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REVIEW

Genetic and Clinical Advances in Congenital
Long QT Syndrome

Yuka Mizusawa, MD; Minoru Horie, MD, PhD; Arthur AM Wilde, MD, PhD

Congenital long QT syndrome (LQTS) is an inherited arrhythmia syndrome characterized by a prolonged QT interval
on the 12-lead ECG, torsades de pointes and a higher chance of sudden cardiac death. LQTS segregates in a
Mendelian fashion, which includes Romano-Ward syndrome with an autosomal dominant pattern as well as a rare
autosomal recessive pattern (Jervell and Lange-Nielsen syndrome). Since 1957 when Jervell and Lange-Nielsen
reported the first familial LQTS with congenital deafness, progress in understanding the genetic and electrophysi-
ological mechanisms of LQTS has tremendously improved diagnostic methods and treatments. In the meantime, it
has become evident that LQTS may not always be explained by a single gene mutation, but seems to follow a more
complex genetic model intertwined with genetic common polymorphisms that have a mild to moderate effect on
disease expression. In this review, we summarize the characteristics of LQTS (mainly LQT1--3) and briefly describe
the most recent advances in LQTS clinical diagnostics as well as genetics. (Circ J 2014; 78: 2827-2833)
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tremendous progress in understanding its pathogenesis,

diagnosis and treatments has been achieved. This re-
view will describe the recent update of the diagnostic scoring
system in 2011, the expert consensus statement published in
2013 and new challenges in discovering genotype-phenotype
relationship in LQTS. Because of limited space, our focus is
mainly on the general concept of the most frequently encoun-
tered Romano-Ward syndrome (RWS; LQTS types 1-3). De-
tails of minor LQTS subtypes are to be found elsewhere.*

Since the first description of a LQTS family in 1957,

Clinical Characierisiics

The prevalence of congenital LQTS is reported to be approxi-
mately 1/2,000.5 Syncope is generally the most commonly
encountered first episode in LQTS patients, and aborted car-
diac arrest/sudden cardiac death (ACA/SCD) is rare (1-3%).°
Of the patients who eventually become symptomatic, 50%
experience their first cardiac event by the age of 12, and 90%
by the age of 40.7 LQTS is also known as an etiology of sud-
den infant death syndrome (SIDS)? and in approximately 10%
of SIDS cases the infant carried a mutation in a LQTS-caus-
ing gene.’

The most frequent LQTS subtypes are type 1 (LQT1), type
2 (LQT2) and type 3 (LQT3)."* The subdivision is based on
the underlying genetic substrate, with the potassium channel
genes, KCNQI, KCNH2, and the sodium channel gene, SCN5A,

as the involved genes. Specific triggers of symptoms are known
in these major LQTS subtypes. For example in LQT1, cardiac
events occur during physical exertion or emotional stress,
typically during swimming,"! whereas auditory stimulation such
as an alarm clock or a telephone bell is a typical trigger for
arrhythmic events in LQT2.'* Emotional stress, as well as the
postpartum period, are also frequently observed triggers of
arrhythmia in LQT2."** More recently, a history of epilepsy
has been reported to be more common with LQT2 (39%}) than
with other subtypes of LQTS (10%, P<0.001),™ possibly be-
cause KCNH?2 is expressed in the brain as well."* Obviously in
such cases, the differential diagnosis of LQTS and epilepsy is
important for treatment, because LQTS is often mistreated as
epilepsy because of generalized seizures secondary to torsades
de pointes. In LQT3, symptoms are most frequently observed
during rest or at night.*"#*

Diagnosis

Table 1 shows the LQTS diagnostic scoring system (updated
in 2011), which includes symptoms, family history and ECG
findings.'¢ Patients with a Schwartz score 23.5 points in the
absence of a secondary cause for QT prolongation are diag-
nosed as LQTS.” Typical LQTS cases can be readily diag-
nosed with this scoring system, whereas latent LQTS patients
with normal QTc at rest, found in 36% of LQT1, 19% of LQT2
and 10% of LQT3, respectively,'® may show a non-diagnostic

Received August 18, 2014; revised manuscript received August 21, 2014; accepted August 24, 2014; released online October 1, 2014

The Heart Failure Research Center, Department of Clinical and Experimental Cardiology, Academic Medical Center, University of
Amsterdam, Amsterdam (Y.M., A.A.M.W.), the Netherlands; Department of Cardiovascular and Respiratory Medicine, Shiga Univer-
sity of Medical Science, Otsu (M.H.), Japan; and Princess Al-Jawhara Al-Brahim Centre of Excellence in Research of Hereditary Dis-
orders, King Abdulaziz University, Jeddah (A.A.M.W.), Kingdom of Saudi Arabia

Mailing address: Yuka Mizusawa, MD, The Heart Failure Research Center, Department of Clinical and Experimental Cardiology, Aca-
demic Medical Center, Meibergdreef 9, 1105 AZ Amsterdam, the Netherlands. E-mail: Y.Mizusawa@amc.uva.nl

ISSN-1346-9843  doi: 10.1253/circj.CJ-14-0905

All rights are reserved to the Japanese Circulation Society. For permissions, please e-mail: ¢j@j-circ.or.jp

— 276 —




2828

MIZUSAWA Y et al.

Table 1. Schwartz Score (Updated in2011)
' ' Points
ECG findings
QTc
>480ms
460-470ms
450 (male) ms
4-min recovery QTc after exercise test 2480ms
Torsades de pointes
T-wave alternans
Notched T wave in 3 leads
Low heart rate for age 0.5
Clinical history
Syncope
With stress 2
Without stress 1
Congenital deafness 0.5
Family history
A. Family members with definite LQTS 1

B. Unexplained sudden cardiac death <age 30 0.5
among immediate family members

-, D) ek - D)W

LQTS diagnostic criteria. QTc is calculated by Bazett's formula
where QTc=QT/+RR. Low heart rate for age means resting heart
rate below the 2nd percentile for age.

score of 1-3 points. In such cases, serial ECGs, 24-h Holter
recordings, and an exercise or epinephrine test are recom-
mended to reveal subclinical QT prolongation. 3!

With regard to the exercise test, the QT interval during the
recovery phase is valuable in LQTS diagnostics.?** In 69
relatives of LQT1 and LQT?2 probands who showed borderline
to normal QTc at rest, Sy et al reported that a 4-min recovery
QTc >445ms discriminated LQTS gene carriers from non-
carriers, and a 4-min recovery 2480ms showed 100% speci-
ficity.*> Horner et al reported from exercise testing of 243
patients that paradoxical QTc prolongation during the recov-
ery phase (QTc 2460 ms) distinguished LQTS, particularly
LQT1, and AQTc 230ms (QTc 3-min recovery minus the base-
line supine QTc) showed a high sensitivity and specificity
(83% and 93%, respectively).** Importantly, both studies re-
ported that exercise testing showed satisfactory results in dis-
tinguishing LQTS cases from innocent ones while on S-blockers,
suggesting no need for a f-blocker washout.”>?3 As another
diagnostic method in LQTS, brisk movement from supine to
upright has been reported.** In that study, QTc was signifi-
cantly increased by 89+47ms in the LQTS group compared
with 50+30ms in the control group during maximal sinus
tachycardia induced by standing up.>*

To note, the QT interval measurement can vary according
to physician and LQTS expertise.* In addition, accurate mea-
surement of the QTc interval at high heart rate (HR) is par-
ticularly challenging. In the case of children, by analyzing
ECGs from a school-based screening program, Yoshinaga et
al managed to appropriately diagnose genotype-positive LQTS
cases with a QTc cut-off value (Bazett’s formula) 2450 ms for
HR <75 beats/min and =500 ms for HR 275 beats/min (94% in
screened children), although it was not shown how many
genotype-positive patients were missed by the use of these
cut-off values.* In any case, an expert eye on the QT interval
(and ST-T morphology) remains a cornerstone of LQTS diag-
nostics.

In addition to the diagnostic criteria just mentioned, T wave
morphology may help differentiate LQT1-3.7 Typically, a
broad T wave is observed in LQT1 (Figure A), a biphasic T
wave in LQT2 (¥igure B) and a late-appearing T wave in
LQT3, which has a narrow and tall shape, and appears at the
very end of the QT interval (Figure C).%

Furthermore, genotyping is certainly important in the diag-
nosis and treatment of LQTS.*” Currently in Asia, LQTS ge-
netic testing (candidate gene approach) is reimbursed in Korea
(by Korean NIH for 13 LQTS genes) and in Japan (70%
covered by the government public health insurance), but it
remains at research level at least in Bangladesh, China, India,
Taiwan and Thailand because of either high costs or lack of
facilities for broad use (personal communication). Currently,
in the era of next-generation sequencing, technological ad-
vances enable us to screen many more genes through disease-
associated gene panels or even whole exome sequencing.
However, with these methods, there are numerous rare “vari-
ants of unknown significance” reported with unknown risk
associated with disease. Such variants remain elusive and
await further research to establish genotype-phenotype rela-
tionships before they can used in the clinical setting.

Electrophysiclogical and
Genetic Abnormalities in LOTS

The QT interval reflects repolarization of the ventricular ac-
tion potentials orchestrated by various cardiac ion currents,
including sodium, calcium and potassium currents.** When a
decreased potassium current (loss-of-function) or increased
sodium or calcium current (gain-of-function) is caused by a
mutation in an ion channel or axillary protein, a prolongation
of the action potential duration occurs, which manifests on the
12-lead ECG as QT prolongation.

In 1995 and 1996, causal gene mutations of familial LQTS
in 3 genes (KCNQI, KCNH2 and SCN5A) were discovered.?-3?
To date, mutations in 15 different genes have been reported in
LQTS (Table 2),** but KCNQI, KCNH2 and SCN5A re-
main numerically the major genes in LQTS and comprise
more than 90% of genotype-positive cases of LQTS."? A
causal mutation is found in approximately 75% of LQTS pa-
tients with a Schwartz score 24,** but the genetic background
of the other 25% of patients remain elusive.

In approximately 85% of genotype-positive cases of LQTS,
the patient carries a mutation inherited from one of the parents
and in the remaining 15% a de novo mutation is pertinent.* In
genotyped LQTS patients, approximately 50% have no life-
time symptoms, and 10-50% of such patients show no appar-
ent QT prolongation.**¢ Compound mutations (ie, 22 muta-
tions) are found in 10% of genotype-positive patients*” and the
clinical manifestation of disease in such patients is often more
severe.#54?

As for minor LQTS subtypes with severe clinical pheno-
types, mutations in KCNQI or KCNE] present as homozygous
or compound heterozygous mutations in Jervell and Lange-
Nielsen syndrome (J-LNS; Tabie 2).3%51 KCNQI mutations are
much more prevalent (90%) than KCNE1 mutations (10%).5
Calmodulin de novo mutations were reported in infant cases
of recurrent cardiac arrest by means of exome sequencing in
the parents-child trio.*!

fenetic Modifiers of LOTS

Since the beginning of research into the genetic background
in LQTS, linkage analysis and the candidate gene approach
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LQm™

LQT2

Ve

LQT3

Flgure. ECGs of LQTS types 1-3, with the typical T wave of each subtype. (&) LQTS type 1 with typical broad-based T wave
pattern. (2) LQTS type 2 with typical bifid T wave. (C) LQTS type 3 with late-onset peaked T wave.

LQTS type
Romano-Ward
LQT1
LQT2
LQT3
LQT4

LQTS
LQT6
LQT7
LQT8
LQT9
LQT10

LQT11
LQT12
LQT13
LQT14
LQT15
Jervell and Lange-Nielsen

JLN1

JLN2

Gene

KCNQT
KCNH2
SCN5A
ANKB

KCNET
KCNE2
KCNJ2
CACNA1C
CAV3
SCN4B

AKAP9
SNTA1
KCNJ5
CALM1
CALM2

KCNQ1
KCNET

Tablz 2. angenital LQTS Genes and Affe;:ted lon Currents

Protein

Kv7.1
Kv11.1
Nav1.5
Ankyrin

MinK
MiRP1
Kir2.1
Cav1.2
Caveolin 3

Sodium channel
B4-subunit

Yotiao
Syntrophin-al
Kir3.4
Calmodulin 1
Calmodulin 2

Kv7.1
MinK

Current

i Iks
bolke
1 Ina

| Coordination of Ncx,
Na/K ATPase

ks
bolke
bk
1 loa
T Ina
1 Ina

1 lks
T INa
b Ikech

Dysfunctional Ca?*
signaling

ks
b ks

Frequency (%)

40-55
3045
5-10
Rare

Rare
Rare
Rare
Rare
Rare
Very rare

Very rare

Very rare

Very rare
Rare
Rare

Rare
Rare
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have been used, assuming LQTS to be a monogenic model.
Later, it became evident from research into large LQTS fami-
lies that LQTS actually shows incomplete penetrance with
variable expressivity. In other words, different clinical pheno-
types (sudden death, syncope, asymptomatic) are observed in
family members carrying the same familial mutation, which
may be caused by a more complex genetic model involving
multiple genetic and environmental factors affecting disease
development.

Modifier genes are common genetic variants found in more
than 1% of affected individuals, which have an influence on
susceptibility to disease. They have less effect on disease
compared with a causal gene mutation, but by summing up the
effects of such modifier genes, the disease severity varies. In
LQTS, variants in the coding regions of LQTS-related genes
such as KCNEI D85N,* KCNH2 K897T,* and SCNS5A
H558R* are known to influence the QT interval. Single nucle-
otide polymorphisms (SNPs) in non-coding regions (intron,
3’UTR) of KCNQ! are also reported as an important QT-in-
terval modifier.%57 Furthermore, genome-wide association
studies have revealed SNPs in NOSIAP as a modulator of QT
interval in LQTS patients,*** as well as in the general popula-
tion.%® An effort to find any SNPs affecting QT interval of the
Caucasian general population continues by larger interna-
tional consortia.®’ This field is expected to expand to further
understand the complexity of genotype-phenotype relation-
ship in LQTS. However, it remains currently at the research
level, which requires careful interpretation by experts.**

Bisk Assessment of Cardiac Evenis

The well-established parameters of risk stratification in LQTS
patients are prolonged QTc interval 2500 ms and a history of
syncope.'® More detailed studies have revealed that the risk of
a first cardiac event in males is higher in childhood before
puberty, whereas in females, cardiac events occur during ado-
lescence and the postpartum period.®*% In adults between 18
and 40 years of age, the risks of experiencing any cardiac
event are a history of 21 cardiac events before age 18 years,
female sex, longer QTc interval (2440ms) and LQT2.%5 For
patients older than 40 years, LQT?3 patients have significantly
more cumulative lethal arrhythmic events (35%) than LQT1
(14%), LQT2 (24%) and genotype-negative patients (10%).5-47
Importantly, a family history of SCD in a first-degree relative
is not a significant risk for ACA/SCD.%

LQTS patients with a normal QTc interval (<440 ms) carry
alower risk of ACA/SCD compared with LQTS patients with
QT prolongation (QTc >440ms), but still show >10-fold risk
of fatal arrhythmia compared with genotype- and phenotype-
negative family members.*” Such “latent” cases of LQTS can
be recapitulated by cellular electrophysiological studies and
can give further insights to the mechanisms. For example, Wu
et al used a heterozygous construct of KCNQI-G269S in CHO
and HEK cells and showed that this mutation located in seg-
ment 5 of Ixs channel significantly disrupted upregulation of
Ixs currents in response to protein kinase A (PKA) stimulation,
which fits with the clinical characteristics of patients carrying
KCNQ1-G269S (borderline QT interval at rest and QT prolon-
gation and syncope after exercise).”

More recent studies have shown that mutation location and
type influence the variability of symptoms. In patients with
LQT1, missense cytoplasmic-loop mutations have been re-
ported to cause a longer QT interval at enrolment and an in-
creased risk of ACA/SCD.”* As a specific mutation in KCNQI,
A341V, more than other KCNQI mutations (transmembrane

or dominant-negative mutations), harbors the most severe
phenotype.”™ In LQT?2 patients, the risk of ACA/SCD is
higher in females regardless of mutation site compared with
males.” Among male subjects, patients with pore-loop muta-
tions,”™ especially missense mutations,” show a higher inci-
dence of ACA/SCD compared with non-pore-loop mutations.

Trealment

Drug Therapy
Beta-blocker therapy is the first choice for LQTS."” It dra-
matically decreases event rates, from 0.97 to 0.31 events per
patient per year.”” Recurrent events were often seen in patients
with a history of ACA or in patients who are non-compliant
with f-blocker therapy.”” In LQT1 and LQT?2, propranolol
(2-4mg-kg'-day-') and nadolol (1-1.5mg-kg'-day") have
been shown to be much more effective than metoprolol in
suppressing recurrent cardiac events.” Therefore, metoprolol
should probably not be prescribed in symptomatic LQTS pa-
tients.”®” Atenolol, not included in the aforementioned study,
appears to be less effective, according to a study performed in
(only) 28 genotyped patients with a median follow-up of 46
months.®

Of the 3 major genotypes of LQTS, f-blocker therapy is
extremely effective in LQT1 because of the prominent in-
volvement of adrenergic stimulation in its pathogenesis.!!?
Pure B-blockers are less effective in LQT2 than LQTI, pos-
sibly because of aia adrenoreceptor-mediated Ix- reduction.?!
Preliminary data recently extracted from >400 LQT?3 patients
showed that -blocker therapy is also protective in LQT3.8

As adjunctive therapy, some drugs are used in a genotype-
specific manner. For example, oral K* supplements are con-
sidered especially in LQT?2 patients because the underly-
ing genetic defect is very sensitive to the serum potassium
level. %85 This holds true particularly when the serum potas-
sium level is low (eg, with diarrhea). In LQT3, mexiletine in
addition to S-blocker therapy may be considered in patients
with a specific mutation.®* Of note, worsening of QT prolon-
gation by mexiletine was reported in 1 individual with LQT3.8”
Therefore, it is important in LQT3 patients to re-check the QT
interval after mexiletine administration when the serum mex-
iletine level reaches the therapeutic level.”” Another drug, ra-
nolazine, a FDA-approved anti-anginal agent, has recently
drawn attention as an alternative choice to treat patients with
LQTS because it blocks the late sodium current, Inate, (and to
a minor extent the Ixr and Icar without proarrhythmic ef-
fects).* There is so far only 1 clinical report, which includes
a small number of patients, on the short-term effectiveness of
ranolazine in LQT3.%°

Cardiac events in LQTS patients are generally well con-
trolled with B-blocker therapy. However, patients with a his-
tory of ACA, symptomatic patients in the first year of life, and
patients with J-LNS carrying KCNQ! mutations are at par-
ticularly high risk and therefore, special aids, including im-
plantable cardioverter defibrillator (ICD) and left cardiac sym-
pathetic denervation (LCSD) on top of S-blocker therapy may
be deemed necessary because of the high recurrence rate of
fatal arrhythmia.””* Besides medical treatment, life-style ad-
vice for patients is important.!”

LCSD

LCSD is a surgical procedure to ablate the lower two-thirds of
the left stellate ganglion together with the thoracic ganglia
T2-T4 to denervate cardiac sympathetic innervation to the
heart.! It is currently used as an adjunctive therapy in symp-
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tomatic patients who are refractory to f3-blocker therapy. LCSD
has been shown to reduce cardiac events significantly in LQTS
with a rather high long-term cardiac-event-free survival
(46%/5 years,”t 59%/2 years™). In patients with a history of
syncope, post-LCSD QTc <500ms predicts efficacy of LCSD.”!
However, those with persistent QTc prolongation (2500 ms)
have a high chance of SCD and need to be protected with an
ICD. A known comiplication of this procedure is Horner’s
syndrome, but in most cascs, it is only transiently observed
after the surgery and the patient recovers afterwards.”

ICD

Use of an ICD should be regarded as adjunctive therapy in
LQTS. An ICD is recommended only for patients who have
frequent syncopal episodes despite being on maximal doses of
B-blocker (and eventually other additional pharmacological
therapies) or at high risk of recurrent ACA/SCD," such as
patients who have a history of ACA, symptomatic infant cases
(<1 year of age) or those with J-LNS.*

Conclusions

Research on LQTS in the past 2 decades has broadened our
knowledge of the mechanism as well as genotype-specific
therapeutic options. An ongoing challenge is LQTS with nor-
mal to borderline QTc at rest. In such cases, diagnostic tests to
detect maladaptation of the QT interval to HR are clinically
important. Indeed, the updated scoring system in 2011 now
includes QT interval of a recovery phase after exercise. In
LQTS genetics, next-generation sequencing enables us to de-
tect SNPs in coding/non-coding regions of (LQTS-related)
genes that modify the QT interval. Currently, analysis and
interpretation of results by next-generation sequencing re-
mains at the research level while advances in the understand-
ing of genotype-phenotype relationships, including LQTS
causal genes as well as SNPs, are expected to guide us further
to genetically-guided personalized treatment in the future.
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Genetic Characteristics of Children and Adolescents With
Long-QT Syndrome Diagnosed by School-Based
Electrocardiographic Screening Programs

Masao Yoshinaga, MD, PhD; Yu Kucho, MD; Jav Sarantuya, MD, PhD;
Yumiko Ninomiya, MD; Hitoshi Horigome, MD, PhD; Hiroya Ushinohama, MD, PhD;
Wataru Shimizu, MD, PhD; Minoru Horie, MD, PhD

Background—A school-based electrocardiographic screening program has been developed in Japan. However, few data are
available on the genetic characteristics of pediatric patients with long-QT syndrome who were diagnosed by this program.

Methods and Results—A total of 117 unrelated probands aged <18 years were the subjects who were referred to our centers
for genetic testing. Of these, 69 subjects diagnosed by the program formed the screened group. A total of 48 subjects
were included in the clinical group and were diagnosed with long-QT syndrome-related symptoms, familial study, or
by chance. Mutations were classified as radical, of high probability of pathogenicity, or of uncertain significance. Two
subjects in the clinical group died. Genotypes were identified in 50 (72%) and 23 (48%) of subjects in the screened and
clinical groups, respectively. Of the KCNQI or KCNH2 mutations, 31 of 33 (94%) in the screened group and 14 of 15
(93%) in the clinical group were radical and of high probability of pathogenicity. Prevalence of symptoms before (9/69
versus 31/48; P<0.0001) and after (12/69 versus 17/48; P=0.03) diagnosis was significantly lower in the screened group
when compared with that in the clinical group although the QTc values, family history of long-QT syndrome, sudden
death, and follow-up periods were not different between the groups.

Conclusions—These data suggest that the screening program may be effective for early diagnosis of long-QT syndrome that
may allow intervention before symptoms. In addition, screened patients should have follow-up equivalent to clinically
identified patients. (Circ Arrhythm Electrophysiol. 2014;7:107-112.)

Key Words: diagnosis ® genetic testing m QT interval electrocardiography m screening

Congenital long-QT syndrome (LQTS) is a genetic dis-
order characterized by delayed repolarization and by a
long-QT interval on 12-lead ECGs. Although many patients do
not have symptoms, the hallmark of the condition is syncope
or sudden death because of torsade de pointes.'? To date, 13
genes have been identified.>* There have been many reports on
the clinical and genetic backgrounds of patients with LQTS.
However, these were mainly based on data collected from
patients who had LQTS-related symptoms or familial studies
and from combined adult and pediatric populations.>>*

Clinical Perspective on p 112

A nationwide school-based ECG screening program for
heart diseases in first, seventh, and 10th graders in Japan has
revealed children and adolescents with prolonged QT inter-
vals. The prevalence of subjects with prolonged QT intervals
was =1:1200 in the seventh grade.' Differences in clinical

characteristics between patients who were screened by the
program and those who visited hospitals with symptoms have
been previously reported.'' However, before this study, few data
have been reported about the genetic characteristics of pediatric
patients who were diagnosed by ECG screening programs and
whose genetic testing was performed.”"* In addition, because
of a lack of reports containing large numbers of patients who
were screened alongside genetic testing, it is unclear whether
screened subjects have similar mutations of a high possibility of
pathogenesis to those who have LQTS-related symptoms.
From the genetic testing viewpoint, the few percentage
background rate of the rare KCNQ/ and KCNH2 nonsynony-
mous single nucleotide variants among healthy individuals
has lessened the ability to distinguish rare pathogenic muta-
tions from similarly rare, yet presumably innocuous, vari-
ants.”'® Novel mutations have been found in every study,'”'®
but it is difficult to perform electrophysiological studies for
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cach novel mutation except in large laboratories. Recently, an
algorithm designed to guide the interpretation of genetic test-
ing results for KCNQ/ and KCNH2 has been developed.'

Thus, the aim of the present study was to determine the genetic
characteristics of pediatric patients with LQTS who were diag-
nosed by a school-based screening program and whose genetic
testing was performed and to compare results with subjects who
visited hospitals because of the presence of LQTS-related symp-
toms, familial history, or who were diagnosed by chance.

Methods
Study Population

The study population included 117 unrelated probands £18 years of
age who were referred to the Department of Pediatrics, Kagoshima
University Hospital, Japan, between November 1993 and March 2005
or to the National Hospital Organization Kagoshima Medical Center
from April 2005 to December 2012 for genetic evaluation. The pop-
ulation included 69 subjects who were screened by a school-based
ECG screening program (Table 1). In the present study, LQTS-related
symptoms were defined as syncope, aborted cardiac arrest, or sudden
cardiac death at <30 years old. Subjects were divided into 2 groups on
the basis of index events: subjects who were diagnosed by the school-
based ECG screening program (screened group) and those who visit-
ed hospitals because of the presence of symptoms and family history
or who were diagnosed by chance (clinical group; Table 1).

Diagnosis of LQTS and Screening of QT Intervals
in the School-based ECG Screening Program

The present study was a retrospective study, and diagnosis of LQTS
and screening for prolonged QT intervals was based on the judg-
ment of the chief medical doctors in each hospital or doctors who

Table 1.  Characteristics of Probands
Subjects Screened Group  Clinical Group P Value
No. of subjects 69 48
Age at diagnosis® 10.4x3.4 7.4+6.0 0.04
Age at diagnosis {median 12.2(6.2-18.8) 8.9(0-17.2)
and range)
Sex (men/women) 36/33 27121 0.66
Mean QT interval, ms* 46651 442+83 0.09
Mean RR interval, ms* 887+170 802+261 0.09
QTc (Bazett), ms"2* 496+40 502+52 0.84
History of symptomst 9 (13%) 31 (65%) <0.0001
Syncope 9 28
Aborted cardiac arrest 0 ps
Family history of long-QT 27 {39%) 18 (38%) >0.99
syndromet
Family history of sudden deatht 5(7%) 7 (15%) 0.23
Follow-up periods* 4.6+4.9 5.2+5.7 0.36
Symptoms after diagnosist 12 (17%) 17 (35%) 0.03
Syncope V 12 17
Aborted cardiac arrest 0 28§
Sudden cardiac death 0 24

*The mean value=SD.

TNumber of subjects and percentage in parenthesis.

10f 7 subjects with aborted cardiac arrest (ACA), 4 experienced both syncope
and ACA.

#0f each 2 subjects with ACA or sudden cardiac death (SCD), all 4 subjects
experienced syncope and ACA or SCD.

participated in the program in cach area. Many Japanese cardiolo-
gists use a scoring system published in 1993" and recently' for the
final diagnosis of LQTS. To screen subjects with prolonged QT in-
tervals in the program, the Japanese Society of Pediatric Cardiology
and Cardiac Surgery recommended that children and adolescents be
screened when they have a QTc value, using Bazett formula, of 2450
ms at a heart rate of <75 beats per minute or a QTc2500 ms at a hours
of 275 beats per minute.” Bazett formula overcorrects the QT inter-
val at high heart rates. Pediatric cardiologists who participated in the
program used age- and sex-specific criteria using an exponential for-
mula (QT/RR*¥)*! or Fridericia formula.? In the screening program,
cardiologists use computer-based QTc values as a reference because
all ECG machines used in Japan are generally equipped with a func-
tion for automated measurement of QT intervals. However, manual
measurement using the tangent method is usually applied to obtain

223

QT intervals in Japan.?*

Genetic Testing

Referral for genetic testing was based on the opinion of the chief
medical doctors in the present study. Pediatric cardiologists in the
present study recommended genetic testing based on the following
criteria: (1) for a patient in whom they had established a strong clini-
cal index of suspicion for LQTS based on examination of the patient’s
clinical history, family history, and expressed ECG phenotype or; (2)
for an asymptomatic patient with QT prolongation in the absence of
other clinical conditions that might prolong the QT interval, as de-
tailed in the recent consensus recommendation report.

Genomic DNA was isolated from blood after obtaining written in-
formed consent. Genetic screening for all exons of KCNQI, KCNH2,
SCN5A, KCNEI, KCNE2, KCNJ2, and CAV3 was reperformed for
the present study using polymerase chain reaction and direct DNA
sequencing. When a patient was suspected to have Timothy syn-
drome, which is a multisystem disorder characterized by cardiac (QT
prolongation and sometimes congenital heart diseases), hand/foot,
facial, and neurodevelopmental features, the exons of CACNAIC
were amplified. When a patient had a prolonged QT interval and hy-
peraldosteronism, the exon of KCNJS was amplified. The exons of
ANKB, SCN4B, AKAP9, and SNTAI were not analyzed because of
a lack of reported cases of these mutations in the Japanese popula-
tion. Genomic DNA was isolated using a QIAamp DNA Blood Midi
Kit (Qiagen, Gaithersburg, MD). Polymerase chain reaction products
were purified using AMPure (Beckman Coulter, Brea, CA). After
treating with BigDye Terminator version 1.1 Cycle Sequence Kit
(ABI, Warrington, United Kingdom) and BigDye X Terminator, direct
sequencing was performed by a genetic analyzer, ABI3130x1 Genetic
Analyzer (ABI). The study was approved by the Ethics Committee
of the Kagoshima University Hospital between November 1993 and
March 2005 and the National Hospital Organization Kagoshima
Medical Center from April 2005.

Nucleotide changes reported as single nucleotide polymor-
phisms'®* were excluded from mutation analysis in the present study.
However, amino acid changes of G643S in KCNQI* and D85N in
KCNEI? were included in the present study because previous reports
have shown that these mutations are associated with an =30% reduc-
tion in potassium channel currents.***” When multiple mutations were
present, each mutation was counted in each genotype.

Mutations of High Probability of Pathogenicity
Mutations of a high probability of pathogenicity were based on data
published by Giudicessi et al.'® Radical mutations included splice-
site, nonsense, frame-shift, and insertion/deletions.'® Mutations of a
high probability of pathogenicity in the present study were defined
as those present in the subunit assembly domain of the C-terminal
of KCNQI, the Per-Arnt-Sim domain, Per-Arnt-Sim-associated
C-terminal domain, and the cyclic nucleotide-binding domain of
KCNH2. Mutations present in the transmembrane/linker/pore and
C-terminal regions of KCNQ! and the transmembrane/linker/pore
regions of KCNH2 were also defined as those of a high probability
of pathogenicity.'® Remaining mutations were defined as those of un-
certain significance.
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Statistical Analysis

Differences in the mean values and prevalence values were examined
using the Mann-Whitney U test and Fisher exact probability test, re-
spectively. Tukey multiple comparison test was used to assess differ-
ences in the mean QTc values among first, seventh, and 10th graders.
Statistical analysis was performed using IBM SPSS Statistics version
21.0 (IBM Japan, Ltd, Tokyo, Japan). A 2-tailed P value of <0.05 was
considered statistically significant.

Results

Population

Characteristics of the 117 subjects, including 69 screened and
48 clinical patients, are shown in Table 1. Of the 48 subjects
included in the clinical group, 36 were diagnosed with LQTS-
related symptoms, 6 were diagnosed by familial study, and
6 were diagnosed by chance. Subjects who were diagnosed
by chance included those who visited hospitals for medical
checks and for examination of heart murmurs at 1 month (4
patients), those who had been followed with Kawasaki disease
(1 patient), and as Ehlers—Donlos syndrome (1 patient). There
were no differences in sex, mean QTc values, family history
of LQTS, family history of sudden death, or follow-up period
between the screened and clinical groups. The mean age was
lower in the clinical group when compared with the screened
group (P=0.04). Prevalence of subjects having LQTS-related
symptoms before and after diagnosis was significantly lower
in the screened group when compared with that in the clinical
group (P<0.001 and P=0.03, respectively). Symptoms before
and after diagnosis in the screened group were all syncope. Of
117 subjects, 2 subjects in the clinical group died. A girl had
a history of aborted cardiac arrest at 2 months, and died sud-
denly in her sleep at 5 years of age. An [1-year-old boy had
frequent symptoms and died suddenly during class: Genetic
analysis failed to show the presence of any of the mutations
analyzed in this study. The treatment of subjects with symp-
toms during follow-up period is shown in Table I in the online-
only Data Supplement.

Mutations Determined in the Present Study

The yield of genetic testing in the present study by QTc val-
ues using Bazett formula is shown in Table II in the Data
Supplement. The data show that there was no difference in
yield between subjects with a QTc<500 ms and those with a
QTc=500 ms in both screened and clinical groups in the pres-
ent study. Of 50 subjects who were screened and whose muta-
tions were identified, 29, 18, and 3 subjects were screened in
the first, seventh, and 10th grade, respectively. Their QTc val-
ues using Bazett formula were 491£35, 503443, and 500+49
ms, respectively. There were no differences in QTc values
among the screened periods. Of 117 subjects, mutations were
found in 50 of 69 (72%) screened and 23 of 48 (48%) clinical
subjects (Table III in the Data Supplement). The prevalence of
LQTIt, LQT?2, and LQT3 between the 2 groups was not differ-
ent. LQTS-related mutations in the present study are summa-
rized in Table IV in the Data Supplement.

Genetic Characteristics of Subjects
All mutations found in KCNQI from 18 mutations in the
screened and 9 mutations in the clinical groups were located
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in regions of a high probability of pathogenicity (Table 2;
Figure 1A and 1B). In the screened group, 8 mutations were
located in the transmembrane/linker/pore regions and 10 were
present in the C-terminal regions (Figure 1A). Three mutations
were radical and 1 mutation was present in the subunit assem-
bly domain. About the association between locations of muta-
tion and the presence or absence of LQTS-related symptoms,
14 (78%) of 18 mutations were associated with the presence of
symptoms in probands and family members, including 4 (22%)
with family history of sudden death in the screened group.
Eight of 9 mutations in the clinical group were associated with
the presence of symptoms, and the remaining mutation was
found in a subject who was diagnosed by a familial study.

Among mutations yielded in KCNH2, 13 (87%) of 15 muta-
tions in the screened group and 5 (83%) of 6 mutations in the
clinical group were located in regions of a high probability of
pathogenicity (Table 2; Figure 2A and 2B). In the screened
group, 1 mutation was both radical and present in the cyclic
nucleotide-binding domain. Another 5 mutations were radi-
cal, and 1 each was present in Per-Arnt-Sim and Per-Arnt-
Sim-associated C-terminal regions. However, only 4 (31%)
of 13 mutations were associated with the presence of LQTS-
related symptoms in probands or family members in the
screened group. In the clinical group, 5 (83%) of 6 mutations
were associated with the presence of symptoms in probands
and family members, and the remaining mutation was found
in a subject by ECG screening during a medical check-up at
1 month.

Discussion
Mutations in subjects with LQTS who were diagnosed by
school-based ECG screening programs were mostly of high
possibility of pathogenicity, similar to clinical subjects.
Clinical background, such as QTc values, family history of
LQTS, or sudden death, and follow-up periods, was not dif-
ferent between the 2 groups. However, prevalence of symp-
toms before and after diagnosis in the screened group was
significantly lower when compared with the clinical group.

Table 2. Number of Patients With Mutations at High Risk
in Each Group

Screened Clinical P

Genes Mutations Group  Group Value
KCenar- Radical mutationt 4 1 >0.99
High probability+ 14 8 0.59

Variants of uncertain significance 0 0 >099

KCNH2t Radical mutationt and high probabilityt 1 1 0.53
Radical mutationt 5 1 0.66

High probability 7 4 0.73

Variants of uncertain significance 2 1 >0.99

*Variants of uncertain significance include mutations other than radical or of
high probability of pathogenicity.

TRadical mutations include splice-site, nonsense, frame-shift, and insertion/
deletions.

Mutations of high probability include subunit assembly domain,
transmembrane/linker/pore, and C-terminal regions of KCNQ7, and the
Per-Arnt-Sim (PAS) domain, PAS-associated C-terminal domain, the cyclic
nucleotide-binding domain, transmembrane/linker/pore region of KCNH2.
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Figure 1. Topological depiction of KCNQ1 in the present study in
the screened (A) and clinical (B) groups. Mutations found in the
screened group are shown as boxes (A) and those in the clinical
group as circles (B). Each box or circle is divided into 2 parts: left
and right sides. Each part represents the presence or absence of
long-QT syndrome-related symptoms in probands (left) and fam-
ily members (right), respectively. Green, brown, and red colors
symbolize no symptoms, syncope or aborted cardiac arrest, and
sudden death, respectively. Bold red circles surrounding muta-
tions represent radical mutations. A bold blue circle represents
subunit assembly domain. Two big purple circles symbolize loca-
tions of transmembrane/linker/pore and C-terminal regions of
KCNQT.

These data suggest that screening programs may be effective
for early diagnosis of LQTS and prevention of symptoms, and
that screened patients should be followed similar to clinical
patients.

Clinical and genetic backgrounds of patients with LQTS
have been reported widely for infants, children, adolescents,
and adults.™” These data were mostly based on symptom-
atic probands and family members. Few data are available
on the genetic background of subjects who were diagnosed
by ECG screening programs. Schwartz et al'? reported that
LQTS-related mutations were identified in 16 neonates of
43 080 who underwent neonatal ECG screening; 8 KCNQI, 5
KCNH?2, and 1 each of KCNEI and KCNE2. One infant had a
digenic mutation of KCNQI and KCNH2.
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Figure 2. Topological depiction of KCNH2 in the present study

in the screened (A) and clinical (B) groups. Explanations of sym-
bols and shapes are the same as in Figure 1. Bold blue circles
surrounding mutations in this figure represent Per-Amt-Sim
(PAC), PAC-associated C-terminal, and cyclic nucleotide-binding
domains, respectively, from the left side. A big purple circle sym-
bolizes locations of transmembrane/linker/pore regions.

A school-based ECG screening program for heart diseases
was initiated in 1994 for first, seventh, and 10th graders in
Japan. The program screened subjects with QT prolongation.
However, few studies have confirmed the genetic background
in these screened subjects.'™'* Hayashi et al'* reported that
mutations were identified in 3 subjects with high or inter-
mediate probabilities of LQTS using Schwartz criteria from
7961 school children; all 3 mutations were present in KCNH2.
Yasuda et al" reported that KCNQI mutations were found in 8
of 13 pediatric patients and that 7 of 8 patients were diagnosed
by the ECG screening program.

In the present study, a relatively large number of subjects,
who were diagnosed by ECG screening programs accom-
panied by genetic testing, were included. The clinical back-
grounds of the screened subjects, such as QTc values, family
history of LQTS, or sudden death, were similar to clinical
subjects. All 16 mutations in the KCNQ/! gene in the screened
group were radical or of high probability of pathogenicity
similar to the clinical group. The ratio of mutations of radical
and of high probability of pathogenicity in the KCNH2 gene
in the screened group (13/15; 87%) was remarkably similar
to that in the clinical group (5/6; 83%). These data suggest
that pediatricians, who asked for genetic testing in the pres-
ent study, chose patients with similar clinical backgrounds in
both groups, and that demand for genetic testing was more
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prevalent in screened patients when compared with clinical
patients when ECG screening was developed in Japan.

Conversely, prevalence of symptoms before and after diag-
nosis was significantly lower in the screened group when
compared with that in the clinical group. A low prevalence
of symptoms before diagnosis suggests that the ECG screen-
ing program is effective for early diagnosis of LQTS. The
reason for low prevalence of symptoms after diagnosis in the
screened group is uncertain. Doctors may recommend pedi-
atric patients with LQTS and their parents adopt changes to
their lifestyles, for example, not doing vigorous exercise, not
swimming a lap, and not diving,” in both the screened and
clinical subjects. The precise reason remains to be clarified.

The reason for no difference in the prevalence of family his-
tory between the screened and clinical groups is unclear. The
authors posit that even now in Japan the general population
may not be familiar with LQTS, and that the parents in the
present study did not think that syncope in their children was
a serious condition. In addition, they may have been unaware
that LQTS is an inherited disease. The reason of the high
prevalence of family history of LQTS in the screened group
is also unclear. The authors speculate that doctors did not ask
the parents (grandparents of the probands in the present study)
to perform familial studies 2 or 3 decades ago, when parents
of the probands of the present study and their family mem-
bers experienced symptoms at younger ages; however, no data
were obtained addressing this hypothesis from the families.

There are some limitations of the current study. First, we did
not discuss subjects with the SCN5A gene. One fourth of pedi-
atric patients with LQTS had the SCN5A gene. We need simi-
lar algorithms designed to guide the interpretation of genetic
testing results for the SCN5A mutation and to determine the
possibility of pathogenesis in patients with SCNSA in the
future. Second, the clinical group showed a low rate (48%)
of genotypic determination. We could not find mutations in
2 cases of death in the present study. The reasons for this are
unclear. One potential reason was that we did not screen copy
number variations in genes associated with LQTS.?*® Eddy
et al® and Barc et al® reported that 3 of 26 (12%) and 3 of
93 (3%) unrelated mutation-negative probands showed copy
number variations, indicating that some mutation-negative
patients may have copy number variations. Another reason
may be that numerous previously undetected mutations exist
in symptomatic patients.

In conclusion, mutations in subjects with LQTS who were
diagnosed by screening programs had a high probability of
pathogenicity similar to clinical subjects. Clinical back-
grounds were not different although the prevalence of symp-
toms before and after diagnosis in the screened group was
significantly lower when compared with that in the clinical
group. These data suggest that the school-based screening
program may be effective for early diagnosis of LQTS and
prevention of symptoms, and that screened patients should
have follow-up equivalent to clinical patients.
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CLINICAL PERSPECTIVE

This study aimed to determine the genetic characteristics of 69 pediatric patients with long-QT syndrome who were diag-
nosed by a school-based screening program (screened group) and in whom genetic testing was performed. The screened
group was compared with 48 subjects who visited hospitals because of the presence of long-QT syndrome-related symp-
toms, familial history, or who were diagnosed by chance (clinical group). A recently developed algorithm, designed to
guide the interpretation of genetic testing results for KCNQ/ and KCNH?2, enabled us to classify the mutations as probably
pathogenic or variant of uncertain significance. Using the algorithm, the authors found that of mutations yielded in KCNQ/
or KCNH2, 31 of 33 (94%) mutations in the screened group and 15 of 16 (94%) mutations in the clinical group were radical
and of high probability of pathogenicity. They also found that prevalence of symptoms before (P<0.0001) and after (P=0.03)
diagnosis was significantly lower in the screened group when compared with that in the clinical group although the QTc
values, family history of long-QT syndrome, sudden death, and follow-up periods were not different between the groups.
Demand for genetic testing is now more prevalent in screened patients when compared with clinical patients because ECG
screening was developed in Japan. This study may help to clarify the benefits of ECG screening. In addition, this study pro-
vides valuable genetic information and confirms that patients identified by ECG screening have the condition and are similar
in many ways to those identified via a clinical setting.
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High Prevalence of the SCN5A E1784K Mutation in
School Children With Long QT Syndrome
Living on the Okinawa Islands

Kazuhiro Takahashi, MD, PhD; Wataru Shimizu, MD, PhD; Akira Miyake, MD;
Taisuke Nabeshima, MD; Mami Nakayashiro, MD; Hitoshi Ganaha, MD

Background: Genetic testing for long QT syndrome (LQTS) is now in clinical practice. We conducted molecular
genetic analyses to definitively diagnose LQTS and to determine its subtypes for gene-specific treatment. We con-
ducted a retrospective study to determine the characteristics of schoolchildren with LQTS living on the Okinawa
Islands.

Methods and Resuits: The study population included children identified in a school-based electrocardiographic
(ECG) screening program for cardiovascular diseases who were referred to Okinawa Children’s Medical Center
between 2007 and 2012; 23 children met the diagnostic criteria for LQTS. Of them, 17 were genotype-positive and
14 were found to harbor the SCN5A E1784K mutation exclusively among the LQTS genotype-positive children. The
children were divided into genotype-positive and -negative groups. Clinical characteristics and ECG data were ana-
lyzed and compared. The median Schwartz score was 3. The median QT interval was 521 ms.

Conclusions: The major finding is that the prevalent subtype of LQTS in Okinawa is discordant with other cohorts
living in other regions of Japan or overseas. We cannot exclude the possibility of the presence of a specific founder
mutation in this geographically clustered population, particularly considering that the hospital is the only tertiary heart
center for children in Okinawa. However, this uniquely high prevalence of the SCN5A E1784K mutation serves as
a compelling justification to conduct a larger study.

Key Words: Arrhythmia; Long QT syndrome; Okinawa; SCN5A

of cardiac repolarization characterized by electrocar-

diographic (ECG) abnormalities, syncopal attacks, and
risk of sudden death from ventricular tachyarrhythmias such
as torsade de pointes.!” Mutations in genes encoding cardiac
ion channels and membrane adaptor proteins cause this syn-
drome. There are 13 distinct LQTS-susceptibility genes and
mutations in the 3 most common LQTS subtypes (KCNQI-
mediated LQT1, KCNH2-mediated LQT2, and SCN5A-medi-
ated LQT?3) account for approximately 80% of clinically con-
firmed cases of LQTS.**

Editorial p?27?

Genotyping is used for adjunctive diagnosis as well as for
gene-specific risk stratification and gene-specific therapy, par-
ticularly for LQTS.=* We report here the overrepresentation
of the LQT3 mutation detected by genetic testing conducted

T he long QT syndrome (LQTS) is an inherited disorder

at a regional tertiary children’s medical center on the Okinawa
Islands of Japan, and describe the children’s clinical charac-
teristics and outcomes.

Metheds

Patient Recruitment

Okinawa Children’s Medical Center is the only tertiary hospi-
tal for children on the Okinawa Islands of Japan. It serves 1.4
million people and is a regional referral center that offers a
comprehensive clinical practice of pediatric cardiology. A
school-based ECG screening program for cardiovascular dis-
eases aimed at schoolchildren in the 1st, 7th, and 10th grades
is conducted all over Japan to identify heart problems. School-
children are also checked for clinical and familial findings
associated with LQTS, such as syncope, congenital deafness,
and unexplained sudden cardiac death among family mem-
bers. Children with positive findings are directed to referral
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Tabiz 1. Demographic Data of Schoolchildren With LQTS on the Okinawa Islands

Total Gene positive Gene negative P value
n 23 17 6
Age at 1st referral (years) 9.7+3.4 9.4+3.6 10.8+3.4 NS
Sex (M/F) 15/8 11/6 4/2 NS
Follow-up duration, months 37423 43123 23+14 NS

Data given as mean+S8D. LQTS, long QT syndrome.

@lLQT3
oLQT1 e
mLQT2 6 (26%)
“Negative
2(9%)
Figure 1. Distribution of genotypes among schoolchildren on

the Okinawa Islands. LQT, long QT [syndrome].

hospitals.”!®

The present study population was retrospectively recruited
from children who participated in the school-based ECG screen-
ing program and were referred to Okinawa Children’s Medical
Center between April 2007 and March 2013. The diagnosis of
LQTS and screening for prolonged QT intervals was based on
the judgment of the physician in each hospital that partici-
pated in the program in each area. For their final diagnosis,
many physicians use a scoring system published in 1993.}! In-
cluded were children who met the diagnostic criteria for LQTS
(“Schwartz and Moss” score 23). This approach is similar to
that described in a published study,® although the most recent
HRS/EHRA/APHRS expert consensus statement recommends
that the score is 23.5.%

Retrospective review was approved by the Institutional
Review Board. The patients’ characteristics that were reviewed
included sex, age at diagnosis, presence or absence of synco-
pe, seizures, aborted cardiac arrest, family history, and 12-lead
ECG. We assigned a cumulative LQTS diagnostic score, which
is derived in part from the corrected QT interval (QTc), symp-
toms, and family history.!! The children were divided into
genotype-positive and -negative subgroups (G-pos and G-neg)
according to the results of genetic analysis. Clinical character-
istics and ECG data were analyzed and compared between the
subgroups.

Clinical Testing

Each patient referred to the center for the evaluation of LQTS
had their history taken and underwent a physical examination
and a supine ECG. The QT interval was measured with a

standard 12-lead ECG using lead V5. The ECG measurements
were conducted by K. T. who was blinded to each subject’s
genetic status before making the measurements. QT interval
was measured manually and defined as the time interval be-
tween QRS onset and the point at which the isoelectric base-
line intersected a tangential line drawn at the maximal downslope
of the positive T wave. QT interval measurements represented
the mean of 3 consecutive beats in lead V5. The QT interval
was corrected for rate using the Bazett formula (QTARR, in-
terval measured in seconds). The LQTS score was determined
according to the LQTS diagnostic criteria described earlier.
Diagnostic criteria included the QTc interval (450 ms), at least
1 symptomatic episode (bradycardia), or a family history of
LQTS. A cumulative score 23 suggested an intermediate prob-
ability of LQTS.

Genetic Testing

Genetic testing was recommended according to the opinion of
the chief physician who participated in the present study, and
it was performed when the phenotype suggested LQTS ac-
cording to the Schwartz score and clinical presentation or as
detailed in the recent consensus report.'> After written informed
consent was given, genomic DNA was isolated from blood for
direct sequencing of the complete KCNQI, KCNH2 and SCN5A
genes in the National Cerebral and Cardiovascular Center,
Osaka, Japan.

Statistical Analysis

The values of the continuous variables are presented as the
meantstandard deviation or median and interquartile range.
Categorical variables are represented by frequencies and per-
centages. Data were compared between the 2 groups using
the following tests: t-test for normally distributed continu-
ous variables, Mann-Whitney test for non-normally distrib-
uted data, and the chi-square or Fisher’s exact test to compare
the frequency distribution of categorical variables. Two-tailed
P<0.05 was considered statistically significant. Analyses were
performed using StatView J-5.0 PPC (SAS Institute Inc, Cary,
NC, USA).

Resulls

Study Population

The study population comprised 23 children who met the cri-
teria during the study period. Demographic data at referral are
shown in Table 1.

A total of 17 (74%) children were positive in genetic testing
(G-pos subgroup; 6 females) and 6 were negative (G-neg
subgroup, 2 females). Mean age at referral was 9.7+3.4 years.
Total follow-up period for the G-pos and G-neg groups was
43123 months and 23+14 months, respectively. Figure 1
shows the distribution of genotypes. The G-pos subgroup
comprised LQT type 1 (LQT1, n=2), LQT type 2 (LQT2,
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ECG findings
Average QTc (ms) 510+44
% w/QTc >480ms 15 (65%)
% w/Schwartz score =4 8 (35%)
Late-appearing T wave 15 (65%)
Symptoms
Syncope, n 1
Bradycardia, n 1
Epilepsy 1
Family history
Positive for LQTS, n 8 (35%)

Géné kpositivve Gene ﬁégative P value

516x45 495+39 NS

12 (71%) 3 (50%) NS

6 (35%) 2 (33%) NS
14 (82%) 1(17%) <0.01

0 1 NS

1 0 NS

0 1 NS

7 (41%) 1(17%) NS

ECG, electrocardiographic; LQTS, long QT syndrome; QTc, corrected QT interval.

_Follow-up Period and Treatment
R B
Symptoms
Syncope/presyncope, n (%) 3(13)
Bradycardia, n 4
Epilepsy, n 2
Treatment
Medications, n (%) 9 (39)
Mex, n 8
BB, n 3
Antiepileptic, n 2
Pacemaker, n 1

Geynekpyositki\'/e o Gene negative - P valﬁe
2(12) 1(17) NS
2 2 NS
1 1 NS
7 (41) 2 (33) NS
7 1
3 0
1 1
1 0 NS

BB, B-blocker; LQTS, long QT syndrome; Mex, mexiletine.

n=1), and LQT type 3 (LQT3, n=14). LQT3 was the most
prevalent subtype (82%) in the G-pos subgroup. Further, all
patients with LQT3 were found to share the same SCN5A c.
5350G>A p.E1784K mutation within the sequence that en-
codes the transmembrane region of the SCNSA sodium ion
channel.

ECG Data and Clinical Characteristics at Referral
Clinical and ECG data of the subgroups were analyzed, and
the comparisons are shown in Table 2. The average QTc in-
terval was 510ms (516 ms vs. 495ms, NS). The frequency of
patients with QTc >480ms and with a Schwarz and Moss score
>4 was not significantly different between the groups.
Although the findings were somewhat subjective for QT
morphology, late-appearing T wave was more frequent in the
G-pos subgroup (82% vs. 17%, P<0.01). There was no Brugada
syndrome (BrS)-type ECG in the cohort at referral. No pro-
vocative test with sodium-channel blockers was performed.
Each child was asymptomatic at presentation except for 1 in
the G-neg subgroup; 1 child in the G-pos subgroup exhibited
sinus bradycardia, and 1 child in the G-neg subgroup was
epileptic. All but 2 children were unrelated. To the best of our
knowledge, all parents of the probands were descendants of
the Okinawa Islands. There was no identifiable common rela-
tive for this cohort after pedigree construction. A familial
history of LQT was identified in 35% of the children, and its
presence trended toward an increase among the G-pos chil-

dren compared with the G-neg children (41% vs. 17%). Pace-
makers were implanted in selected children based on screen-
ing of their first-degree relatives (unpublished data).

Clinical Outcome and Treatment During Follow-up

During the study period, no child died from sudden cardiac
arrest, although syncope or presyncope occurred (n=2 vs. n=1,
NS) (Fable 3). One child in each subgroup developed epi-
lepsy, which was diagnosed using electroencephalography.
Treatment with an antiepileptic drug controlled their symp-
toms, and Ichild was the subject of another report.’* Two
children experienced bradycardia on Holter monitoring, and 1
child in the G-pos group required pacemaker therapy for symp-
tomatic sick sinus syndrome. The detailed clinical features of
patients with newly developed symptoms during the follow-up
period are presented in Table 4.

Treatment Nine (39%) of 23 patients received pharmaco-
therapy (7 and 2 in the G-pos and G-neg subgroups, respec-
tively). The indication for pharmacotherapy in asymptomatic
LQTS patients considered at high risk is QTc >500ms, if
the patient also agrees to keep taking the medication. One
patient in each group received an antiepileptic agent. Mexi-
letine was administered to 7 patients in the G-pos subgroup
(with S-blockers for 3) and 1 in the G-neg subgroup without
B-blocker.

In the G-pos subgroup, QTc significantly decreased (from
553 ms to 491 ms; P=0.02) in the 7 patients receiving mexi-
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Table 4. Characteristics of Newly Developed Symptoms in Schoolchildren With LQTS on the Okinawa
... . Islands During Follow-up Period )
Age QTc at referral QTc at follow-up Cardiovascular
Subtype (years) Sex Gene test (ms) (ms) Symptoms treatment
G-pos 13 F KCNQ1 531 524 Resuscitation Mex, BB
drowning
G-pos 17 F E1784K 591 502 Syncope VT Mex, BB,
pacemaker
G-pos 11 F E1784K 565 423 Epilepsy Mex
G-neg 12 M Negative 556 553 Syncope with Mex
exertion
G-neg 10 M Negative 492 505 Epilepsy No
VT, ventricular arrhythmia. Other abbreviations as in Tables 2,3.
650 ] %*
| ’ * P=0.02
@ 600 o
= : | Mexiletine
o 550
f (1=7)
o 1 o
500 No Mexiletine
(n=T)
450 Figwra 2. Changes in the cor-
rected QT intervals (QTc) of pe-
400 diatric patients in the subgroup
. ) i positive for the E1784K mutation
First referral Follow-up and receiving mexiletine.

letine, whereas the change in QTc (from 497 ms to 508 ms)
was not significant in the 7 patients receiving no medication
(Figure 2). All but 1 child on medication in the G-pos group
showed no BrS-type ECG on the third-right precordial leads.

Discussion

The most significant finding of this retrospective study of a
small cohort is that the proportion of patients with LQT3 with
the SCNSA mutation was significantly higher than previously
reported for patients living in other regions of Japan or in
other countries. Further, the course of LQTS probands with
the E1784K mutation was relatively benign during the study
period.

Prevalence of LAT3
The children referred to us were screened according to the
judgment of the physicians who participated in the program in
each area. Therefore, the exact number of the entire popula-
tion of participants in this study is unknown. According to
another study, the prevalence of long QT was 1 in 1,164 among
7th graders aged 12 years.™

In general, approximately 90% of patients with genotyped
LQTS carry a mutation in KCNQI, KCNH2 (HERG), or
SCNS5A, which is responsible for the LQTS subtype.*® The most
prevalent form of LQTS appears to be caused by mutations in
KCNQI, which encodes the potassium channel (LQT1).7%1%.15
Mutations in SCN5A (LQT3) are responsible for only a small
proportion (10-20%) of genotyped patients with LQTS.*!7 In
sharp contrast to these previous findings, the present study

describes a predominance of LQT3 (82% of genotyped pa-
tients with LQTS) among schoolchildren living on the Okinawa
Islands. Even more striking is the exclusive presence of the
SCN5A E1784K mutation that causes LQT3. Yoshinaga et al’
recently reported the genetic characteristics of children and
adolescents with LQTS diagnosed by school-based ECG screen-
ing programs. The incidence of LQT3 was 23% of all subjects
in that study population with LQTS. An E1784K mutation was
detected only in 1 patient. Blaufox et al published a multicenter
study of patients residing in North America that showed that
an E1784K mutation is present in 13 (30%) of 43 pediatric
patients with LQT3.#

In patients with the SCN5A E1784K mutation, overlap of
sinus node dysfunction and BrS is relatively common.” Re-
garding the prevalence of LQT3 in other Asian countries such
as Taiwan, China, and South Korea, we speculate that the high
prevalence of LQT3 is similar to that of BrS in Asia.? To the
best of our knowledge, only a limited number of reports have
addressed the prevalence of LQT3 in Asian countries. For
example, the SCNSA mutation was detected in 17.5% of all
genotyped patients with LQTS residing in South Korea.*! The
mutation rate of KCNQI (6.4%) and KCNH2 (6.4%) was
lower in the Chinese population compared with those of North
America or Europe.”? The true prevalence of LQT3 in Asia is
unknown, but we believe that it is reasonable to conclude that
LQT3 may be prevalent in China.

The high prevalence of LQT3 in Okinawa may be account-
ed for, in part, by the potential bias introduced by studying a
small number of patients at a single center. A second possible
cause is a founder mutation, which is defined as disproportion-
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ate genetic representation resulting from an affected common
ancestor who established a new population, in contrast to the
presence of the same mutation among individuals. Such a re-
gional predominance in frequency is associated with LQT1.3%-%
There is a report that describes a large Dutch family with a
founder mutation that uniquely overlaps those of LQT3, BrS,
and progressive cardiac conduction defects.*

The subtropical Okinawa Islands are located 2,000km south
of mainland Japan between the East China Sea and the Pacific
Ocean. Although haplotype analysis was not performed, a
common ethnic heritage for the inhabitants of the Okinawa
Islands is consistent with a founder effect. The study subjects
described here are unrelated, except for 2. Therefore, the pre-
dominant genotype of the children with LQTS studied here
strongly suggests community clustering that may represent a
founder effect of the same SCN5A mutation.

Clinical Characteristics of Patients and Their Treatment

In the present study, most patients were asymptomatic at ini-
tial diagnosis, and the disease may have been relatively benign
at this time. However, 2 patients experienced bradycardia
during the follow-up period, and 1 required implantation of a
pacemaker. Zareba et al reported that a cardiac event will
occur after adolescence in patients with LQT3.%” The symp-
toms of patients with LQT3 generally appear after puberty,
and in BrS, the electrophysiological phenotype is most preva-
lent in the 3rd decade. The developmental characteristics of
LQT3 and BrS show age-dependent penetrance.* The late pre-
sentation and frequent asymptomatic status of carriers is con-
sistent with a benign disease with possible post-reproductive
pathogenicity in the population of the Okinawa Islands.

To date, 8 of 15 patients in the present study received mexi-
letine. Only 1 patient exhibited a BrS-type ECG while taking
this medication. Bradycardia was detected using the third right-
precordial lead in the single patient with a BrS-type ECG.
Patients with LQT3 without cardiac events in the first year of
life respond extremely well to therapy with S-blockers, left
cervical sympathetic denervation, or both.** Mexiletine is con-
sidered the medication of choice for treating LQT3.*"** How-
ever, 2 studies recommend caution when treating LQT3 be-
cause a patient’s response depends on the type of mutation.?-*
Further, an in-vivo study showed that patients with the SCN5A
E1784K mutation respond to mexiletine." The diagnosis of
LQT3 does not necessarily indicate treatment with an implant-
able cardioverter-defibrillator. For this reason, Schwartz et al
recommend a staged strategy.”

Study Limitations

This was a small and retrospective cohort study. Although the
study groups should include patients with LQT3 as well as
those positive and negative for mutation, the distribution of
the prevalence of genotype-positive subtypes was unpredict-
ably imbalanced and unique. The prevalence of LQT3 (exclu-
sively the E1784K mutation) was predominantly high in
genotype-positive patients; therefore, we conclude that our
classification was justified. Moreover, despite the possibility
of the enrollment of patients with a specific founder mutation
and considering that the hospital is the only tertiary heart cen-
ter for children in Okinawa, our findings of a unique and
highly prevalent SCN5A mutation (E1784K) serve as a com-
pelling justification to conduct larger or long-term studies.

Conelusions
We were unable to determine why the prevalence of the SCN5A

E1784K mutation was uniquely high among schoolchildren
living on the Okinawa Islands. The prognosis of these patients
is relatively benign; however, the prognosis for adults is un-
known. Because of the geography of Okinawa, its population
should be ideal for studies on gene modifiers with a focus on
the prevalent SCN5A mutation.
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