to address these
unique challenges. It remains uncertain whether the addition of ancillary long-term rhythm
monitoring, advancements in device technology and enhanced ablation strategies will
provide a more refined approach to management and alleviate the risk of sudden cardiac
death in this population.
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