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Aims Short QT syndrome (SQTS) is a rare cardiac channelopathy characterized by a shortened corrected QT (QTc)-
interval that can lead to ventricular arrhythmias and sudden cardiac death. The aim of this study was to investigate
the clinical phenotypes and long-term outcomes of three families harbouring genetic mutations associated with the
SQTS.

...................................................................................................................................................................................................
Methods
and results

Clinical data included medical history, physical examination, 12-lead ECG, 24-h Holter-ECG, and transthoracic
echocardiography from three index patients and their first-degree relatives. Next generation clinical exome
sequencing and genetic cascade screening were performed in index patients and their relatives, respectively. Two
index patients experienced malignant ventricular arrhythmias and one patient suffered from arrhythmogenic syn-
cope during a median follow-up period of 8 years. They all had genetic mutations associated with the SQTS. Two
mutations were found in the KCNH2 gene, and one in the CACNA2D gene. One patient had an additional SCN10A
variant. Alive and mutation-positive family members had short QTc-intervals, but no further phenotypic manifest-
ations. None of the mutation-negative family members had an abnormal ECG or any symptoms. In all patients with
shortened QTc-intervals, the QTc-interval had a low long-term variability and QTc shortening always remained de-
tectable by 12-lead ECG.

...................................................................................................................................................................................................
Conclusion This study shows the variety of phenotypic manifestations in different families with SQTS. It further emphasizes the

importance of a 12-lead ECG for early diagnosis, and the utility of next generation sequencing for the identification
of mutations associated with the SQTS.

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

Keywords Short QT • Channelopathy • Repolarization • Sudden cardiac death • Ventricular arrhythmia

Introduction

The short QT syndrome (SQTS) is a rare cardiac channelopathy with
only about 100 reported cases that can lead to ventricular arrhythmias
and sudden cardiac death (SCD).1–3 The disease is diagnosed if there
is a short corrected QT (QTc)-interval in the absence of secondary
causes (hypercalcaemia, hyperkalaemia, sinus tachycardia, catechol-
amine/digitalis intake, acidosis). It is thought to be associated with
accelerated repolarization and increased dispersion of refractoriness,
which are known factors promoting ventricular tachyarrhythmias.4

Multivariable analyses report a 2.6-fold increased risk of death in

patients with a QTc <_ 300 ms.5 The diagnosis is based on an expert
consensus statement of 2013.1,6 It is recommended that SQTS is diag-
nosed in the presence of a QTc <_ 330 ms or a QTc <_ 360 ms with
one additional criterion such as family history of SQTS, the presence
of a genetic mutation being associated with the SQTS, family history
of SCD at <40 years of age, or aborted SCD due to ventricular tachy-
cardia/fibrillation without underlying structural heart disease.6

The inheritance is autosomal dominant with incomplete penetrance
and the genetic background is heterogeneous.1 Three genes encoding
cardiac potassium channels are known to be affected in SQTS. Gain of
function mutations of these potassium channels lead to a shortened
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cardiomyocyte action potential duration and refractoriness, and
therefore, to a shorter QTc-interval. These mutations involve the po-
tassium voltage-gated channel subfamily H member 2 (KCNH2) gene of
the human ether-�a-go-go-related gene (hERG) channel, which is respon-
sible for the rapid-delayed outward rectifier potassium current caus-
ing SQTS1, the potassium voltage-gated channel subfamily Q member 1
(KCNQ1) gene, which encodes a subunit of channels, mediating slow-
delayed outward rectifier potassium channel causing the SQTS2, and
the potassium voltage-gated channel subfamily J member 2 (KCNJ2)
gene, which contributes to inwardly rectifying potassium channel cur-
rent, causing the SQTS3.7–9 Furthermore, loss of function mutations
have been described in the calcium voltage-gated channel subunit
alpha1 C (CACNA1C), calcium voltage-gated channel subunit beta 2 B
(CACNB2B), and recently in the calcium voltage-gated channel auxiliary
subunit alpha2delta 1 (CACNA2D1) gene, which encode for subunits
of the L-type calcium channel and lead to shorter QTc-intervals by
decreasing the amplitude of inward calcium current.10,11

Today, with the emerging role of rapid genetic screening tools
such as next generation sequencing (NGS), there is a new possibility
of identifying novel mutations and genetic modifiers that might
change phenotypic expression and disease outcome.1,12 Thus, the
purpose of this study was to determine the genotype of three families
with the SQTS by using NGS and to describe the clinical profile of
this cohort during long-term follow-up.

Methods

Study population
Three unrelated index patients with the SQTS and their first- or second-
degree family members were studied. Diagnosis of SQTS was made as
described above. The heart rate QTc-interval was calculated using
Bazett’s equation (QTc = QT/(�RR). All patients signed an informed con-
sent, which was in accordance with the standards of the Declaration of
Helsinki and approved by the Ethics Committee of the Canton of Zurich
(approval number KEK-ZH-Nr. 2014-0443).

Assessment of clinical data and

genetic testing
Physical examination, 12-lead surface ECG, 24 to 48 h Holter ECG, stress
testing and transthoracic echocardiography (TTE) were performed in all

index patients. In first-degree family members, physical examination and
12-lead surface ECG were performed, while those with a QTc <_ 360 ms
additionally received a TTE and 24 h Holter ECG. Genetic analysis was
performed in all first-degree family members of all index patients, and
additionally in second-degree family members of family number 3.

In all index patients DNA was extracted from peripheral macrophages.
A targeted clinical exome panel sequencing was performed by NGS using
the TrueSight One Sequencing Panel (Illumina, San Diego, USA), which
includes 4813 genes. The analysed cardiac panel consisted of 104 genes
(see Supplementary material online, Table S1). All associated mutations
were confirmed by direct Sanger sequencing. Read alignment and local
realignment of indels was performed using CLC Workbench v7.5.1
(CLCBio, Aarhus, Denmark). Variant prediction was done using the tools
Polyphen2, SIFT, and MutationTaster. The following databases were used
to analyse the sequences in detail: Human Gene Mutation Database
Professional (Biobase, Wolfenbuettel, Germany), 1000 Genomes Project
(Massachusetts, USA), and Exome Aggregation Consortium browser
(ExAC), as previously described by our group.12 In index patient 3, the
loss of function calcium channel mutation has been previously described
by our group.11 In this paper, we report the comprehensive genetic find-
ings and extended clinical follow-up of this patient and cascade screening
of her family members.

Results

Clinical characteristics and genetic
analysis of the three families with the
SQTS
SQTS family 1

The male index patient 1 (III1) was first screened at the age of
6 months after his father (II2) died of confirmed SCD due to ventricu-
lar fibrillation (VF). The 12-lead surface ECG of index patient (III1) re-
vealed a shortened QTc < 320 ms at that time. The patient suffered
from syncope at the age of 1 year. Although the electrophysiological
study that was performed at a previous work-up did not induce
tachyarrhythmia during programmed ventricular stimulation, an intra-
venous ICD was implanted at the age of 16 due to the strong family
history of SCD. His latest adequate ICD discharge was at the age of
17 due to VF.13,14 The device was changed 2 years later, in 2005, due
to battery malfunction. During the same year, he had two inappropri-
ate therapies due to T-wave oversensing. After adjustment of the
sensing threshold and initiation of antiarrhythmic therapy with quini-
dine, there were no other episodes of inadequate shocks. In 2015,
the intravenous ICD was replaced due to battery depletion. During
follow-up, the patient had a lead fracture. A transvenous lead extrac-
tion was attempted, but was not successful due to severe adhesions
in the superior vena cava. The lead was hence left in place and a sub-
cutaneous ICD (S-ICD) was implanted. The patient had normal TTE
findings. His most recent ECG at age 28 revealed a QTc of 304 ms.
His father (II2) was 28 years old when he died of SCD. He never had
an ECG, cardiac imaging, or genetic testing performed. It was re-
ported that his paternal grandmother (I2) also had a shortened QTc.
His father’s siblings all received cardiovascular examinations including
TTE, and none of them had shortened QTc-intervals or other patho-
logical findings.

NGS in the index patient (III1) revealed a pathogenic missense mu-
tation in KCNH2 c.1764C>G (p.Asn588Lys). This mutation has been

What’s new?

• Our study shows that during clinical long-term follow-up of
index patients with the short QT syndrome (SQTS) there
were no structural changes regarding the heart function.

• The corrected QT-interval of index patients remained short,
showed a low variability during follow-up and was always rec-
ognizable by 12 lead ECG.

• Genetic analysis using next generation sequencing (NGS)
methods revealed that all SQTS patients had SQTS-associated
genetic mutations.

• This study describes the first SQTS case where a KCNH2
p.Ser631Ala and a SCN10A p.Arg1869Cys missense variant
was detected using NGS.
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predicted to be deleterious according to SIFT, probably damaging ac-
cording to Polyphen 2, and it has been previously associated with
SQTS-1. No other mutations in genes associated with SQTS or SCD
were found. Of note, we found the KCNJ5 variant c.631C>T (p.Arg
211Trp) of unknown significance predicted to be deleterious by SIFT
and probably damaging by Polyphen 2, so far not being associated
with SQTS (Figure 1; Tables 1 and 2).

SQTS family 2

The female index patient (III1) of this family was screened when she
was 6 years old, after one of her cousins died suddenly at the age of
17. Her ECG at that time revealed a QTc of <320 ms. She remained
free of any symptoms until the age of 16 when she had two episodes
of arrhythmic syncope during physical activity. Initially, an S-ICD was
implanted at age 17. She underwent surgical revision due to

persistent pain, which did not subside. As a result, the S-ICD had to
be removed and a transvenous system was implanted. The patient
did not receive any ICD therapies since implantation. Her most re-
cent ECG at age 18 revealed a QTc of 323 ms. All performed TTEs
were normal. The father (II2) of the index patient also had a short-
ened QTc of 324 ms. Due to his age (54 years) and complete lack of
clinical symptoms, ICD therapy was not considered. His TTE was
normal. A clinical assessment of the younger sister revealed a short-
ened QTc of 340 ms. TTE at age 12 showed a slightly reduced left
ventricular ejection fraction of 49% that remained stable during
follow-up. Cardiac magnetic resonance tomography showed a slightly
enlarged left ventricle with an ejection fraction of 47%, but no signs of
myocardial fibrosis or intramyocardial fat. There were no morpho-
logical abnormalities and the right ventricle was normal in volume
and systolic function. She never complained of any cardiac symptoms
and stress testing as well as 48-h ECG did not reveal any pathologies.
Due to complete lack of symptoms and after assessing the individual
risk-to-benefit ratio, an ICD was not implanted. Regular follow-up
has been recommended, and she is currently doing well. The asymp-
tomatic twin brother (III3) also underwent clinical examinations, and
his ECG did not reveal a shortened QTc-interval. The father (II2) has
10 siblings; three brothers and seven sisters. One of the sisters (II3)
had died suddenly at age 30. Another sister had two sons, one of
them (III4) had died suddenly at the age of 4 months, the other one
(III5) had died suddenly at the age of 17 years. No further information
was obtainable since the father had not been in contact with any of
his siblings for the past 10 years. According to the mother (II1), all her
siblings were in good health (Figure 2, Table 1). Next generation
sequencing in the index patient (III1) revealed a novel missense muta-
tion in KCNH2 c.1891T>G (p.Ser631Ala) that has not been previ-
ously associated with the SQTS, and additionally a missense variant in
SCN10A c.5605C>T (p.Arg1869Cys). The KCNH2 variant was pre-
dicted to be tolerated according to SIFT, probably damaging accord-
ing to Polyphen 2, and disease causing according to MutationTaster;
the SCN10A variant was predicted to be deleterious according to
SIFT, probably damaging according to Polyphen 2, and disease causing
according to MutationTaster. The father (II2) of the index patient had
the same KCNH2 mutation, but did not harbour the SCN10A muta-
tion. Her siblings were also screened for the SQTS-associated muta-
tion. The younger sister (III2) harboured the same KCNH2 mutation,
whereas the dizygotic twin brother (III3) of the index patient did not
(Table 2). Of note, the asymptomatic mother with a normal ECG har-
boured only the SCN10A variant.

SQTS family 3

The female index patient from this family (III1) was screened for
SQTS after an out of-hospital arrest due to VF and aborted SCD at
the age of 17 years. The first ECG at hospital admission showed a
QTc of 329 ms. TTE was always normal. A transvenous ICD was im-
planted during this first admission and a beta-blocker therapy was ini-
tiated. Since then, no episodes of sustained arrhythmia were
detected. Five years later, this patient started suffering from convul-
sive episodes without any arrhythmias recorded on the ICD. An elec-
troencephalogram revealed epileptic potentials leading to the
diagnosis of symptomatic complex-partial epilepsy. An anticonvulsive
therapy with lamotrigine was initiated, and the patient did not have

A

B

QTc 304 ms

SCD

KCNH2
c.1764C>G/=

III

II

I

1

2 31 4 5

21

Figure 1 SQTS family 1. (A) Pedigree of the reported family.
Roman number indicates each generation; Arabic number indicates
each individual; black arrow indicates index patient; circle and box
indicate female resp. male gender; green box indicates phenotypi-
cally affected family member; red boxes and circles are family mem-
bers with suspected phenotypes; blue boxes and circles are family
members without clinical phenotypes; slashed indicate deceased
family members; each genetic variant is listed above; /= indicating
heterozygous mutation; =/= indicating non-presence of variant/mu-
tation; SCD, sudden cardiac death; (B) 12-lead surface ECG
(25 mm/s, 10 mm/mV) of the index patient III1 with QTc interval.
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another epileptic episode. Her most recent ECG at age 25 showed a
QTc of 322 ms. Screening of family members including her brother
(III2), mother (II1) and father (II2), her father’s siblings (II3/4), as well
as her paternal grandparents (I1/2), and revealed that her asymptom-
atic father (II2) and asymptomatic grandmother (I2) both had rela-
tively short QTc-intervals, but otherwise normal cardiovascular
exams (Figure 3, Table 1). NGS in the index patient (III1) confirmed
the loss of function CACNA2D mutation c.2264G>C (p.Ser755Thr)
(SQTS-6), which has previously been described by our group.11

We did not find any other variants related with SQTS or SCD. Of
note, we found a variant in dystrophin c.5010G>T (Trp1670Cys) of

uncertain significance predicted to be deleterious by SIFT and prob-
ably damaging by Polyphen 2. Co-segregation analysis showed that
her father (II2) (with a QTc of 357 ms at last follow-up in 2016) and
her paternal grandmother (I2) were also carriers of the same
CACNA2D variant (Table 2).

Long-term follow-up
The median follow-up period with yearly check-ups in our clinic was
8 years (IQR 6–10.5 years). During this period, there were no signifi-
cant changes in ECG morphology nor QT-interval, no changes in LV/
RV ejection fraction and no symptoms during stress testing in any of

....................................................................................................................................................................................................................

Table 1 Clinical characteristics of index patients and first-degree family members of each index patient

Patient Age at

diagnosis

(years)

Age at last

follow-up

(years)

Arrhythmic Event:

1 5 sudden

cardiac arrest,

2 5 ventricular

fibrillation,

3 5 syncope

Gender

(m 5 0

f 5 1)

Family

history;

0 5 no;

1 5 yes

Systolic/

diastolic

BP

(mmHg)

ICD since LVEF (%) QTc-

interval

(ms)

SQTS family 1 Index: III1 0.5 28 2, 3 0 1 132/92 07.2.2003 55 304

SQTS family 2 Index: III1 6 18 3 1 0* 110/70 19.1.2015 60 323

SQTS family 3 Index: III1 17 25 1, 2, 3 1 0 132/84 05.8.2008 55 322

SQTS family 2 Member: II2 54 54 – 0 1 – – 56 324

SQTS family 2 Member: III2 12 15 – 1 1 – – 45 340

SQTS family 2 Member: III3 – 20 – 0 1 – – 60 381

SQTS family 3 Member: II2 45 51 – 0 1 – – – 357

SQTS family 3 Member: III2 – 24 – 0 1 – – – 389

Roman number indicates each generation; Arabic number indicates each individual.
m, male; f, female; BP, blood pressure; family history, (survived) sudden cardiac death of first degree family member <_ 40 years; QTc, corrected QT;
*, sudden cardiac death of second degree family member <_ 40 years.

....................................................................................................................................................................................................................

Table 2 List of genetic mutations of index patients and first degree family members

Patient Gene DNA

change

Predicted

aminoacid

change

GenBank

accession-

number

Type SIFT Polyphen 2 MutationTaster Consequence

SQTS family

1 index III1

KCNH2 c.1764C>G p.Asn588Lys NM_000238 Missense Tolerated Possibly

damaging

Disease causing Gain-of-function18

SQTS family

2 index III1

KCNH2 c.1891T>G p.Ser631Ala NM_000238 Missense Tolerated Possibly

damaging

Disease causing Gain-of-function19

SCN10A c.5605C>T p.Arg1869Cys NM_006514 Missense Deleterious Possibly

damaging

Disease causing Loss-of-function20

SQTS family

3 index III1

CACNA2D1 c.2264G>C p.Ser755Thr NM_000722 Missense Tolerated Benign Disease causing Loss-of-function11

SQTS family

2 member III2

KCNH2 c.1891T>G p.Ser631Ala NM_000238.3 Missense Tolerated Possibly

damaging

Disease causing Gain-of-function19

SQTS family

2 member II2

KCNH2 c.1891T>G p.Ser631Ala NM_000238.3 Missense Tolerated Possibly

damaging

Disease causing Gain-of-function19

SQTS family

3 member II2

CACNA2D1 c.2264G>C p.Ser755Thr NM_000722 Missense Tolerated Benign Disease causing Loss-of-function11

SIFT, Polyphen 2, and MutationTaster are algorithms that predict the pathogenic effect of a genetic variant. Roman number indicates each generation; Arabic number indicates
each individual.
NM, GenBank accession number.
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KCNH2
c.1891T>G/=

KCNH2
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KCNH2
c.1891T>G/=

#
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I
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1 2 3 4 5

1 2 3 4

1 2

Sister III2Index patient III1

Father II2

QTc 323 ms

QTc 324 ms

QTc 340 ms

QTc 381 ms

Brother III3

Figure 2 SQTS family 2. (A) Pedigree of the reported family. Roman number indicates each generation; Arabic number indicates each individual;
black arrow indicates index patient, green boxes and circles are phenotypically affected family members; red boxes and circles are family members
with suspected phenotypes; blue boxes and circles are family members without a clinical phenotype; slashed indicates deceased family members;
each genetic variant is listed above; /= indicating heterozygous mutation; =/= indicating non-presence of variant; S, sudden death; * dizygotic twins; #
the father has three brothers and five additional sisters. One brother died in a car accident at the age of 40 years. His other siblings are all healthy and
had a clinical cardiovascular examination that was normal. (B) 12-lead surface ECG (25 mm/s, 10 mm/mV) of index patient III2, mutation positive first
degree family members III2 and II2, and mutation negative first degree family member III3, with QTc intervals.
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the index patients. Index patient 1 had a most recent episode of VF at
age 17, which was not exercise-related. Index patient 2 never experi-
enced an ICD therapy, and had a last episode of syncope at the age of
16 years during exercise prior to ICD implantation. Index patient
3 did not experience an ICD therapy either. Epileptic seizures were
diagnosed in index patient 3 at age 22, but after the initiation of lamo-
trigine she remained seizure-free. In all index patients and family
members with shortened QTc-intervals, the QTc-interval remained

short and was always recognizable by 12-lead ECG during follow-up
(Table 3). Symptomatic index patients had the shortest QTc-
intervals, whereas asymptomatic gene carriers had a tendency to-
wards longer QTc-intervals, and family members without a mutation
did not have shortened QTc-intervals. (Tables 1 and 3) Other ECG
parameters such as PQ-interval and QRS duration and morphology
did not differ between symptomatic patients and asymptomatic family
members.

CACNA2D1
c.2264G>C/=

CACNA2D1
c.2264G>C/=

CACNA2D1
c.2264G>C/=

=/=

=/=

III

II

I

A

B

2

3

1

421

21

=/= =/=

Father II2

QTc 357 msQTc 322  ms

Index patient III1

QTc 389 ms

Brother III2

Figure 3 SQTS family 3. (A) Pedigree of the reported family. Roman number indicates each generation; Arabic number indicates each individual;
black arrow indicates index patient, green boxes and circles are phenotypically affected family members and blue boxes and circles are family mem-
bers without a clinical phenotype; slashed indicate deceased family members; each genetic variant is listed above; /= indicating heterozygous mutation;
=/= indicating non-presence of variant; (B) 12-lead surface ECG (25 mm/s, 10 mm/mV) of index patient and mutation positive first degree family
member II2, and mutation negative first degree family member III2, with QTc interval.
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Discussion

In this study we investigated the genotype and long-term clinical out-
come of three unrelated index patients with SQTS and their family
members. We assessed relevant clinical parameters and performed
targeted clinical exome sequencing (NGS) and genetic cascade
screening. Our study has the following main findings:

(1) Follow-up revealed no significant changes of the QTc-interval dur-
ing the long-term.

(2) All index patients with the SQTS were genotype-positive and were
symptomatic at a young age, either during childhood or during
adolescence.

(3) Alive genotype-positive family members also had a short QTc, but
were asymptomatic, whereas genotype-negative family members
displayed normal QTc and were all asymptomatic.

(4) This study describes the first SQTS case harbouring KCNH2
p.Ser631Ala and SCN10A p.Arg1869Cys missense variants using
NGS.

Clinical outcome
Data on cohorts with the SQTS and their long-term outcomes are
scarce. It was reported that SQTS can be lethal and that cardiac ar-
rest may occur at a very young age. Mouse models have shown that
an augmented transmural dispersion of repolarization could be the
basis for arrhythmogenesis.4 There is a high risk of recurrent cardiac
arrest, and therefore, implantation of an ICD is justified in this popula-
tion.3 Previous studies have indicated that the age of disease manifest-
ation can span from in utero to the 8th decade. Accordingly, our
index patients all had an adverse arrhythmic event either during child-
hood or adolescence, and all of them had more than one arrhythmic
event. Nonetheless, the arrhythmic event and age of onset were dif-
ferent in each patient.

A major observation of our study was that there were no signifi-
cant changes in the QTc-interval in the index patients over time. The
QTc-intervals consistently remained short on 12-lead ECG. This sug-
gests a low variability of the QTc-interval and a high probability of de-
tecting this channelopathy by 12-lead surface ECG as compared with
the long QT syndrome or the Brugada syndrome. In the long QT syn-
drome, genotype-positive patients may have changing QTc-intervals,
and from time to time even intervals within normal limits.6

Risk stratification
Clinical scores for risk stratification in this potentially life-threatening
disease have been proposed,3 but according to the expert consensus
statement, the only established risk factors for recurrent malignant
arrhythmias, and therefore class I indications for ICD implantation,
are aborted SCD or sustained VT/VF.6 Therefore, the use of Holter
ECGs is important. Implantable ECG loop recorders in patients with
a suspicious history may be useful. Another potential arrhythmogenic
risk factor is the degree of QTc shortening.3 In line with this, index
patient 1 (SQTS famiy1, III1) had the shortest QTc-interval of all pa-
tients and was the one to develop symptoms and ventricular arrhyth-
mias at a younger age as compared with the others. Furthermore, all
index patients had shorter QTc-intervals compared with their geno-
type positive family members and asymptomatic genotype negative
family members all had a normal QTc-interval. Moreover, being an
index patient per se has been reported to confer an increased risk for
ventricular arrhythmias as compared with family members in other
inherited channelopathies and cardiomyopathies.1 We made the
same observation for SQTS in this study. However, this phenomenon
may be caused by an ascertainment bias, indicating that index patients
may present with more severe phenotypes because they are the
ones being most symptomatic and presenting to the clinic.2,3

Regarding asymptomatic family members with a short QTc-interval
or those with positive genotypes, there are no therapy recommenda-
tions.6 Nonetheless, it is suggested that first-degree family members
of an index patient should all be genetically screened, especially if a
pathogenic variant has been identified. Screening should also include
more distant relatives if a suspicious clinical history is reported.1,6

Differential phenotypic expression
In the case of family 2, the sister (III2) of index patient 2 with the
same KCNH2 mutation did not display any arrhythmic symptoms, but
presented with a slightly impaired LV ejection fraction. It has been
speculated that SQTS may slightly influence LV ejection fraction
through mechanical dispersion.4,15 Indeed, it is known from other in-
herited cardiac diseases that a genetic mutation may present with
ion-channel dysfunction and arrhythmias in some patients, but
structural abnormalities in others.16 It may be hypothesized that epi-
genetic factors and post-translational modification may cause this
phenomenon.

....................................................................................................................................................................................................................

Table 3 QTc variability assessed by 12-lead surface ECGs during follow-up of index patients and family members

Index patients and family members Number of

ECGs

Time between ECGs,

months (median, IQR)

QTc-interval, ms

(median, IQR)

SQTS family 1 (III1) 6 10 (8–28) 275 (261–287)

SQTS family 2 (III1) 5 4 (3–5) 304 (278–323)

SQTS family 3 (III1) 6 13 (12–16) 330 (329–335)

SQTS family 2 member II2 2 0.5 324 (312–326)

SQTS family 2 member III2 4 5 (5–7) 321 (304–331)

SQTS family 2 member III3 2 10 411 (396–426)

SQTS family 3 member II2 2 74 360 (358–361)

SQTS family 3 member III2 2 82 389 (389–389)

Data are presented as median (IQR).
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Next generation sequencing (NGS)
The role of genetic testing for identifying the aetiology of SCD and its
prevention is becoming increasingly important. NGS, a recently intro-
duced technology that can yield a vast amount of genetic information
within a short period of time, is emerging as a valuable diagnostic tool
in SCD, channelopathies, and cardiomyopathies.12 NGS can poten-
tially help to identify the aetiology of overlap syndromes and differen-
tial phenotypic expression, where multiple mutations influence
disease onset and severity.17 Various in silico bioinformatic tools have
been developed to predict the pathogenicity of missense variants
such as SIFT, Polyphen 2, and MutationTaster. However, their predic-
tions should be interpreted with caution, and further evidence re-
garding the pathogenicity of a variant should be sought.

In the present study, phenotypic expression and clinical outcomes
were different in each index patient and family members suggesting
that genetic modulators and disease modifiers may play an important
role. The KCNH2 mutation of SQTS family 1 c.1764C>G has been
described as a gain of function mutation of the hERG channel associ-
ated with SQTS-1,18 whereas the KCNH2 c.1891T>G mutation of
SQTS family 2 has never been described before. Early functional stud-
ies showed that this mutation affects the pore region of the hERG
channel and confers a gain of function mutation comparable to the
mutations already described in SQTS, even before the disease was
first described.18,19 Moreover, the SCN10A c.5605C>T variant of
index patient III1 from SQTS family 2 was predicted to be deleterious
according to SIFT, possibly damaging according to Polyphen 2 and
disease causing according to MustationTaster. Co-segregation ana-
lysis showed that her father, presenting with a milder phenotype, did
not harbour this SCN10A variant, but the asymptomatic mother
with a normal ECG did harbour that variant. SCN10A c.5605C>T has
been associated with a loss of function of the SCN10 sodium current
and Brugada syndrome.20 It may be speculated that this variant alone
is not enough to cause SQTS, but acts as a modifier in our index pa-
tient. Index patient of SQTS family 3 III1 had a CACNA2D1
c.2264G>C mutation, which was first discovered by our group in
2011.11 Functional studies showed that a loss of function mutation in
this gene, which encodes for subunits of the L-type calcium channel,
leads to shorter QTc-intervals by decreasing the amplitude of inward
calcium current. Our observations in the current study are in line
with previous literature on SQTS showing that gain of function in
KCNH2 and loss of function mutations in CACNA2D1 both lead to
shorter QTc-intervals.

Treatment
In patients who have experienced an aborted SCD and/or docu-
mented spontaneous sustained VT/VF with or without syncope, ICD
implantation is warranted. Appropriate programming of the ICD is
essential in order to prevent inappropriate shocks due to T-wave
oversensing, as seen in index patient III1 of SQTS family 1.6 Regarding
additional drug therapy, quinidine seems to be effective due to its
QT-prolonging properties. However, this seems to be mainly prom-
inent in SQTS-1.21 This index patient (SQTS family 1) from our study
remained free of symptoms after the initiation of quinidine. Other
drugs, including class III antiarrhythmics, may be considered in other
subtypes. Experimental studies also highlight the role of ranolazine as
an inhibitor of the hERG potassium channel, thus representing a

promising therapeutic agent.22 Nonetheless, recommendations on
antiarrhythmic drugs only rely on small observational cohorts.6,21

There are no studies supporting ICD implantation in asymptomatic
patients despite being genotype positive. Nevertheless, an ICD may
be considered in SQTS patients without documented VT/VF/SCD,
but with a strong family history of SCD.3

Limitations
Since this was an observational clinical study in SQTS families, data
were acquired during regular visits to our clinic. In order to avoid
‘genetic overdiagnosis’, our search included 104 genes commonly
associated with channelopathies/cardiomyopathies. Therefore, we
cannot exclude to have missed novel mutations or modifiers in other
genes. Since these are observations in a limited number of patients,
our findings need to be verified in larger cohorts.

Conclusions

SQTS is a rare genetic condition, which is associated with a short
QTc-interval and potentially life-threatening ventricular tachyar-
rhythmias. This long-term follow-up study shows low variability of
the QTc-interval in each patient and different phenotypic outcomes
in this disease. It also highlights the importance of NGS for early diag-
nosis, and the possibility to identify genetic disease modifiers.
Nonetheless, our preliminary findings have to be confirmed in larger
cohorts.

Supplementary material

Supplementary material is available at Europace online.
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