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Phenotype-Enhanced Classification 
of Genetic Variants in
Long QT Syndrome, Type 2
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F or most inherited arrhythmia syndromes ge-netic testing has become standard of care. 1

Over the years, the assessment of pathoge-
nicity of unknown variants in disease entities, 
including the congenital long QT syndrome (LQTS), 
has undergone a shift from a purely phenotype-
driven process (through linkage studies aiming for 
sound agreement between genotypic and phenotypic 
affected individuals) to a process with dominant 
genotypic characteristics where variant classification 
is based on allele frequency in control populations, 
predictions of amino acid substitutions, and many 
other tools under continuous development for 
increased accuracy. In 2015, the introduction of 
American College of Medical Genetics and Genomics 
(ACMG)/Association for Molecular Pathology guide-
lines have outlined criteria for such tools and pro-
posed a relative weight for them, providing a 
framework for cross-laboratory consistency in 
variant classification. 2 Since then, various recom-
mendations from ClinGen working groups for variant 
classification have further refined the use of ACMG 
criteria, generally moving towards a more cautious 
approach in classification. Furthermore, a scoring 
system was devised to align ACMG classification to 
the statistical likelihood of variant pathogenicity 
following Bayesian models. 3

According to the 5-class ACMG model, variants 
with a 10% to 90% risk of being pathogenic are 
designated variants of unknown significance (VUS) 
(class 3). Although the availability of this class has 
scientific merits, reported VUS have limited clinical 
actionability and cause confusion in patients and 
families because carrier and noncarrier family mem-
bers will generally receive similar follow-up. By 
contrast, (likely) pathogenic (class 4/5) variants pro-
vide a (likely) diagnosis of LQTS and enable choices 
for clinical follow-up and (gene-)specific treatment. 
Family members can receive genetic counseling and 
be screened presymptomatically, followed by 
appropriate treatment of genetically affected in-
dividuals, and noncarriers can be dismissed. From 

this viewpoint, VUS are considered a burden rather 
than a boon. Solving this problem in LQTS is a 
pressing issue as treatment choices also depend on 
the underlying genotype. Current guidelines aim to 
limit the yield of VUS findings by narrowing down the 
differential diagnosis in a full cardiological work-up 
including an exercise test, followed by targeted 
testing of only relevant genes. 1

In a patient with an electrocardiogram highly 
suspicious for LQTS2, suppose that genetic testing 
returns 2 VUS with similar ACMG criteria: 1 in KCNQ1 
and 1 in KCNH2. Obviously, the VUS in KCNH2 is 
more suspicious, but the generic ACMG criteria offer 
limited means to incorporate this feature into the 
classification. A smart attempt to solve this issue is to 
integrate aspects of the phenotype into the ACMG 
classification (ie, phenotype-enhanced ACMG variant 
adjudication [PE-ACMG]). This method has been 
shown to be valuable in LQTS type 1 (LQTS1) and 
catecholaminergic polymorphic ventricular tachy-
cardia. 4,5 Of critical importance in applying PE-ACMG 
is the presence of unique genotype-specific elements 
in the phenotype under study. By identifying these
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“phenotype defining features” in catecholaminergic 
polymorphic ventricular tachycardia and LQTS1, the 
VUS burden could reliably be reduced from 47% to 
7% and from 39% to 21%, respectively. 4,5

In this issue of JACC: Clinical Electrophysiology, 
the Mayo Clinic (Rochester, Minnesota) and Aux-
ologico Institute (Milan, Italy) propose a PE-ACMG 
method for LQTS2 based on the presence of 2 
LQTS2-defining characteristics: biphasic/notched T 
waves and auditory stimuli or emotional stress as the 
triggering factor, allowing a reduction in the VUS 
burden from 33% to just 4%. 6

The presence of unique genotype-specific ele-
ments is critical when applying this method. The 
trigger (auditory stimuli or emotional stress) is such 
an element, although in early series, an auditory 
trigger was also present in up to 7% of LQTS3 pa-
tients. 7 The ST-segment morphology, that is, 
biphasic/notched T waves, has a sensitivity/speci-
ficity for correct genotype classification of 83%/ 
94%. 8 Hence, both elements have a high, but not 
perfect, predictive value. More importantly, both el-
ements are not always present, as is also clear from 

the present series. The trigger was only present in 
10% of patients with a VUS (n = 13/140) (Table 1 of 
their paper) and biphasic/notched T waves were 
present in 47% of patients (n = 66/140). It is unclear 
how the patients with a “phenotype-defining 
feature” and the patients without are divided among 
the 69 families, but the observed high reduction in 
VUS burden clearly does require at least 1 of 
these features in almost each family. However, the 
reduction of VUS also includes 11 VUS that were 
“downgraded” to a benign variant based on a low 

Schwartz score (#1) and no LQTS2-defining features. 
Based on the prevalence of the genotype-specific 
features, the step to downgrade the VUS to a benign 
variant seems somewhat hazardous, although the 
low Schwartz score a priori leads to a low likelihood 
of the presence of LQTS, and one may actually 
wonder why a genetic test was performed in these 
individuals in the first place.
The use of PE-ACMG has clear value for prioritizing 

variants, but has to be used with caution. First, the 
consistency between PE-ACMG classification and a 
recent high-throughput functional study of KCNH2 
variants is imperfect. In a recent study, Multiplex 
Assay of Variant Effect (MAVE) was performed in 
which 187,96 variants were studied for cell surface 
trafficking, and 533 variants by patch clamp anal-
ysis. 9 The concordance rate between the present 
phenotype-based classification and these

measurements was only 60% (29/48). Now, it is true 
that “the clinical utility and scalability of applying 
these in vitro assays for novel variant assessment 
remains uncertain,” but lack of consistency between 
functional data, generally regarded as a very impor-
tant aspect of pathogenicity and an important 
contributor to the ACMG criteria, and phenotypic 
data certainly is a concern.
Second, a pitfall of PE-ACMG classification exists 

in cases where a causative variant may be missed. 
Consider a LQTS2 patient with a causative deep-
intronic variant (eg, causing aberrant splicing and 
constituting a null allele) combined with a function-
ally normal allele with a neutral rare missense 
variant. In many whole exome sequencing–based or 
targeted gene panels, the deep intronic variant may 
remain undetected. Using phenotype-enhanced 
classification, the clinical significance of the 
missense variant may be overestimated. If consid-
ered pathogenic, a consequence would be that all 
family members heterozygous for the missense 
variant would be (mis)diagnosed with LQTS given 
that a class 5 variant in KCNH2 contributes 3.5 points 
in the modified diagnostic Schwartz score. 10 Admit-
tedly this example is not very likely to occur in 
practice, but it illustrates a risk and argues for the use 
of weighted ACMG criteria (such as PS5 as proposed 
in Table 2 of their paper) rather than an immediate 
upgrade to class 4/5.
In conclusion, the phenotype-enhanced method 

proposed by Neves and colleagues provides a new 

tool to incorporate LQTS2-specific phenotypic fea-
tures in ACMG-based classification of KCNH2 vari-
ants. When applied with caution, LQTS patients may 
benefit from a reduced number of VUS with a 
concomitant increase of clinical actionability of ge-
netic testing. It is to be expected that future studies 
in larger patient cohorts will provide further insight 
in the optimal weight (supporting, moderate or 
strong) that should be attributed to PE-ACMG 
criteria.
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