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Abstract The 3 most common inherited arrhythmia
syndromes—Brugada syndrome, congenital long QT
syndrome and catecholaminergic polymorphic ven-
tricular tachycardia—were initially described in the
previous century. Since then, research has evolved,
which has enabled us to identify patients prior to the
onset of potentially life-threatening symptoms. How-
ever, there are significant gaps in knowledge that com-
plicate clinical management of these patients today.
With this review paper, we aim to highlight the most
important knowledge gaps in clinical research of these
inherited arrhythmia syndromes.
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Introduction

The first case reports of the 3 most common in-
herited arrhythmia syndromes—Brugada syndrome
(BrS), congenital long QT syndrome (LQTS) and cat-
echolaminergic polymorphic ventricular tachycardia
(CPVT)—were published several decades ago [1–3].
These patients experienced a high rate of syncope,
sudden cardiac arrest (SCA) or sudden cardiac death
(SCD). Since then, research has evolved to the point
where various genes have been implicated and nu-
merous diagnostic tests are used to unmask the phe-
notype and predict risk. Over time, genetic cascade
screening, i.e. screening of a variant associated with
a disease in the family of a patient, has led to the
steep increase of identification of asymptomatic af-
fected family members for all 3 syndromes. These
individuals are generally at significantly lower risk for
lethal arrhythmias compared with the proband cases
that were initially described and therefore require
a different, personalised approach.

In an ideal scenario, one could accurately diag-
nose a patient with an inherited arrhythmia syndrome
early in life, precisely predict who is at greatest risk
for life-threatening events and intervene immediately
and only if needed with medical and procedural ther-
apies that are highly effective and well tolerated. How-
ever, important gaps in our knowledge of these condi-
tions remain and a gold standard for the diagnoses is
lacking, which largely preclude such a confident ap-
proach. The aim of this paper is to summarise the
main limitations of our current clinical knowledge of
these rare inherited arrhythmia syndromes.
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Fig. 1 Electrocardiogramof 9-year-old boywithSCN5A vari-
ant recorded during fever showing diagnostic type 1 Brugada
pattern in precordial leads

Brugada syndrome

Patients with BrS have an abnormal repolarisation
pattern in the right precordial leads of the electro-
cardiogram (ECG) (Fig. 1), which can lead to poly-
morphic VT, especially during circumstances of high
vagal tone, high fever or iatrogenic sodium channel
blockade. Throughout the years after its first descrip-
tion in 1992 [3], variable diagnostic criteria and tests
have been developed and applied. This has led to
the identification of many patients with potential BrS,
who are often presumed to be at significant risk for
lethal arrhythmias. This is a heterogeneous patient
population that all technically carry the same diagno-
sis of BrS (albeit dependent on the diagnostic criteria
applied, as described later), but amongst whom the
risk of life-threatening events is also highly hetero-
geneous. In addition, for BrS patients, in contrast to
LQTS and CPVT, effective therapy is mainly limited
to implantable cardioverter-defibrillator (ICD) use,
which is associated with many lifelong complications,
especially in young patients.

Diagnosis

In 2002, the first expert consensus panel concluded
that BrS should be diagnosed in patients with a spon-
taneous type 1 ECG pattern and in individuals with
ECG changes suggestive of BrS that turn into a type 1
ECG pattern during drug challenge [4]. The inclusion
of a type 1 pattern after a drug challenge was adopted
in a subsequent consensus agreement in 2013 and in
the 2015 European Society of Cardiology (ESC) Guide-
lines for the management of patients with ventric-
ular arrhythmias and the prevention of sudden car-
diac death [5, 6]. In 2016, the first concerns regard-
ing overdiagnosis when using the drug challenge were
described. A drug challenge provoked a type 1 ECG
pattern in ~4% of healthy volunteers [7]. Thereafter,
the Shanghai criteria were developed to improve the
specificity of a BrS diagnosis [8], thereby also taking
into account inferential weighted factors from clini-

cal and family history and genetic test results, which
have now been adopted in the 2022 ESC Guidelines for
patients with ventricular arrhythmias [9]. With these
stringent criteria, a patient with a type 1 ECG pattern
after a drug challenge should only be diagnosed with
‘probable’ or ‘definite’ BrS in the presence of, amongst
others, a SCN5A gene variant—which encodes for the
cardiac sodium channel and is most commonly as-
sociated with BrS—, a history of arrhythmic syncope
or documented VT/ventricular fibrillation, or a family
history of BrS.

Therefore, many patients would now be consid-
ered as having only ‘possible’ BrS according to the
latest Shanghai criteria (i.e. based on a positive drug
challenge in the absence of additional diagnostic cri-
teria, and SCN5A variant carrying family members
without ECG abnormalities). A possible BrS diagno-
sis is, understandably, accompanied by uncertainty
and anxiety for many patients [10], in whom the cer-
tainty of carrying a life-threatening diagnosis has been
amended. However, for some of these patients, de-
spite having a low overall risk of symptoms (estimated
0.5% per year for arrhythmic events), the first sign or
symptom might still be lethal [11]. Furthermore, as
the type 1 pattern is known to be variable over time
[12], these patients may still develop a spontaneous
type 1 pattern during follow-up. Future studies should
focus on this patient group in particular, to refine the
diagnosis and investigate how to best counsel, follow-
up and genetically test these patients and their family
members.

Risk stratification

BrS was first described in 3 patients with an SCA and
the typical type 1 pattern on their ECGs [3]. Since
then, many asymptomatic patients with this same
ECG pattern at rest or provoked by a drug challenge
were identified. Their risk of events, however, differs
from that of the patients initially described. Previous
symptoms and a spontaneous type 1 ECG pattern
are independently and reproducibly associated with
future events [13–15].

A recent large study on risk stratification showed
that, in addition to symptoms and a spontaneous
type 1 ECG pattern, early repolarisation and a type 1
ECG pattern in peripheral leads were independently
associated with future events [16]. As BrS is a famil-
ial disease, mainly genetic factors may be of interest
for future risk stratification studies [17]. However,
the proportion of SCN5A carriers is low [18], and the
syndrome seems to be polygenic: multiple single nu-
cleotide polymorphisms add to the risk of developing
the BrS phenotype [19]. Future studies should mainly
focus on improving risk stratification of asymptoma-
tic BrS patients to identify who might benefit from
treatment.
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Fig. 2 Exercise stress
test of patient with cat-
echolaminergic polymor-
phic ventricular tachycardia
showing ventricular arrhyth-
mia that increased in sever-
ity as workload attenuated
and resolved after cessation
of exercise. a Normal si-
nus rhythm without prema-
ture ventricular complexes
(PVCs), b isolated PVCs,
c PVCs in bigeminy, d poly-
morphic couplet and triplet
following PVCs in bigeminy,
and e typical bidirectional
ventricular tachycardia at
peak exercise. HF heart fre-
quency

Treatment

Treatment with an ICD is currently reserved for BrS
patients who are at high risk for events, thus those
with an SCA or arrhythmic syncope [9]. Isoproterenol
can be used in patients suffering from an electrical
storm [9].

In 2011, ablation of the right ventricular outflow
tract epicardium was described as a treatment to pre-
vent ventricular arrhythmias in symptomatic patients
[20]. During 28-month follow-up, recurrence of sus-
tained ventricular arrhythmia occurred in 17.6% of
cases, while complications were seen in 9.3% [21].
These numbers underline the need for further studies
regarding the long-term effect of ablation in the pre-
vention of symptoms and, as a secondary endpoint,
the ECG characteristics. Furthermore, since this in-
vasive procedure comes with a risk of complications,
ablation is not recommended for the asymptomatic
population and should be approached with extreme
caution [9].

Quinidine seems to be promising in preventing ar-
rhythmias but is associated with a high risk of side ef-
fects [22]. Some experts in the field advocate the use
of quinidine as preventive treatment for asymptoma-
tic BrS patients [10], and low-dose quinidine has been
shown to be associated with a lower rate of side ef-
fects [23]. Long-term prevention of arrhythmias with
low-dose quinidine in the asymptomatic population,
however, still needs to be established.

Catecholaminergic polymorphic ventricular
tachycardia

CPVT is characterised by stress-induced polymorphic
and bidirectional ventricular arrhythmias (Fig. 2). The
diagnosis is made when exercise stress testing (EST)
unmasks the arrhythmic phenotype but cardiac imag-
ing reveals no evidence of structural heart disease [5].
Most cases are caused by variants in RYR2, a gene
that codes for the component proteins of the large ho-
motetrameric cardiac ryanodine receptor, which con-
trols calcium release from the sarcoplasmic reticulum.

Minimum baseline treatment is a non-selective
beta-blocker, with effective adjunct therapies such as
flecainide and left cardiac sympathetic denervation
(LCSD) added on if needed [5]. ICD therapy may seem
to be a logical strategy to prevent SCD, but its benefits
may be offset by a high risk of inappropriate thera-
pies related to the catecholamine-stimulating nature
of painful shocks or ineffective therapies in the case
of a shock elicited by triggered activity (bidirectional
or polymorphic VT) [24, 25].

Comprehensive reviews of the mechanism, pheno-
type and treatment of CPVT are available elsewhere
[26]. These works summarise the amazing progress
that has been made in this condition over the past
30 years. However, many unanswered questions re-
lated to CPVT remain, and the greatest focus here will
be placed on those most critical to immediate patient
care.
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Diagnosis

The definition of CPVT, established by an expert con-
sensus statement a decade ago [5], may be overly
inclusive, with refinement anticipated in future iter-
ations. The existing requirement of stress-induced
polymorphic and/or bidirectional ventricular arrhyth-
mias in the absence of structural heart disease, includ-
ing coronary artery disease in those over 40 years of
age, means a broad range of patients have at least
possible CPVT.

This has led to studies suggesting the existence of
2 forms of the condition [27]. The classical type of
CPVT affects children and adolescents and is charac-
terised by a moderately reproducible EST phenotype
at predictable heart rate thresholds and in the pres-
ence of a damaging RYR2 variant [28]. In contrast,
other forms of stress-induced complex arrhythmias
have been described that usually occur in older in-
dividuals and in the setting of concurrent ambient
ventricular arrhythmias [27]. While this latter phe-
notype technically meets CPVT diagnostic criteria, it
is very likely a different disease entity based on the
aforementioned findings.

The expert opinion-based diagnostic score card
for CPVT, designed predominantly for novel variant
adjudication, incorporates contemporary phenotypic
characteristics that support the CPVT diagnosis [29].
These include factors that upgrade (e.g. younger age,
gene positivity, family history) or downgrade (ambient
ventricular ectopy, ischaemic heart disease, longer QT
interval) the likelihood of CPVT, akin to the LQTS risk
diagnostic score for LQTS and the Shanghai criteria
for BrS. Future guideline-based definitions are likely
to refine the diagnosis of CPVT in a similar manner,
but for now, some CPVT populations—in particular
those with large proportions of non-genotyped or
genotype-negative patients—may be too heteroge-
neous to make highly accurate estimates of disease
risk and treatment efficacy.

Risk stratification

A remaining issue central to both the diagnosis and
treatment of CPVT rests on the sensitivity and speci-
ficity of the EST for diagnosing and risk-stratifying the
condition. Traditionally, EST protocols used mainly
for ischaemic heart disease, such as the Bruce proto-
col, were also used for CPVT out of convenience. It
appears, however, that the severity of ventricular ar-
rhythmia is only moderately repeatable, especially in
patients taking medication, potentially reflecting re-
duced therapeutic adherence [28].

Recently, a novel ‘burst’ EST protocol has been de-
scribed in a small number of patients as being capable
of better unmasking CPVT arrhythmias [30]. This test
involves a sudden sprint rather than gradually graded
exercise. If this protocol is indeed more sensitive, it
could also assist with optimising therapeutic decision-

making. Similarly, other electrocardiographic modal-
ities, such as prolonged 12-lead Holter recording or
patch monitoring, are generally not used to make the
diagnosis or titrate medical therapy. While such tests
may seem simple to implement, it is important to ap-
preciate that broader ascertainment of potential CPVT
cases through additional testing may lead to overdiag-
nosis or misdiagnosis. The roles of such testing need
to be better studied.

Treatment

Evidence-based risk stratification and therapeutic es-
calation also remain challenging in CPVT. Flecainide
and LCSD are now established adjunctive therapies to
non-selective beta-blockers, however, indications for
and timing of these interventions are unclear. Like-
wise, by following the recommended use of flecainide
only after maximising the beta-blocker dose, a group
of patients who would benefit from an empiric multi-
targeted approach with combination of flecainide and
beta-blocker is probably overlooked.

Furthermore, the number of breakthrough events
despite prescription of optimal medical therapy is
significant and often related to non-adherence. Thus,
there is a need for properly understanding the true
rate of non-adherence and the reasons thereof. Sub-
sequently, LCSD is certainly an excellent option, but
whether it should be instituted before, with or af-
ter flecainide has not been studied, and whether
asymptomatic patients with ongoing ventricular ec-
topy should undergo this invasive procedure is also
not clear.

An even greater uncertainty lies in identifying the
small group of patients in whom an ICD is of greater
benefit than risk. This is a critical problem since prac-
tices clearly vary across the world [25, 31], and design-
ing rigorous studies is complicated by the fact that
only patients with ICDs can meet endpoints involv-
ing appropriate shocks and programming may play
a large role in both appropriate and inappropriate
shocks.

Finally, while a substantial focus has been placed
on the highest-risk patients, relatively little is known
about the management of minimally affected or
asymptomatic patients. Unlike in BrS and LQTS, in-
tentional non-treatment of phenotype-negative CPVT
is currently not a broadly accepted practice. How-
ever, a lower-risk group of genotype-positive patients
certainly exists, as evidenced by large founder popu-
lations in the Netherlands and on the Canary Islands
[32, 33], suggesting that not all asymptomatic, phe-
notype-negative patients benefit from being on beta-
blockers.

Long QT syndrome

In LQTS, arrhythmia symptoms typically occur during
emotional triggers, sleep or exercise, depending on
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Fig. 3 Twelve-lead electrocardiogram of 9-year-old girl with long QT syndrome (CALM1 variant) and history of multiple cardiac
arrests, showing severely prolonged heart rate-corrected QT interval (QTc) and T-wave alternans

the genetic variant causing the syndrome. It is mainly
diagnosed in patients with a prolonged heart rate-
corrected QT interval (QTc) on their baseline ECG.
The higher incidence has enabled the identification
of some clear genotype-specific risk groups in which
treatment should be intensified—with avoidance of
QT-prolonging drugs, beta-blockers, LCSD, ICD im-
plantation—to reduce the high risk of a recurrent life-
threatening event [34]. However, knowledge gaps sim-
ilar to those described for BrS and CPVT currently
complicate the clinical management of LQTS patients.

Diagnosis

LQTS is diagnosed in patients with a QTc of≥ 480ms
on the baseline ECG in the absence of secondary
causes of QT prolongation or when the LQTS risk
score—taking ECG findings, clinical and genetic find-
ings, and family history into account—is >3 points [9,
35]. The role of EST has been well established in the
diagnosis of LQTS, and indeed, 1 point in the LQTS
risk score is assigned when the QTc is ≥480ms in the
fourth minute of the recovery phase.

The role of long-term ECG monitoring—mainly 24-
hour, 12-lead Holter recording—is not yet well estab-
lished. In fact, it is well known that the QTc exhibits
variability during the day [36], and the presence of
a QTc of 480ms on a Holter recording therefore does
not have the same value in terms of diagnosis as the
same QTc observed on a baseline ECG. However,
definitive diagnostic criteria for Holter-derived QTc

are not available. This is an especially important is-
sue, as smartwatches and smartphone-enabled elec-
trodes that are useful for QTc assessment [37] and
can even accurately automatically calculate the QTc
[38] are currently becoming publicly available. This
will most likely lead to an increase of borderline QTc
measurements, for which clear cutoff values and di-
agnostic criteria are needed.

Risk stratification

Some patient characteristics are well recognised as
risk factors for future events, such as QTc prolonga-
tion, ECG signs of electrical instability (i.e. T-wave al-
ternans), the presence of a pathogenic variant [39] and
a specific variant in some cases [40], and the protein
region of the disease-causing variant or its functional
consequences [41]. LQTS is, without any doubt, the
disease for which there is the most expertise in using
genetic data for risk stratification. However, a number
of gaps are still present.

Risk stratification is now possible in patients with
LQT1, LQT2 and LQT3 [42], caused by variants in the
KCNQ1, KCNH2 and SCN5A genes, respectively. How-
ever, the risk stratification is based on the 5-year ar-
rhythmic risk of LQTS patients without anti-arrhyth-
mic therapy. In LQTS, effective therapies are avail-
able that clearly reduce arrhythmic risk. This should
be taken into account when estimating the 5-year ar-
rhythmic risk upon which a decision to implant an
ICD for primary prevention is based. Accurate risk
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stratification tools are lacking for genotype-negative
subjects, patients with rarer genetic subtypes, patients
with overlapping phenotypes, i.e. BrS, LQTS and car-
diac conduction disease [43], and patients with other
cardiac comorbidities (i.e. LQTS and coexisting car-
diomyopathy or LQTS andmyocardial infarction). The
role of modifier genes in the arrhythmic risk has been
described [44] but has not been implemented in clin-
ical practice.

Treatment

Evidence-based treatment regimens remain especially
ill-defined for patients with life-threatening arrhyth-
mias in the first year of life. These are patients at
extremely high risk for the recurrence of events [45].
Furthermore, conventional therapies frequently fail to
prevent the recurrence of major cardiac events in this
population [46]. ICDs are also not designed for such
young children and increase the risk of complications
related to device implantation and replacement. Fre-
quently, these young patients have specific high-risk
genetic subtypes, such as CALM gene variants (Fig. 3;
[39]) or TRDN gene variants [47], Timothy syndrome
(LQTS type 8) or autosomal recessive LQTS (Jervell
and Lange-Nielsen syndrome) [48]. Therefore, more
gene-specific therapies, in addition to mexiletine for
patients with LQTS types 2 [49] and 3 [50], are needed.

On the other end of the spectrum are asymptomatic
LQTS patients with a normal baseline QTc and there-
fore a low perceived risk of symptoms. This group
should be studied further, with a long-term follow-
up in order to distinguish patients at risk for symp-
toms—who could thus potentially profit from beta-
blocker treatment—from those who remain asympto-
matic and can be left untreated.

Conclusion

Our contemporary understanding of the 3 main forms
of inherited arrhythmia syndromes represents an in-
credible feat of modern medicine and research. Nev-
ertheless, important gaps in knowledge remain and
pose major barriers to the optimal health and well-
being of patients affected by these disorders. History
has proven that the development of diagnostic criteria
is difficult and subject to changes as new data emerge.

On the one hand, the number of patients identi-
fied prior to the occurrence of symptoms—such as
genotype-positive, phenotype-negative patients—has
increased over time and will continue to rise in the
future. This is a group of patients in whom the nat-
ural history of the condition is often unknown, and
thus we need more data on risk stratification to pro-
vide appropriate patient-specific therapy and follow-
up regimens. On the other hand, there are clearly
symptomatic patients, who have suffered from an ar-
rhythmic syncope or survived an SCA. In this pop-

ulation, there is a need for optimisation of medical
therapy.

Short-term advancements may come in the form of
repurposed medications, better selection of patients
who will benefit from an ICD or a combination of
both, while awaiting the development and implemen-
tation of new medications, including potentially gene
therapy. The potential complications of an ICD should
be outweighed by the beneficial effects in terms of
SCD prevention in all conditions.

To fill all gaps of knowledge described in this paper,
large cohort studies are needed. Therefore, continu-
ous collaborations between clinicians and researchers
worldwide are of the utmost importance to advance
in this field.
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