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ABSTRACT: Genetic testing has become standard of care for patients with long QT syndrome (LQTS), providing diagnostic,
prognostic, and therapeutic information for both probands and their family members. However, up to a quarter of patients with
LQTS do not have identifiable Mendelian pathogenic variants in the currently known LQTS-associated genes. This absence
of genetic confirmation, intriguingly, does not lessen the severity of LQTS, with the prognosis in these gene-elusive patients
with unequivocal LQTS mirroring genotype-positive patients in the limited data available. Such a conundrum instigates
an exploration into the causes of corrected QT interval (QTc) prolongation in these cases, unveiling a broad spectrum of
potential scenarios and mechanisms. These include multiple environmental influences on QTc prolongation, exercise-induced
repolarization abnormalities, and the profound implications of the constantly evolving nature of genetic testing and variant
interpretation. In addition, the rapid advances in genetics have the potential to uncover new causal genes, and polygenic risk
factors may aid in the diagnosis of high-risk patients. Navigating this multifaceted landscape requires a-.systematic approach
and expert knowledge, integrating the dynamic nature of genetics and patient-specific influences féraceurate diagnosis,
management, and counseling of patients. The role of a subspecialized expert cardiogenetic clinic is paramount in evaluation
to navigate this complexity. Amid these intricate aspects, this review outlines potential causes of gene-elusive LQTS. It also
provides an outline for'the evaluation of patients with negative and inconclusive-genetic-test results and underscores the
need for ongoing adaptation and reassessment in our understanding of LQTS, as the complexities of gene-elusive LOTS are
increasingly deciphered.
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BACKGROUND ONGENETICALLY ELUSIVE
LONG QT SYNDROME

Over the past 2 decades, significant advancements in
high throughput gene sequencing technologies with
the concomitant gradual decline of sequencing costs
have contributed considerably toward our understand-
ing of the genetic architecture of long QT syndrome
(LQTS), a primary cardiac channelopathy that manifests
with a prolonged QT interval on the ECG, propensity
to torsades de pointes tachyarrhythmias, and sudden
cardiac death (SCD)." An early diagnosis plays a crucial
role in preventing LOTS-related SCD by enabling inter-
ventions such as avoiding QT-prolonging medications,

implementing appropriate pharmacotherapy, and avoid-
ing arrhythmia triggers.? The ClinGen reappraisal of the
17 LQTS-associated genes found definitive evidence
for only 3 genes (KCNQ1, KCNHZ2, and SCN5A) for
a causative role in congenital LQTS; another 4 genes
(CALM1, CALM2, CALMS3, and TRDN) were found to
have strong or definitive evidence for causality in LOTS
with atypical features, and CACNATC showed mod-
erate level evidence for causing LOTS (but definitive
evidence for Timothy syndrome).® Genetic testing has
evolved from a solely diagnostic tool to a vital measure
for risk stratification, management, and family counsel-
ing in LOTS. The implications of genetically confirmed
LOTS have been profoundly studied* with clinical
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Nonstandard Abbreviations and Acronyms
LQTS long QT syndrome
PRS polygenic risk score
QTc corrected QT interval
vuUs variant of uncertain significance
practice recommendations emphasizing genotype-

specific prognostication and the selection of pharma-
cotherapy.® However, 11% to 25% of all patients with
LQTS receive negative genetic test results. Notably, in
a large multicenter study, genotype-negative patients
with an LQTS risk score of 23.5 or with a resting cor-
rected QT interval (QTc), 2600 ms in repeated 12-lead
ECGs, in the absence of a secondary cause for QT pro-
longation, showed a clinical course similar to those with
genetically confirmed LQTS, indicating that the lack of
genetic confirmation in those with unequivocal LQTS
phenotype does not diminish the severity of LQTS?
Despite its often-overlooked nature, negative genetic
test results possess diverse connotations in different
scenarios, which can evolve over time (Figure 1). Per-
plexity and inadequate comprehension regarding such
outcomes are prevalent.among both patients and the
medical community.® It is, therefore, essential ‘to con-
sider several key aspects in these instances. In this
review, we expose the intricate basis of QTc prolonga-
tion in those without identifiable Mendelian large-effect
pathogenic and likely pathogenic variants and provide
clinicians with key considerations for genotype-negative
patients with LQTS(Figure 2).

Understanding Genotype-Negative LOTS

EXPERT EVALUATION IN A
CARDIOGENETIC CLINIC

Specialized clinical cardiovascular genetics programs
play an indispensable role in the diagnosis and manage-
ment of patients with LQTS (and beyond),® particularly,
because the resting QTc interval may be normal or non-
diagnostic in >60% of patients with genotype-positive
LQTS while ~56% of healthy individuals may have a QTc
interval within the abnormal range.'® Given that genetic
testing forms part of the diagnostic process, the latest
international consensus documents heavily empha-
size the importance of multidisciplinary expert teams to
include an inherited arrhythmia expert and genetic coun-
selor in providing cutting-edge care.®'

The appropriate measurement of the QTc interval con-
tinues to be a challenge for many clinicians. The impor-
tance of an inherited arrhythmia expert was highlighted
in a study by Viskin et al who demonstrated that <60% of
general cardiologists measured the QTc correctly versus
96% of QT experts.” A recent study demonstrated that
16% of patients referred to a large LQTS referral cen-
ter for second opinion were ultimately found to not have
LQTS."™ Inclusion of the U wadeinthe-QTc is the most
common reason for erroneous measurement, immedi-
ately leading to the clinical importance of a borderline
QTc lengthening. ;A look at the T wave provides further
information regarding repolarization and may especially
be informative in those with borderline QTc or nor-
mal QTc despite the: presence of a pathogenic or likely
pathogenic variant in LOTS-associated genes.'* Exclud-
ing false-positive findings“such as due to the inclusion
of U waves and inadequate rate correction caused by
sinus-tachycardia are.routinely considered at specialized
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Figure 1. Potential causes implicated in genotype-negative long QT syndrome (LQTS).

CPVT indicates catecholaminergic polymorphic ventricular tachycardia.
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Figure 2. Proposed evaluation and management flow for patients with long QT syndrome (LQTS), with focus on patients with

negative or inconclusive genetic test results.
VUS indicates variant of uncertain significance.
1Data derived from the study by Wilde et al.®

cardiovascular genetics programs, where patients are
often referred to for comprehensive evaluation. The latter
must include review of all available prior ECGs to identify
possible temporal variations in QTc and T-wave morphol-
ogy, review of medications, and exclusion of hypothyroid-
ism and electrolyte abnormalities by laboratory testing
and underlying structural heart disease by echocardiog-
raphy or cardiac magnetic resonance imaging, as appro-
priate. Notably, anterior T-wave inversion is observed in
~20% of patients with LQTS, and expert knowledge is
required to prevent diagnostic miscues.'®

A detailed history should focus on the presence of
symptoms in both the index patient and their family and
include the presence of arrhythmogenic syncope and
near-syncopal episodes, drowning or near drowning

Circ Arrhythm Electrophysiol. 2024;17:e012356. DOI: 10.1161/CIRCER.123.012356

events, seizure disorders, recurrent miscarriage, still-
births,'® sudden infant death syndrome, cardiac arrests
at young age without evidence of coronary disease and
unprovoked motor vehicle accidents or other unexplained
accident deaths, which may signal arrhythmogenic syn-
cope. For example, a patient with no family history of LOTS
or SCD and a single ECG demonstrating QTc prolongation
(as can be seen after vasovagal syncope)'” is less likely
to have an underlying LQTS than a patient with multiple
ECGs with prolonged QTc and positive family history of
SCD. For their importance, these factors are incorporated
in the commonly used Schwartz score. Moreover, it should
be emphasized that recommendations for ECG screening
of all first-degree family members apply in families with
both genotype-positive and genotype-negative probands.
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Provocation of QTc prolongation and T-wave changes
may be critical to unmasking the diagnosis and useful in
predicting genotype in patients with suspicion of LQOTS.™
LQTS provocation testing involves assessment of repolar-
ization during and after exercise, in response to changes
in heart rate or autonomic tone, with patients with LOTS
displaying a maladaptive repolarization response. While
other types of provocation tests have been proposed and
used to varying degrees in LQTS diagnosis, exercise test-
ing, when feasible, is the most effective form of provoca-
tion testing when considering diagnostic sensitivity and
specificity, with advantages in establishing a diagnosis of
LQTS in patients with an intermediate modified Schwartz
score or borderline QTc interval.’® Exercise testing is
used for both diagnosis in patients suspected to have
LQTS and evaluation of treatment efficacy during physi-
cal exercise in patients with confirmed LQTS. To enable
maximal diagnostic precision, it is advisable to conduct
initial provocation testing for diagnosis of LQTS off anti-
arrhythmic medications, particularly -blockers, as these
medications suppress adrenergic stimulation that is cru-
cial to unmasking abnormal repolarization response, and
can thereby ameliorate repolarization abnormalities.'
The QTc interval at 4-minute recovery is the measure with
the highest diagnostic value during exercise testing, with
a QTc interval of 2445 ms having a sensitivity of 90%
and a specificity of 90% for LQTS, and a QTc interval of
>480 ms having a sensitivity of 36% and a specificity
of 100% for LQTS. The latter threshold is incorporated
in the Schwartz score.’® Additionally, sex-specific.cutoffs
(440 ms for males and 450 ms for females) and adapted
measures in children (QTc, >460 ms at 7-minute recov-
ery) were proposed.™

ENVIRONMENTALLY INDUCED QT
PROLONGATION

Environmental factors can play a significant role in
the development of QT prolongation, and a subset of
genotype-negative patients with LOTS may in fact have
an acquired, often underrecognized cause of QT prolon-
gation. The ever-growing list of external triggers that are
known to have arrhythmogenic QT-prolonging capabili-
ties includes over 200 medications (most with noncardiac
indications; as summarized in Www.crediblemeds.org),
electrolyte imbalances (particularly hypokalemia, hypo-
magnesemia, and hypocalcemia), hypothyroidism, but
also myocardial healing from stress cardiomyopathy,'®2°
arrhythmogenic cardiac memory,?" and certain foods/
nutritional status (eg, anorexia nervosa, low-calorie-diet,
alcohol intoxication, and grapefruit juice).???® There is
also robust data supporting the role of anti-Ro/SSA anti-
bodies, often detected in patients with connective tissue
diseases and Sjogren syndrome, in acquired LOTS and
predisposition to TdP2*?* To complicate things further,
QT prolongation precipitated by various environmental
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triggers is increasingly linked to the presence of genetic
modifiers (eg, KCNE 1 variants),®?° thus a constellation of
oligogenic/polygenic and environmental stimuli appears
to contribute to complex pathophysiology. Careful con-
sideration of such influences can help eliminate the
offending cause and thereby the need for treatment in
many patients.

When viewing this concept from the perspective of
acquired LQTS, it is important to understand what fac-
tors should guide genetic testing in patients in whom
acquired LQTS is suspected. Although in most acquired
patients with LOTS, the QT interval normalizes after the
elimination of the QTc-prolonging trigger, in some cases,
it remains prolonged. Systematic genetic evaluation of a
large cohort of probands with acquired LOTS revealed a
pathogenic, LOTS-associated variant in 28% of cases,
of which two-thirds were KCNHZ2 variants.?” Presence of
>92 of the 3 predictors, defined as (1) young age at the
time of exposure to proarrhythmic triggers (<40 versus
>40 years), (2) prolonged baseline QTc measured in the
absence of these factors (>440 versus <440 ms), and
(3) a history of clinical symptoms, was shown to identify
97% of pathogenic LQTS varianfsearriers, indicating high
clinical utility of this scoring syst@ﬁﬁwtm

EXERCISE TRAINING-INDUCED QTC
PROLONGATION

Several studies have examined cardiac adaptations in
elite” athletes, but the reported ‘prevalence of QT pro-
longation varies widely (0.4%-150%), depending on the
specific population studied, the criteria used to define
QT prolongation, and the intensity and duration of train-
ing 2891t is important to note that these changes may
represent adaptation within the constellation of athlete’s
heart remodeling and not necessarily translate into a
higher risk of life-threatening ventricular arrhythmias.
Generally, QT prolongation is considered to be more
prevalentin athletes engaged in endurance sports. Endur-
ance athletes often present with marked sinus bradycar-
dia due to sinus node remodeling and high vagal tone,
which can lead to overestimation of the QT interval. His-
torically, Bazett formula is used to correct the QT interval
at different heart rates, however, this formula performs
poorly at the extreme of heart rates and tends to overes-
timate the QTc at slow heart rates. Thus, when LQTS is
suspected in an athlete who presents with marked sinus
bradycardia and a QTc, >470 ms in males or a QTc, >480
ms in females, the ECG should be repeated after exer-
cise to raise the heart rate to 60 to 80 bpm thereby mini-
mizing the risk of a false-positive LQTS diagnosis and
avoiding a costly workup. As another option, an alterna-
tive formula for heart rate correction of the QT interval
should be considered. In a cohort of 2484 elite soccer
players, 6% to 15% of the athletes presented with pro-
longed QTc based on Bazett correction, while only 3% to
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5% met the criteria using the Fridericia formula,*® which
shows less bias at extreme heart rates and might be pre-
ferred in such cases.”'

Additionally, it is widely known that athletes can exhibit
abnormalities in repolarization, mimicking the ECG abnor-
malities observed in LQTS. Dagradi et al demonstrated
that certain athletes display significant QT interval pro-
longation and repolarization abnormalities, consistent
with the diagnosis of LQTS.3? Strikingly, the mean QTc of
athletes with this entity of 492 ms was >99.9th percentile
of QTc values of healthy controls and >80th percentile
of QTc values recorded among patients with congenital
LQTS.™® Notably, among those who tested negative for
LQTS-causing genetic variants, over 40% demonstrated
normalization of their ECG after detraining, with tendency
to reappear upon resumption of training. Therefore,
although these individuals do not have congenital LQTS,
they may have a form of acquired LQTS. A repeat QTc
measurement after a detraining period of 3 to 4 months
can help to identify asymptomatic individuals who show
exercise-induced QTc prolongation yet do not have con-
genital LOTS.2? Whether such predisposition to exercise
training-induced QTc prolongation exists in athletes
across different ethnicities, remains to be investigated.

CHALLENGES IN'GENETIC TESTING
Interpreting Variantsof Uncertain' Significance

In most patients suspected.to have LOTS, genetic test-
ing is usually performed via a targeted LQTS panel with
a limited set of high-evidence genes as a first step to
reduce the number of variants of uncertain significance
(VUS) that are typically-seen-in-whole-exome/genome
sequencing. A VUS-can triggercostly, stressful,.and-inap-
propriate diagnostic work-ups;.and have negative impli-
cations for both the proband and family members.®* The
optimal strategy in subjects, who turn out negative in the
first step, is much less defined, but increasingly, whole
exome sequencing is being used. Variant assessment
has significantly advanced over the past 2 decades and
currently requires consideration of gene-disease mecha-
nisms, ethnicity, allelic, functional, in silico, and segrega-
tion data® Nonetheless, variant interpretation remains
the major Achilles’ heel of genetic testing with up to
50% of variants reclassified over a period of b years,3®
leading to both upgrades and downgrades in their clini-
cal significance. Challenges in determining gene-disease
associations for newly discovered or rarely implicated
genes further obscure variant interpretation.?” Given the
dynamic nature of variant interpretation and limited data
from studies on cardiac channelopathies,®® the need for
reevaluation of VUS is widely agreed upon by experts.
However, the frequency of reevaluation needed to maxi-
mize the clinical yield is not clearly defined by professionall
societies. Data from noncardiovascular disease studies
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suggests that variant reevaluation at least every 2 years
is appropriate,®*4° but this is not performed routinely.

Although cascade sequencing of family members
of affected probands with VUS is not routinely recom-
mended, variant segregation analysis might be useful for
variant interpretation in select families with multiple phe-
notypically affected members. Identification of multiple
family members with LQTS phenotype who carry the VUS
in question provides additional supporting data for the
pathogenicity of the variant while the presence of phe-
notype in a family member who does not carry the same
VUS provides evidence against the role of VUS in dis-
ease. Functional evaluation of variants that cosegregate
with LQTS in large pedigrees can provide pathophysi-
ological evidence for variant reclassification.*' Determin-
ing the utility of segregation and identifying appropriate
relatives for variant segregation is among the important
goals of a posttest genetic counseling session.

Genetic Reevaluation/Retesting

In practice, the need and timeliness of genetic reevalua-
tion should be guided by the cument state of knowledge
on the genetics of LTS, as Wall &s:the extent of the
gene panel and the sequencing methods (eg, inclusion of
deletion/duplication testing) used at the initial testing. A
previously observed shortfall in genetic testing, now long
implemented in new genetic evaluations was the limited
detection capabilities for atypical variants such as large
deletions or duplications. Recognition of this limitation in
LQTS led to the finding that 5% of patients with geneti-
cally elusive LQTS host large genomic rearrangements
involving the canonical LQTS-susceptibility genes.*?
Thus, reflex-genetic testing to investigate genomic rear-
rangements-may be of clinical value in select gene-
elusive patients with LQTS with strong phenotypes who
were not initially evaluated for deletions and duplications.

Another possible reason for a missed genetic cause
might be undetected variants in the known LQTS-
associated genes, such as those in deep intronic or reg-
ulatory regions, which are largely not detectable as part
of current LOTS gene panels. The possible role of such
variants should be considered, particularly in probands
with strong LOTS phenotype and families with multiple
affected members. In a recent genome sequencing
study of a multigenerational, previously genetically elu-
sive LOTS pedigree with 6 affected family members, a
novel deep intronic KCNH2 variant (c.3331-316G>T)
was identified*® The patient-derived, CRISPR/Cas9
gene variant-corrected, isogenic control-induced pluripo-
tent stem cell-derived cardiomyocytes established that
the deeply intronic variant created the frameshift vari-
ant p.S1112Pfs*171 in the KCNHZ-encoded Kv11.1/
hERG channel as the monogenetic basis for the famil-
ial LQT2. Thus, deep intronic variants within the 2 most
common LQTS-susceptibility genes KCNQT and KCNHZ2
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should be considered in patients with seemingly geneti-
cally elusive LQTS.*® Of note, 1 important reason for a
false negative genetic test result when next-generation
sequencing is used was pointed out by Millat et al** who
noted the lack of coverage of specific regions of genes.
Specifically, several exons of KCNHZ2 were incompletely
sequenced due to a high CG content. These limitations
have been addressed with more recent methods and
may not apply to all techniques currently used.
Considering the rapid developments in the field of genet-
ics, regular updates, and clear communication between
testing laboratories, health care providers, and patients are
essential to facilitate appropriate clinical decision-making
based on the most up-to-date variant classifications.

Novel LOTS Genes

The field of genetics is rapidly evolving, and new causal
genes associated with genetic heart diseases are con-
tinuously being discovered. Cardiovascular disease pan-
els are updated regularly, and newly identified genes
are added. Therefore, the need for periodic retesting of
patients with prior negative genetic test results should
be routinely considered when new data becomes avail-
able. The emergence of novel clinical evidence such as
data on newly diagnosed family members should also
necessitate genetic counseling to _discuss if retesting/
reevaluation is appropriate. Patients with previous whole
genome or whole exome sequencing might benefit from
data reanalysis while those with limited gene panel test-
ing might need to undergo additional testing. As of 2023,
it would be reasonable to selectively retest genotype-
negative LQTS patients tested before 2015 given the
major changes jin-variant-assessment- criteria-and-the
identification of novel causal genes in or after-early-to-
mid 2010s, such as' CALM1, . CALM2, CALMS3, TRDN,
and TECRL. Notably, patients with pathogenic variants
in CALM1-3 genes show either LOTS or catecholamin-
ergic polymorphic ventricular tachycardia phenotypes,
but certain patients may have coexistence of both LOTS
and catecholaminergic polymorphic ventricular tachycar-
dia45*" |n addition, pleiotropy in presentations, ranging
from channelopathy to syndromic forms that may include
cardiomyopathy, congenital heart disease, and primary
neurological manifestations have been described. As
medical knowledge and genetic testing technologies
advance, many forms of currently considered elusive or
unidentified genetic variants may become detectable
in the future. Therefore, health care providers order-
ing genetic tests need to stay up to date with the latest
research and advancements in genetic testing.

Polygenic Causes of LOTS

Recent evidence suggests that QTc duration is influ-
enced by both rare and common variants in cardiac
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ion channel genes. Lahrouchi et al® demonstrated
that polygenic risk score analyses based on common
genetic variants that modulate the QT interval in the
general population provide evidence for a polygenic
architecture in gene-elusive patients with LQTS. Heri-
tability analyses showed that ~15% of the variance in
overall LQTS susceptibility was attributable to com-
mon genetic variation, and the polygenic risk score
was greater in patients who were genotype negative
compared with those who were genotype positive.® In
line with these findings, evaluation of the contributory
role of PRS to QTc in patients with genetically con-
firmed LQTS showed that QTc-PRS explained <2%
of the QTc variability in patients with LQT1, LQT2, or
LQT3, while the contribution of PRS to QTc was 5-
fold larger in the general population.”® These findings
argue for a polygenic basis of QTc prolongation (along-
side the contribution of acquired risk factors) at least
in some patients who have a sporadic presentation.*
With growing opportunities to validate PRS in indepen-
dent cohorts, polygenic determinants of QTc prolonga-
tion will likely be introduced to clinical care in the near
future and help explain LOTS gases currently consid-
ered to be gene elusive. @ =

Association.

Unfilled Gaps in Clinical Practice

Two groups of patients can be distinguished among
those without genetic confirmation of LOTS—those
with VUS, and those with completely negative genetic
testing. Generally, the clinical gaps for these 2 sub-
populations are similar, but patients with a VUS might
benefit from variant reevaluation while those with nega-
tive test might require retesting at appropriate times.
To date, most studies contributing to our understand-
ingof .genotype-elusive. LQTS have' focused on spe-
cific subdomains, and the overall contribution of each
etiology/component, as described in previous sections
of this review remains unknown. Accordingly, although
the pathophysiological rationale for the effectiveness
of B-blockers in reducing the risk of TdP and SCD is
widely recognized, their effectiveness may vary across
different etiologies. Additionally, there is a need for
research studies that examine the efficacy of B-blockers
in individuals with a genotype-elusive LQTS who pos-
sess a high LOQTS PRS, as compared with those with
medium or low PRS. Future studies shall also evaluate
the spectrum of monogenic and polygenic modifiers in
those with exercise training-induced QTc prolongation.
Finally, we expect that increasing use of whole exome/
genome sequencing studies in large genotype-negative
LATS pedigrees—which are exceedingly rare with the
current application of genetic testing—will enable the
identification of novel causal genes in those considered
to be genotype-elusive with current gene panel testing,
thereby enabling precision care in affected families.
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Future Directions for the Field

Over the past decade, several advances started reshap-
ing the field of genomics and molecular medicine. Specif-
ically, many efforts have been directed toward improving
gene variant interpretation practices. For example, many
automatic tools have been developed to aid in variant
interpretation, including tools that perform guidelines-
based pathogenicity assessment using a software/web
tool,®® and algorithms that convert the sequence variant
interpretation recommendation in a probabilistic frame-
work,®" and data-driven approaches. The latter include
machine-learning models trained to distinguish patho-
genic from benign variations,*2*® or a combination of
these methods.®* Although prior models have not been
robustly tested in inherited cardiovascular diseases, there
is a clear need to develop machine-learning models that
can help in variant prioritizing and interpretation. Addi-
tionally, functional genomics methods are increasingly
used to uncover patterns that aid in variant calling.5%®
Combining functional imaging with artificial intelligence-
based methods of variant assessment has the potential
to reduce the VUS burden.

Patient-specific induced pluripotent stem cell models
can be utilized to investigate the pathogenesis of LOTS
in vitro, and test drug efficacy and toxicity in a disease-
specific context."®" In addition, induced pluripotent stem
cell and their isogenic controls are a reliable electrophys-
iological model for comprehensive variant characteriza-
tion that can aid pathogenicity assessment in patients
with LATS with VUS. Modeling LOTS-and testing new
drugs using patient-specific induced pluripotent stem
cell cardiomyocytes could be an important step forward
in the realm of personalized care in LOTS.

Other  promising avenues  for patients  with
genotype-elusive LQTS include the development of clini-
cally applicable PRS that would aid in risk stratification
and management, and selective use of whole exome/
genome sequencing in gene-elusive LQTS families for
novel gene discovery. Newly implicated genes should,
however, be interpreted with caution, as more than half of
the genes reported as causing LQTS have been shown
to have limited or disputed evidence to support their dis-
ease causation.?

As the field of inherited heart diseases is developing
rapidly, optimized use of these tools considering risks,
benefits, and costs, will continuously help decipher the
spectrum of etiologies associated with genotype-elusive
LQTS and help reduce the VUS burden, thereby fostering
precision medicine in patients with LQTS and families.

CONCLUSIONS

Patients with LOTS may be gene-elusive for a variety
of reasons, including environmental influences, strenu-
ous physical activity, polygenic risk factors, previously

Circ Arrhythm Electrophysiol. 2024;17:e012356. DOI: 10.1161/CIRCER.123.012356
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unknown or unrecognized genetic causes, and the
ever-evolving nature of gene variant interpretation. The
emergence of new knowledge opens additional avenues
to elucidate the causes of LOTS/QTc prolongation in
patients with negative genetic test results, making expert
evaluation and regular follow-up critical. This presents
patients and physicians with a unique opportunity to con-
firm or refute diagnosis, explore the foundations of LOTS
beyond the boundaries of current standard-of-care prac-
tices, and derive meaningful clinical implications.
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