Miyamoto et al

Clinical and ECG Characteristics in Short QT Interval 69

Table 2 The percentiles for patients with short QT interval
Bazett QTc interval (ms)
Percentile Male Female
100 362.0 369.0
99.5 362.0 369.0
97.5 362.0 369.0
90 362.0 369.0
75 361.0 368.0
50 359.0 366.0
25 355.0 362.0
10 349.0 355.4
2.5 340.6 345.9
0.5 331.2 329.0
0.0 331.0 329.0

very short QT intervals in both genders. There was a 1.8-
fold male predominance in patients with very short QT
interval. There are various underlying diseases, in which
rate did not differ between short and very short QTc inter-
vals in both genders. Figure 2 shows the age-specific prev-
alence of total, male, and female patients with short QT
interval. The histograms generated according to the number
of patients are shown in the upper row of Figure 2. The
prevalence was biphasic in each group, with a higher prev-
alence in young and old adults and with a lower prevalence
in middle-aged individuals. The prevalence showed compa-
rable distribution when histograms were generated accord-
ing to a ratio of patients with short QT interval to total
patients in each decade (the lower row in Figure 2).

ECG characteristics of short QT interval

Table 4 lists ECG characteristics. There was no significant
difference in various ECG variables between patients with
short and very short QT intervals. AF was present in 23 of
234 (9.8%) male and 16 of 193 (8.3%) female patients (P =
NS). The prevalence of AF did not differ significantly be-

tween patients with short and very short QT intervals in
both genders. The prevalence of early repolarization was
significantly (P = .0001) higher in 23 of 234 (9.8%) male
than in 3 of 193 (1.6%) female patients, but was not signif-
icantly different between patients with short and very short
QT intervals in both genders. In these patients, 11 (42.3%)
exhibited early repolarization in anterior leads (V1-4);
9 (34.6%) patients in inferolateral leads (I, III, aVF, V3, 6);
and 5 (19.2%) patients in anteroinferior leads (V1-4, 11, III,
aVF).

Long-term outcome

Long-term prognosis was assessed in 327 of 427 (77%)
patients (182 men; mean age, 46.4 = 22.3 years) with short
QT interval. The mean follow-up period was 54.0 = 62.0
months (range 1.1 to 299.8 months). In patients whose
prognosis was evaluated, QT interval was 360.3 * 24.8 ms
and QTc interval was 359.8 = 7.1 ms. During the follow-up
period, 2 male patients developed life-threatening events.
One patient was a 22-year-old man who exhibited early
repolarization. This patient was admitted to our hospital
because he suffered from syncope when drinking in 1989.
There was nephritic syndrome in his past medical history,
but no family history of cardiac disorders or sudden unex-
plained death. On admission, 12-lead ECG exhibited early
repolarization in ECG leads corresponding to the inferolat-
eral wall of the left ventricle (Figure 3). This patient re-
vealed no evidence of abnormality of cardiac function and
morphology by transthoracic echocardiography. Coronary
angiography failed to find morphological abnormality, and
coronary spasm was not induced by ergonovine injection.
However, ventricular fibrillation occurred when the ECG
recording was taken after hyperventilation. Because sinus
bradycardia preceded the occurrence of ventricular fibrilla-
tion, orciprenaline sulfate (30 mg/day) was administered.
Seven years later, the patient experienced a storm of ven-

Table 3  Clinical characteristics in patients with short and very short QT intervals

Male Female

Very short (=355  Short (356 to 362 Very short (=360  Short (361 to 369

ms, N = 65) ms, N = 169) Pvalue ms, N = 36) ms, N = 157) P value
Age (yrs) 43.6 = 23.4 41.2 = 20.8 46 46.3 = 24.9 45.0 £ 23.1 77
Hypertension (N, %) 13, 20.0 31, 23.9 54 10, 27.8 27, 26.7 .90
Angina (N, %) 6, 9.2 15, 11.5 .62 1,2.8 12, 11.9 .08
Myocardial infarction (N, %) 4, 6.2 3,23 .19 2,5.6 1, 1.0 14
Valvular disease (N, %) 2,31 8, 6.2 34 3,83 7, 6.9 .78
Heart failure (N, %) 12, 18.5 22, 16.9 79 6, 16.7 18, 17.8 .88
Arrhythmia (N, %) 19, 29.2 25, 19.2 .12 7,19.4 15, 14.9 .53
Diabetes (N, %) 8, 12.3 23, 17.7 .32 4,11.1 15, 14.9 .57
Dyslipidemia (N, %) 7, 10.8 22, 16.9 24 6, 16.7 18, 17.8 .88
Follow-up (months) 42.1 £ 47.3 54.0 = 64.6 .20 49.3 = 65.7 49.7 £ 62.7 .98
Death (N, %) 3, 4.6 3, 1.8 24 0,0 0,0 —
Ventricular fibrillation (N, %) 1, 4.2 0,0 — 0,0 0,0 —

Arrhythmia involves patients with various types of rhythm disorders, except for patients who exhibited AF when the ECG was taken. Surgery indicates
patients who underwent ECG recording before surgical procedure. Others includes patients who suffered various internal diseases or who were suspected to

have a cardiovascular disease.
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Age-specific prevalence of patients with short QT interval in decades according to the number of patients (upper row) and a ratio of patienis (o
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the total population of this study (lower row). Histograms of total, male, and female patients are displayed in panels A and D, B and E, and C and F,

respectively.

tricular fibrillation (5 repetitive attacks per day) that oc-
curred when bradycardia occurred (Figure 3B). A ventric-
ular pacing lead was emergently introduced into the right
ventricle to maintain rapid heart rate. Subsequently, a per-
manent pacemaker was implanted (DDDR mode, 80 beats/
min). Six years after the storm, ventricular fibrillation re-
curred during a routine pacemaker check. Ventricular
fibrillation repeatedly initiated after bradycardia because of

threshold margin check. The patient received an implant-
able cardioverter-defibrillator with atrioventricular sequen-
tial pacing applied at a rate of 85 beats/min. Another 54-
year-old man developed repetitive syncopal episodes with
urinary incontinence in 2001 when sleeping. This patient
did not exhibit early repolarization (Figure 4). He did not
have a family history of cardiac disorders or sudden unex-
plained death. This patient revealed no evidence of abnor-

Table 4  ECG characteristics in patients with short and very short QT intervals

Male Female

Very short (=355  Short (356 to 362 Very short (=360  Short (361 to 369

ms, N = 65) ms, N = 169) Pvalue ms, N = 36) ms, N = 157) P value
Heart rate (beats/min) 58.7 + 8.3 60.3 = 8.5 .20 60.6 + 8.5 63.3 + 9.8 .13
P wave axis (degree) 49.2 = 37.5 47.8 = 25.3 77 47.7 = 29.4 38.8 = 28.5 12
PQ interval (ms) 165.4 = 37.2 163.4 *+ 36.9 75 161.7 £ 46.6 156.3 = 39.0 .50
QRS complex duration (ms) 92.6 & 8.4 92.3 = 10.0 .82 87.5 = 7.9 85.9 = 8.4 .30
R wave axis (degree) 49.3 = 32.8 57.3 £ 27.1 .060 50.6 = 31.7 53.4 * 26.4 .58
QT interval (ms) 357.4 = 23.7 362.6 £ 22.9 .12 355.4 = 25.0 360.2 = 25.8 31
T wave axis (degree) 46.8 £ 48.5 48.0 = 34.9 .83 43.2 = 45.4 48.0 £ 56.7 .64
Atrial fibrillation (N, %) 10, 15.4 13, 7.7 .089 1, 2.8 15, 9.6 14
Early repolarization (N, %) 3, 4.6 20, 11.8 .076 1, 2.8 2, 1.3 54
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A: Twelve-lead BECG of a 22-year-old male patient who developed ventricular fibrillation. Mean heart rate is 50 beats/min; mean QT interval,

364 ms; and mean QTc interval, 332 ms. Barly repolarization is present in leads I, II, aVF, and V3-6. *Nonconducting P wave due to Wenckebach
atrioventricular block., B: Monitored ECG showing occurrence of ventricular fibrillation. *A short-coupled ventricular premature contraction initiated

ventricular fibrillation that lasted for >1 minute and then self-terminated.

mality of cardiac function and morphology by transthoracic
echocardiography and coronary angiography. His ECG
showed Brugada-type ECG after intravenous administration
of pilsicainide (Figure 4B). The ST-segment elevation in
right precordial leads was accepted as sign of Brugada
syndrome in the context of a clinical history, suggesting
malignant syncope in this patient. To secure this patient
from sudden death, an implantable cardioverter-defibrillator
was implanted. These 2 patients did not have gene abnor-
malities, including KCNQI, KCNH2, and SCNS5A. In addi-
tion, we confirmed 6 deceased patients: 2 patients died of
pneumonia at 70 and 72 years of age; 1 patient, congestive
heart failure at 74 years of age; 1 patient, pancreatic cancer
at 70 years of age; 1 patient, colon cancer at 74 years of age;
and 1 patient, an unknown cause at 79 years of age. These
6 patients did not have early repolarization. AF was present
in 1 patient who died of pneumonia.

Discussion

In the present study, we demonstrated detailed characteris-
tics of patients with short'®~*? QT interval in a large hos-
pital-based population. Consistent with previous reports,
patients with short QT interval were rare and had a male
preponderance. The age-specific prevalence of patients with
short QT interval showed a biphasic distribution with a
relatively low prevalence in middle-aged patients. Long-

term prognostic assessment revealed that 2 male patients
with short QT interval suffered from life-threatening events
in this study population.

Characteristics of short QT interval

The present study disclosed distinct characteristics regard-
ing patients with short QT interval. The gender difference in
the prevalence of short QT interval that was manifested in
this study is presumably due to sex-specific biology, includ-
ing hormone, membrane ion channel availability, and intra-
cellular signal transduction. A male predominance of pa-
tients with short QT interval shown in this study is similar
to the fact that QT interval is generally longer in female'*~'?
than in male patients. Of interest, the pattern of prevalence
of patients with short QT interval exhibited inhomogeneous
distribution with 2 peaks at young and old ages in both
genders. Although we do not know the mechanism by which
this age-dependent distribution had 2 peculiar peaks in pa-
tients wjth short QT interval, one can speculate that the
underlying mechanism of short QT interval may be different
between young and aged patients because health condition
is apparently diverse between them. Further investigations
will be needed to explore the mechanism underlying the
gender difference and age-specific distribution. Contrary to
a previous report,'! the prevalence of short QT interval in
patients with heart rate of <50 beats/min (male, 2.4%;
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Figure 4

A: Twelve-lead ECG of a 54-year-old male patient who developed syncope repeatedly. Mean heart rate is 51 beats/min; mean QT interval, 386

ms; and mean QTc interval, 355 ms. Early repolarization is absent. B: ST-segment elevation in right precordial leads by intravenous administration of

pilsicainide.

female, 1.6%) was comparable to that in total patients in this
study. This is probably due to differential study populations;
specifically, the present study population includes only hos-
pital-based patients, and it is therefore possible that many of
the patients with slow heart rate were receiving medications
that prolonged their QT interval. In contrast, Kobza et al'!
reported on healthy army recruits. We investigated 2 ECG
complications of short QT interval: AF and early®>'®!
repolarization. It was reported that AF occurred in patients
with short QT syndrome. In this study, the complication rate
of AF was much higher compared with the prevalence of
AF in the general population of Japan'® and in total patients
in this study (male, 4.1%; female, 1.9%), suggesting atrial
involvement of abbreviated action potential with sharing the
same mechanism as is present in the ventricle. Early repo-
larization was usually present in 1% to 5%"'*?° of general
populations, which was regarded as benign. The prevalence
of early'®"*° repolarization of this study was a little higher
than that of those studies and that of the total population of
this study (3.9%), but was lower than that of short QT
syndrome.® To date, Haissaguerre et al*! reported malignant
early repolarization syndrome. In addition, Kamakura et

al** found that early repolarization was associated with poor
outcome in patients with Brugada-type ECG. In these re-
ports, early repolarization was present in inferolateral leads.
In contrast, our patient had early repolarization most fre-
quently in anterior leads. Thus, the location of early repo-
larization may matter in terms of occurrence of life-threat-
ening events.

Short QT interval and short QT syndrome

There may be overlap between the QTc intervals of patients
with and without inherited short QT syndrome.’ The syn-
drome characterized by extremely abbreviated QT**** in-
terval causes sudden cardiac death. Gene mutation that
causes a gain of function in the K" channel is attributed to
this shortening in this syndrome, suggesting that a specific
family>'%?> member is affected with this disorder. In gen-
eral, the QTc interval was <300 ms**?%?7 in subjects with
short QT syndrome. In contrast, Antzelevitch et al reported
Brugada-type ST-segment elevation in probands whose QT
interval was approximately 360 ms. In their cases, gene
mutation encoding L-type calcium channel was detected,
and those subjects died suddenly. Recently, a mutation of
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KCNJ8 was identified in patients with idiopathic ventricular
fibrillation and early repolarization, which might be attrib-
uted to sudden death.>® A new mutation in calcium channel
regarding congenital short QT syndrome type 6 was re-
ported.”® A proband of this mutation had a short QT interval
of 329 ms; however, a genotype-positive grandmother had a
normal QT interval of 432 ms, although she had myocardial
infarction. This study suggests that a phenotypical QT in-
terval might be modified by myocardial necrosis in this
syndrome, giving rise to normalization. Thus, one has to
consider lack of genotype-phenotype correlation in short
QT syndrome. However, genetic mutation was not detected
in 2 patients who experienced life-threatening events in this
study. Therefore, further investigations of gene analysis are
needed in these patients.

Arrhythmogenesis in short QT interval
Gallagher et al'? reported that a QTc interval of <330 ms
was extremely rare in healthy subjects and did not bear a
significant risk of sudden death. However, in our hospital-
based population, 2 patients with short QTc interval devel-
oped life-threatening events. An experimental study that
dealt with an association of early repolarization with ven-
tricular fibrillation showed that modulating factors ampli-
fied transmural electrical heterogeneity that caused early
repolarization to generate reentry.?® In this study, 1 patient
who experienced bradycardia-dependent occurrence of ven-
tricular fibrillation presented J wave. This finding suggests
manifestation of transmural electrical gradient during slow
heart rate,*°~32 which is consistent with previous reports.
Another patient who exhibited Brugada-type ECG after the
administration of sodium channel blocker suggests that a
mechanism underlying life-threatening events in short QT
syndrome may be similar to a mechanism accounting for
ventricular fibrillation in Brugada syndrome. In clinical
practice, it is difficult to diagnose short QT syndrome unless
a subject is symptomatic. Indeed, 2 patients who had devel-
oped life-threatening events in this study were found to have
a short QT interval afterward. This finding indicates inci-
dental discovery of short QT syndrome.

Study limitations

First, patients enrolled in this study were derived from a
hospital-based population, indicating that our data do not
properly apply to a general population. Because our data
were based on the hospital population, patients who had
organic heart diseases or took drugs with QT-prolonging
effects were involved. We could not search medication uses
thoroughly, as Ramirez et al** did. In addition, patients with
bundle branch block or pre-excitation syndrome were not
excluded from the analysis. The QT interval was longer
when computer-assisted measure was performed as com-
pared with manual measure of QT interval in lead V5. These
underlie the right-skewed distributions of QTc interval. The
fact that we included patients with medications probably
had a limited effect on the number of patients with very
short QT because medications (and conditions such as bun-

dle branch block) tend to prolong the QT, not to shorten it.
Second, we could assess the prognosis of 327 patients
(77%) with short QT interval. However, the long-term out-
come was not thoroughly investigated and the follow-up
period was not long enough. Further assessment is neces-
sary to clarify the prognosis of patients with short QT
interval. Third, it must be considered how to correct QT
interval. Correlation of QT interval by the Bazett formula
has a tendency to overestimate or underestimate QT interval
when heart rate is particularly fast or slow, respectively. We
first set the heart rate to ranging from 50 to 100 beats/min
not to include overestimation and underestimation of QT
interval by the Bazett formula. Even in an additional anal-
ysis in patients with heart rate <50 beats/min, the preva-
lence of short QT interval was similar to that in the first
analysis. This might be attributed to our hospital-based
population.

Conclusion

Until now, there have been mounting reports of short QT
syndrome. Nevertheless, ECG features of prognostic signif-
icance are still lacking. This study proposed that early re-
polarization concomitant with short QT interval indicates a
potential for sudden cardiac death. The complication rate of
AF and early repolarization was higher in patients with
short QT interval than in a general population and total
patients of this study. Although our database contains a
huge number of ECGs, we could assess a rather small group
of patients with short QT interval. This implies that multi-
center clinical research will be required to further determine
the prognostic value of short QT interval. Despite the small
number of patients enrolled in this study, the findings could
shed light on the prognostic value of early repolarization in
patients with short QT interval.
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KCNE3 T4A as the Genetic Basis of Brugada-Pattern
Electrocardiogram

Tadashi Nakajima, MD, PhD; Jie Wu, PhD; Yoshiaki Kaneko, MD, PhD;
Takashi Ashihara, MD, PhD; Seiko Ohno, MD, PhD; Tadanobu Irie, MD;
Wei-Guang Ding, MD, PhD; Hiroshi Matsuura, MD, PhD;
Masahiko Kurabayashi, MD, PhD; Minoru Horie, MD, PhD

Background: Brugada syndrome (BrS) is genetically heterogeneous. In Japanese BrS patients, ekcep‘s for SCN5A
and KCNE5, mutations in the responsible genes have not yet been identified, and therefore the genetic heterogene-
ity remains poorly elucidated.

Methods and Results: Forty consecutive patients with Brugada-pattern electrocardiogram (ECG) underwent com-
prehensive genetic analysis of BrS-causing genes including SCN5A, SCN1B, SCN3B, CACNA1C, CACNB2,
KCNE3 and KCNE5. Besides identifying 8 SCN5A mutations in the present cohort, a KCNE3 T4A mutation was
found in a 55-year-old male patient who had experienced several episodes of syncope. A head-up tilt test during
passive tilt provoked both hypotension and bradycardia, followed by syncope. He was therefore diagnosed with
neurally mediated syncope (NMS). To characterize the functional consequence of the mutant, electrophysiological
experiments using whole-cell patch-clamp methods and computer simulations using human right ventricular wall
model were carried out. It was found that KCNES3 T4A increased I recapitulated by heterologously coexpressing
Kv4.3+KChIP2b + KCNE3-wild type or KCNE3-T4A in CHO cells.

Conciusions: A KCNE3 T4A mutation was identified in a Japanese patient presenting Brugada-pattern ECG and
NMS. lis functional consequence was the gain of function of he, which could underlie the pathogenesis of Brugada-
pattern ECG. The data provide novel insights into the genetic basis of Japanese BrS. (Circ J 2012; 76: 2763—
2772)

Key Words: Brugada syndrome; lo; KCNE3; Mutation; Neurally mediated syncope

acterized by ST-segment elevations in the right pre-

cordial electrocardiogram (ECG) leads, associated with
a high incidence of syncope or sudden death due to ventricular
tachyarrhythmias, which mostly affects men. BrS is genetically
heterogeneous, and has been linked to mutations in genes that
perturb cardiac ion currents (INa, Ica, Ik-a1e and Io) contributing
to the early phase of action potential (AP).*-** Among the BrS-
causing genes, mutations in SCN5A (encoding the pore-form-
ing a-subunit of the cardiac voltage-gated sodium channel)
have accounted for the major form of BrS in approximately
20% of cases, and other gene mutations for approximately
10%,*2 thus around 70% of BrS cases remain to be geneti-

B rugada syndrome (BrS) is a hereditable disorder char-

cally elucidated.

The transient outward potassium current (Io) in the heart
functions mainly during the early phase of AP because it acti-
vates and inactivates rapidly on membrane depolarization. Pre-
dominant expression of I in ventricular epimyocardium com-
pared to endomyocardium, especially in the right ventricle,
contributes to the rapid repolarization and the initial plateau
formation of the AP (AP notch).!3-!3 Experimental studies sug-
gested that the gain of function of I leads to augmentation of
the AP notch in epimyocardium but not in endomyocardium,
thus resulting in the enhancement of transmural voltage gradi-
ent during the ventricular repolarization, which is thought to
be responsible for the ST-segment elevation in the right pre-
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cordial ECG leads (Brugada-pattern ECG) in BrS.* Further
augmentation of the AP notch in epimyocardium causes the
loss of AP plateau phase (dome), which consequently leads to
arrhythmogenesis in BrS defined as phase 2 reentry.* Io in
human ventricle is thought to be consist of a-subunit Kv4.3
(encoded by KCND3) and f3-subunits including Kv channel
interacting protein (KChIP), KCNE, diaminopeptidyl transfer-
ase-like protein (DPP) and Kvj3 families.'¢** Accordingly, mu-
tations in the related genes that increase I may underlie the
pathogenesis of BrS.

KCNE3, 1 member of the KCNE gene family (KCNEI-S5),
modulates the function of Kv4.3 as an inhibitory 8-subunit.!*2¢
Recently, Delpdn et al identified a KCNE3 R99H mutation in
1 BrS family.s Functional analysis using the heterologous ex-
pression system that recapitulates Io by coexpression of Kv4.3
with KCNE3-wild type (WT)/R99H showed that KCNE3 R99H
causes a gain of function of I by a dominant-positive effect,
thus precipitating the development of BrS.¢ Moreover, muta-
tions in Kv4.3 and KCNES5, which also functions as an inhibi-
tory f3-subunit of To, were identified in BrS patients.**® Func-
tional analysis of these mutations showed that they increase
Tto.>* Therefore, it was established that the gain of function of
Tro by mutations in genes that encode I could be one of the
causes of BrS.

We have previously reported the identification of 8§ muta-
tions in SCN5A among 30 consecutive Japanese patients with
Brugada-pattern ECG.* Considering that the genetic hetero-
geneity of BrS is poorly elucidated in Japan,'82627 we further
conducted genetic screening of BrS-causing genes among
the 30 consecutive patients and another 10 new patients with
Brugada-pattern ECG, and identified a KCNE3 T4A mutation
in a patient presenting with neurally mediated syncope (NMS).
In the present study, we describe the clinical phenotype of the
KCNE3 T4A carrier, and characterize the functional conse-
quence of the Io recapitulated by heterologously coexpressing
Kv4.3+KChIP2b+KCNE3-T4A in CHO cells. Furthermore,
we performed computer simulations based on the I obtained
in electrophysiological recordings, and showed that KCNE3-
T4A recapitulated the ECG phenotype.

Methods

Subjects

The present subjects were 40 consecutive patients (probands;
35 male, 47116 years of age) with Brugada-pattern ECG who
were referred to Gunma University Hospital between April
2002 and September 2010. All patients, except for patient 27,
presented with coved-type ST-elevation in the right precordial
ECG leads with or without provocation of Na channel blocker
(pilsicainide: 1 mg/kg, or procainamide 5 mg/kg), although it is
still under debate whether patients with drug-induced Brugada-
pattern ECG have poor prognosis.**?* Echocardiography and
conventional left catheterization, if performed, indicated no
structural heart disease in all the patients. Thirty-two patients
underwent electrophysiological assessment. Up to 3 extra stim-
uli (minimum coupling interval: 180 ms) were delivered from
2 ventricular sites (right ventricular apex and right ventricular
outflow tract). A head-up tilt (HUT) test was performed using
the same protocol as described previously.* Clinical features
of the subjects are listed in Table 1.

Genetic Analysis

After obtaining appropriate approval from the institution re-
view board and written informed consent from the patient, ge-
nomic DNA was extracted from peripheral blood lymphocytes

using the standard protocol of the QIAamp DNA Blood Midi
Kit (QIAGEN, Hilden, Germany). All coding exons of SCN5A,
SCNIB, KCNE3, SCN3B and KCNES, and their splice sites
were amplified on polymerase chain reaction (PCR) using
primers flanking the intronic sequences as reported previous-
ly. 1572531 The PCR products were purified and directly se-
quenced using an ABI PRISM 3130 Genetic Analyzer (Ap-
plied Biosystems, Foster City, CA, USA). Regarding patient
18, CACNAIC and CACNB2 were also analyzed.* The muta-
tion was analyzed twice on independent PCR amplification
and sequencing. KCNE3 T4A was not identified in 528 control
alleles.

geterulogous Expression of hKv4.3 and g-Subunits in CHO

ells

Full-length cDNA fragment of WT KCNE3 in pCR3.1 vector
was subcloned into pIRES-CD8 vector that is useful in cell
selection. The KCNE3 mutant (T4A) was constructed using a
Quick Change I XL site-directed mutagenesis kit according
to the manufacturer’s instructions (Stratagene, La Jolla, CA,
USA) and subcloned to the same vector. The KCNE3 mutant
was fully sequenced (ABI PRISM 3130 Genetic analyzer) to
ensure fidelity. Full-length cDNA encoding the short isoform
of human Kv4.3 (hKv4.3) subcloned into the pIRES-GFP
(Clontech, Palo Alto, CA, USA) expression vector was kind-
ly provided by Dr GF Tomaselli (Johns Hopkins University).
Full-length cDNA encoding Kv channel-interacting protein 2b
(KChIP2b) subcloned into the PCMV-IRS expression vector
was a kind gift from Dr GN Tseng (Virginia Commonwealth
University). Kv4.3 was transiently transfected into CHO cells
together with KChIP2b and KCNE3-WT (or T4A) cDNA at
equimolar ratio (Kv4.3, 1.0ug; KChIP2b, 1.0pug; KCNE3,
1.0u4g) using Lipofectamine (Invitrogen Life Technologies,
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. In a subset of experiments, 0.5 yg KCNE3-WT and 0.5 ug
KCNE3-T4A were co-transfected into cells with 1.0 ug Kv4.3
and 1.0 g KChIP2b. The transfected cells were then cultured
in Ham’s F-12 medium (Nakalai Tesque, Kyoto, Japan) as de-
scribed previously.?*

Electrophysiologic Recording and Data Analysis
After 48 h of transfection, a coverslip with cells was transferred
to a 0.5-ml bath chamber at 25°C on an inverted microscope
stage and perfused at 1-2 ml/min with extracellular solution
containing the following (in mmol/L): 140 NaCl, 5.4 KCl, 1.8
CaClz, 0.5 MgCl, 0.33 NaH2PO4, 5.5 glucose, and 5.0 HEPES;
pH 7.4 with NaOH. Cells that emitted green fluorescence were
chosen for patch-clamp experiments. If coexpressed with
KCNES3 (or its mutant), the cells were incubated with polysty-~
rene microbeads precoated with anti-CD8 antibody (Dynabeads
M450, Dynal, Norway) for 15min. In these cases, cells that
emitted green fluorescence and had attached beads were cho-
sen for electrophysiologic recording. Whole-cell membrane
currents were recorded with an EPC-8 patch-clamp amplifier
(HEKA, Lambrecht, Germany), and data were low-pass filtered
at 1kHz, acquired at 5kHz through an LIH-1600 analog-to-
digital converter (HEKA), and stored on hard disk using Puls-
eFit software (HEKA). Patch pipettes had a resistance of 2.5~
5.0mol/L.Q when filled with the following pipette solution (in
mmol/L): 70.0 potassium aspartate, 50.0 KCl, 10.0 KH2PO4,
1.0 MgSO4, 3.0 Naz-ATP (Sigma, Japan, Tokyo), 0.1 Li>-GTP
(Roche Diagnostics, Mannheim, Germany), 5.0 EGTA, and
5.0 HEPES (pH 7.2).

Whole cell currents were elicited in a series of depolarizing
voltage steps from a holding potential of -80mV. The time
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Figure 1. (A) Direct sequencing of the KCNE3 gene in the index patient. Nucleotide and amino acid substitutions are indicated
below. (B) Twelve-lead ECG recorded 2 months before admission. (C) Vi-s lead electrocardiogram before (baseline) and after

interval between each voltage pulse was 10s. The difference
between the peak current amplitude and the current at the end
of a test pulse was referred to as the transient outward current.
To control for cell size variability, currents are expressed as
densities (pA/pF) as described previously.?* Steady-state acti-
vation curves were obtained by plotting the normalized con-
ductance as a function of peak outward potentials. Steady-state
inactivation curves were generated by a standard 2-pulse pro-
tocol with a conditioning pulse of 500ms and obtained by plot-
ting the normalized current as a function of the test potential.
Steady-state inactivation/activation kinetics were fitted to the
following Boltzmann equation:

Y(V)=1/(1 +exp[(Vir-V)/K]),

where Y =normalized conductance or current, Vi2=potential
for half-maximum inactivation or activation, respectively, and
k=slope factor.

Data relative to inactivation time constants, time to peak,
and mean current levels were obtained using current data re-
corded at +50mV. Recovery from inactivation was assessed
using a standard paired-pulse protocol: a 1-s test pulse to +50mV
(P1) followed by a variable recovery interval at —-80mV and
then a second test pulse to +50mV (P2). Both the inactivation
time constants and the time constant for recovery from inacti-
vation were determined by fitting the data to a single exponen-
tial:

I(t) (or P2/P1)=A+Bexp(-t/1),

where I(t)=current amplitude at time t, A and B=constants,
and T=inactivation time constant or time constant for recovery
from inactivation. For measurement of recovery from inacti-
vation, the plot of P2/P1 instead of I(t) was used.

All data are given as mean+SEM. Statistical comparisons
between 2 groups were analyzed using Student’s unpaired t-
test. Comparisons among multiple groups were analyzed using

analysis of variance followed by Dunnett test. P<0.05 was con-
sidered significant.

Computer Simulation

To confirm the exact role of the KCNE3 T4A mutation, we
conducted simulations of paced propagation in a 0.5-cm 1-D
bidomain myocardial model with transverse conductivity, mim-
icking transmural section of right ventricular wall. Membrane
kinetics were represented by the Priebe-Beuckelmann human
ventricular model,** of which original Io was replaced by the
Jro with KCNE3-WT or KCNE3-T4A mutation obtained in
electrophysiologic recording.

To obtain the transmural gradient in the right ventricular
wall, we defined endocardial and epicardial tissues as each of
length 0.25 cm, and we set the conductances of the slowly ac-
tivating component of the delayed rectifier potassium channel
(Iks), the inward rectifier potassium channel (Ix1), and I in the
endocardial layers to 46%, 82%, and 29%, respectively, of
those in the epicardial layers. Pacing stimuli of 2 ms and strength
twice-diastolic threshold were applied transmembranously to
the endocardial end at a cycle length of 1,000 ms. The time and
spatial discretization steps were 10us and 50 ym, respectively.
Other model parameters and the numerical approach have been
described elsewhere.®

Resulis

Genetic Analysis

‘We conducted comprehensive genetic analysis of BrS-causing
genes including SCN5A, SCNIB, KCNE3, SCN3B and KCNES,
among 40 consecutive patients with Brugada-pattern ECG.
Besides identifying 8 SCN5A mutations in the present cohort,
we also found a T4A mutation in KCNE3 in the patient 18
who had no mutations in the other genes (including CACNAIC
and CACNB2) associated with BrS (Figure 1A; Table 1).

Circidation Journal Vol76, December 2012

—146—



KCNE3 T4A Causes Brugada-Pattern ECG

2767

A
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WT T4A

Kv4.3 + KChiP2b + KCNE;-WT

Figure 2. KCNES3-T4A increased lo current reconstituted by coexpression of 1ug Kv4.3+ 1ug KChIP2b +1ug KCNE3 in CHO
cells. (&) Representative current traces recorded from cells expressing (L.eft) Kv4.3 + KChIP2b, (Middie) Kv4.3 + KChIP2b + KCNES3-
WT and (Right) Kv4.3+KChIP2b + KCNE3-T4A. Inset, depolarizing test pulses introduced from -80mV holding potential to po-
tentials ranging from —40 to +50mV, with 300-ms duration, in 10-mV increments. (B) Peak current density of I, (C) time to peak
of activation course and (3) inactivation time constants recorded at +50mV. (n), no. of experiments. *P<0.05 vs. WT.

Kv4.3 + KChiP2b + KCNE4;-T4A

Inactivation © (ms)

T4A WT T4A

Clinical Presentation

A 55-year-old man (patient 18) was referred to hospital to
examine the cause of syncope. He had experienced several epi-
sodes of syncope under specific conditions, such as when sit-
ting at a funeral, and standing up after drinking alcohol, since
his 30s. He had no previous history of illness except for syn-
copal episodes, and no family history of sudden cardiac death.
A physical examination, chest X-ray, and blood test showed
no remarkable abnormalities. His 12-lead ECG, recorded 2
months before admission, showed saddle-back-type ST-seg-
ment elevation in the right precordial ECG leads (Figure 118).
The QTc interval was 414 ms. A coved-type ST-segment ele-
vation in the right precordial ECG leads at the second inter-
costal space appeared after provocation with pilsicainide
(Figure 10). Signal-averaged ECG showed no late potentials.
Transthoracic echocardiography showed no apparent structural
heart disease.

The patient underwent electrophysiological assessment. Up
to 3 extrastimuli induced non-sustained polymorphic ventricu-
lar tachycardia, but not ventricular fibrillation. An HUT test
was performed because syncopal episodes had occurred under
specific conditions that could evoke NMS. The HUT test dur-
ing passive tilt provoked both hypotension and bradycardia,
followed by syncope. Therefore, the patient was diagnosed as
having NMS. The patient was not prescribed medication or
implanted with an implantable cardioverter defibrillator.

KCNE3-T4A Mutation Increased the Current Amplitude of
the Kv4.3+KChiP2b+KCNE3 Channel

Because KCNE3 was shown to co-associate with Kv4.3 in the
human heart, and I is thought to underlie the development of
Brugada phenotype,®® KCNE3-WT/T4A was coexpressed
together with Kv4.3 and KChIP2b, which has been shown to
serve as a principal S-subunit of Io.151%3435 Fignre 2A shows
representative whole-cell current traces recorded from CHO
cells expressing Kv4.3 + KChIP2b, Kv4.3 + KChIP2b+ KCNE3-
WT and Kv4.3+KChIP2b+KCNE3-T4A.

Consistent with the previous literature, coexpression of
KCNE3-WT dramatically reduced the current amplitude of the
Kv4.3 +KChIP2b channel.$*2 Further analysis of peak cur-
rent showed that the current density of the coexpression with
the KCNE3-T4A mutant was significantly larger than that for
KCNE3-WT (Kv4.3 +KChiP2b+KCNE3-WT, 51.7£7.3 pA/
pF, n=25 vs. Kv4.3+KChIP2b+KCNE3-T4A, 80.219.1 pA/
pF, n=22, P<0.05; Figure 24,B). Figure 2C shows mean time
interval from the onset of the pulse to maximum current (time
to peak), and Figure 2D shows the time constants (1) of inac-
tivation obtained using a single exponential at +50mV. These
data indicate that KCNE3-T4A mutation increased the current
amplitude of the Kv4.3+KChIP2b+KCNE3 channel, but did
not affect time to peak and the inactivation time course.

Effect of KCNE3-T4A on Activation/inactivation Kinetics of
Kv4.3 +KChIP2h + KCNE3 Channels
To further examine the effect of KCNE3-T4A on gating kinet-
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Figwre 3. Effect of KCNE3-T4A on activation/inactivation kinetics of Kv4.3+KChiP2b+KCNES3 channels. (&) Current-voltage
relationship curves showing peak current densities of the (open circles) Kv4.3 + KChiP2b + KCNE3-WT, (closed circles) KCNE3-
T4A and (filled triangles) KCNE3-(0.5ug WT +0.5ug T4A) channels. *P<0.05 vs. Kv4.3 + KChIP2b + KCNE3-WT. (B) Normalized
conductance-voltage relationships for peak currents in (&). (C) (Upper) Representative Kv4.3 + KChiP2b + KCNE3-WT, (Lower)
Kv4.3 +KChIP2b + KCNE3-T4A current traces induced by 500-ms pre-pulses from -90mV to +50mV applied from the holding
potential ~-80mV in 10-mV steps followed by a second pulse to +40mV (fixed) for assessing the inactivation process. (B) Steady-
state inactivation curves for the (open circles) Kv4.3 + KChiP2b + KCNE3-WT, (closed circles) KCNE3-T4A, and (filled triangles)
KCNE3-(WT +T4A) channels. Peak currents thus measured were normalized by that obtained from the -90mV pre-pulse and are
plotted against the pre-pulse potentials. Smooth curves were drawn by fitting to the Boltzmann equation.

Current A Steady-state Steady-state I
. Activation S ; I Inactivation from
density activation inactivation inactivation
At+50mV Time to

(PA/DF) peak (ms) Viz (mV) k (mV) Va2 (mV) k (mV) T(ms) T (ms)
Kv4.3+KChiP2b+ 51.7+7.3 6.6+0.7 =6.5+2.0 17.2+1.1 ~52.7+1.7: =9.9x1.7 73.0+4.2 - 65.7x10.2
KCNE3-WT (n=25)  (n=25). .. - (n=21) (n=21) - (n=22) (n=22) = (n=25) (n=9)
Kv4.3+KChlIP2b+ 80.2+9.1% 6.0+0.6 -11.6+1.2t  14.2+0.8 ~54.7+1.6 —8.8+2.1 67.1+4.1 66.9+10.7
KCNES3-T4A (n=22) (n=22) (n=19) (n=19) (n=15) (n=15) (n=22) (n=9)
Kv4.3+KChlP2b + . 77.728.6t 6.7+0.8 —7.9¢1.1 154408 —52.2+2.0° =611 64.3:9.8  72.8+12.6
KCNE3-(WT+T4A) (h=11). =~ {n=11) (n=10) (h=10) . (=10} {h=10) (n=11), (n=6)

tP<0.05 vs. Kv4.3 + KChIP2b + KCNE3-WT.
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Figwre 4. Effects of KCNE3-T4A on re-
covery from inactivation of the Kv4.3 +
KChiP2b + KCNE3 channel. A double
step-pulse method was used to as-
sess the recovery from inactivation.
(&, inset) Protocol. A 1-s test pulse to
+50mV (P1) followed by a variable
interval at -80mV, then a second test
pulse to +50mV (P2). (A,B) Represen-
tative results from cells transfected with
(&) Kv4.3+KChIP2b + KCNE3-WT and
(8) Kv4.3+KChiP2b + KCNE3-T4A. (C)
The time course of recovery of the
(opencircles) Kv4.3+KChIP2b+KCNES3-
WT, (closed circles) KCNE3-T4A, and
(filled triangles) KCNE3-(WT+T4A)
channels. The ratio to peak current
amplitude (P2/P1) is plotted as a func-
tion of the inter-pulse (P1-P2) interval.

ics of Kv4.3+KChIP2b+KCNE3 channel, we assessed the
current-voltage (I-V) relationship of the Kv4.3+KChIP2b+
KCNE3-T4A and Kv4.3 +KChIP2b+KCNE3-WT+KCNE3-
T4A channels. Coexpression of KCNE3-T4A (at 20 to
+50mV) or KCNE3-WT +KCNE3-T4A (at 0 to +50mV) sig-
nificantly increased peak current densities (Figure 34; Table 2).
Meanwhile, coexpression of KCNE3-T4A, but not KCNE3-
(T4A+WT), also caused a negative shift (approximately -5mV)
of voltage dependence of steady-state activation as assessed
by plotting the normalized conductance as a function of test
potentials (Figure 3B; Table 2).

Figure 3C shows the representative current traces elicited
by a double-step pulse method (inset) used to evaluate steady-
state inactivation. Peak currents recorded at various levels of
pre-pulse (Figure 3C) were normalized by that measured after
a 500-ms pre-pulse at -90mV and plotted as a function of pre-
pulse test potentials (Figure 3D). Coexpression of KCNE3-
T4A or KCNE3-(WT+T4A) with Kv4.3+KChIP2b did not
significantly modify the steady-state inactivation of Kv4.3+
KChIP2b+KCNE3 channels (Figure 3D; Table 2).

Because the changes in the time course of reactivation can
also affect I current, a double-pulse protocol (Figure 4A)
was used to test the effect of KCNE3-T4A or KCNE3-(WT +
T4A) coexpression on the time course for recovery from inac-
tivation. Figures 4A,B shows the representative current traces
for coexpression of KCNE3-WT and KCNE3-T4A. Figure 4C
shows the time courses of recovery of KCNE3-WT, KCNE3-
T4A and KCNE3-(WT+T4A) coexpression together with

Kv4.3+KChIP2b. Time constants (1) of recovery from inac-
tivation are listed in Table 2. Coexpression of KCNE3-T4A
or KCNE3-(WT+T4A) did not affect the time course of re-
covery from inactivation.

Phenotype of KCNE3-T4A Mutation in a Simulated Human
Right Ventricular Wall Model

To clarify whether the gain of function of Iw resulting from
KCNE3-T4A mutation is indeed responsible for the Brugada-
pattern ECG, we performed computer simulations using the
1-D myocardial model of human right ventricular wall.
Based on the I obtained in electrophysiologic recording
(Figures 3A,B,D), we numerically reproduced the current-volt-
age relationship curves (Figure 5A), the normalized conduc-
tance-voltage relationship curves (¥igure 58), and the steady-
state inactivation curves (Figure 5C) of the KCNE3-WT and
KCNE3-T4A channels. The numerically reproduced I was
incorporated into the 1-D right ventricular wall model, con-
sisting of endocardial and epicardial layers (Figure 5D). We
found that the difference in the phase 2 AP between endocar-
dial and epicardial layers in the KCNE3-T4A model was larg-
er than that in the KCNE3-WT model, and therefore the simu-
lated right precordial ECG showed ST-segment elevation in
the case of KCNE3-T4A (¥Figure 5E).

To examine the adequacy of the KCNE3-T4A model, we
additionally conducted simulations with sodium channel block-
ade. In the case of KCNE3-WT (Figure 5F), because sodium
channel block (Ina 50%) did not increase the difference in phase
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1 AP between endocardial and epicardial layers, no ST-seg-
ment elevation was observed in the simulated ECG. In con-
trast, in the case of KCNE3-T4A (Figare 5F), the same so-
dium channel block caused the loss of dome of AP in the
epicardial layer rather than the endocardial layer, and there-
fore the simulated ECG showed marked ST-segment eleva-
tion, consistent with clinical observation (Figure 1C).

Discussion

We identified a KCNE3 T4A mutation among 40 consecutive
patients with Brugada-pattern ECG. The index patient had ex-
perienced several episodes of syncope, possibly due to NMS
rather than BrS-related ventricular tachyarrhythmias.

The gain of function of T by mutations in genes that encode
Io had been thought to cause BrS.}#5 Indeed, an R99H muta-
tion in KCNE3 was recently identified in 1 BrS family.® Func-
tional analysis of I reconstituted by Kv4.3/KCNE3-R99H
showed a gain of function of the channel with a dominant-
positive effect. Moreover, the mutation was co-segregated

with ECG phenotype.® Therefore, the mutation underlies the
development of BrS. KCNE3 T4A, the variant identified in the
present cohort, could be a candidate for another KCNE3 muta-
tion that is associated with BrS.

We reconstituted Io by coexpressing Kv4.3 with KCNE3 +
KChIP2b in CHO cells, and examined the functional conse-
quence of KCNE3-T4A, because KChIP2 associates with Kv4
and increases Kv4 current with the increase of surface expres-
sion of Kv4, by facilitating the trafficking of the channel and
the kinetic changes that more resemble native Io.%® KCNE3-
T4A also increased I with a dominant-positive effect. More-
over, computer simulations based on the I obtained in elec-
trophysiological recordings demonstrated that KCNE3-T4A
recapitulated the ECG phenotype in the present case. These
results indicate that KCNE3 T4A could underlie the pathogen-
esis of Brugada-pattern ECG. Although it may be required to
demonstrate a co-segregation of KCNE3 T4A with ECG phe-
notype to validate that the KCNE3 T4A is associated with
Brugada-pattern ECG, we unfortunately could not investigate
the patient’s family members because of lack of consent.
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The precise molecular mechanisms of the reverse of KCNE3-
induced suppression of Kv4.3 by KCNE3-T4A remain to be
elucidated. Delpén et al demonstrated, using coimmunopre-
cipitation techniques, that KCNE3 coassociates with Kv4.3 in
human atrial myocardium and rat ventricular myocardium.® In
addition, Lundby and Olesen reported that KCNE3 has an
inhibitory effect on Kv4.3 independent of the presence of
KChIP2 in a heterologous expression system.?* Therefore,
although we recapitulated I in the presence of KChIP2b,
KCNE3-T4A might reverse the KCNE3-induced suppression
of Kv4.3 in the absence of KChIP2b, as is the case with
KCNE3-R99H reported by Delpén et al.¢ Interestingly, Lundby
and Olesen also reported that delayed injection of KCNE3 into
Xenopus oocytes can almost completely inhibit Kv4.3 current,
suggesting that KCNE3 transcription can act as a regulatory
mechanism of the Kv4.3 current density.?® Further studies of
the transcription, trafficking and turnover rate of K4.3 channel
and channel complexes in the presence or absence of KChIP2b
and KCNE3-WT/T4A, would be required to elucidate the mech-
anisms of the reverse of KCNE3-induced suppression of I by
KCNE3-T4A.

Yokokawa et al reported that 35% of patients with Brugada-
pattern ECG had positive responses during the HUT test,*
demonstrating a high prevalence of NMS among individuals
with Brugada-pattern ECG. Although the autonomic nervous
system may play an important role in the development of both
BrS and NMS, the precise pathophysiological link between
BrS and NMS remains to be elucidated. The identification of
anovel SCN5A Q55X mutation in a patient with Brugada-pat-
tern ECG presenting as NMS and the expression of SCN5A in
both myocardial cells and intracardiac ganglia raise the pos-
sibility of a genetic association between BrS and NMS.36:%7
KCNE3 (MiRP2) is also expressed in not only the heart but
also the central nervous system, and it modulates delayed rec-
tifier currents in mammalian neurons by forming native chan-
nel complexes with Kv2.1 and Kv3.1b.* Taken together,
KCNE3 T4A may be associated with both phenotypes of BrS
and NMS.

In contrast, we have previously reported that KCNE3 muta-
tions (R99H and T4 A) are associated with long QT syndrome
(LQTS).*® A functional analysis of KCNQI1 + KCNE3-R99H
coexpression demonstrated a reduction of the repolarizing po-
tassium current, thus supporting the proposition that KCNE3
R99H could be a cause of LQTS. A functional analysis of
KCNQ1 +KCNE3-T4A, however, could not demonstrate sig-
nificant functional abnormalities. Regarding the present case,
the QTc interval was not prolonged. Therefore, further studies
would be necessary to establish the association between KCNE3
T4A and LQTS. Along with this line, 2 KCNE3 T4A carriers
we previously reported had no apparent spontaneous ST-seg-
ment elevation in the right precordial ECG leads.* One car-
rier was a 16-year-old boy, much younger than most affected
patients, and another was an old woman. Pharmacological
provocation tests were not performed to study whether they
had Brugada-pattern ECG.

Conclusions

We identified a KCNE3 T4A mutation in a Japanese patient
with Brugada-pattern ECG presenting as NMS. Its functional
consequence was the gain of function of I, which could un-
derlie the pathogenesis of Brugada-pattern ECG. The data pro-
vide novel insight into the genetic basis of Japanese BrS.
Further studies are required to clarify whether the KCNE3
T4A mutation is also associated with NMS and/or LQTS.
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Baclground: Although the incidence of ventricular tachyarrhythmias associated with structural heart disease is
highest in winter and during the daytime, seasonal and circadian variations among cardiac events in patients with
congenital long QT syndrome (LQTS) remain unknown. The present study aims to determine seasonal and circa-
dian cardiac events in patients with a congenital LQTS genotype.

Methods and Results: The medical records of 196 consecutive patients with symptomatic LQTS (age, 32+19
years; female, n=133; LQT1, n=86; LQT2, n=95; LQT3, n=15) who were genotyped between 1979 and 2006 at 2
major Japanese institutions were retrospectively analyzed. The patients with LQT1, LQT2, and LQT3 developed
223,550 and 59 cardiac events during a mean follow-up of 26, 33, and 25 years, respectively. The numbers of car-
diac events significantly peaked during the summer among those with LQT1 (P<0.001) and from summer to fall in
those with LQT2 (P<0.001), but reached the nadir in winter among those with LQT3 (P=0.003). Cardiac evenis
significantly peaked in the afternoon (12:00—17:59) and morning (06:00—11:59) among those with LQT1 (P<0.001)
and LQT2 (P<0.001).

Conclusions: The frequency of cardiac events was specifically seasonal and circadian among patients with the 3
major genotypes of congenital LQTS. (Circ J 2012; 76: 2112—-2118)

Key Words: Cardiac events; Circadian; Long QT syndrome; Seasonal

We analyzed the medical records of patients genotyped with
congenital LQTS to determine the seasonal and circadian oc-
currence of cardiac events.

tations in genes encoding channels that regulate po-
tassium, sodium, or calcium currents, and by muta-
tions in a cytoskeletal gene that affects sodium and calcium
kinetics, resulting in prolonged ventricular repolarization and
an increased risk for sustained ventricular tachyarrhythmias.!

C ongenital long-QT syndrome (LQTS) is caused by mu-

Methods

Although the incidence of ventricular tachyarrhythmias includ-
ing ventricular tachycardia (VT) and ventricular fibrillation (VF)
is the highest in winter and during the daytime among patients
with structural heart disease,>* the seasonal and circadian oc-
currence of cardiac events as a result of torsade de pointes
remains unknown in patients with congenital LQTS.

Study Population

The present study included 196 (age, 32+19 years; female,
n=133) consecutive patients with symptomatic LQTS and
detailed medical information who were genotyped at 2 major
Japanese institutions (National Cerebral and Cardiovascular
Center, Suita, and Shiga University of Medical Science, Ohtsu)
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LQT1
- Patients ) 86
Gender, female 60 (69.8%)
Age at the study (follow-up) 25.8+14.1
Age at the genetic test 15.5+15.6
* B-blockers 59 (68.6%)
ICD therapy 9 (10.5%)
Total cardiac events » : 293
Mean events number/patient 2.6x2.7
Median/range events 2 (1-18)

LQT2 LQT3 Total
95 R 196
67 (70.5%) 6 (40.0%) 133 (67.9%)
32,5514.8 25.3+18.1 28.0+15.6
26.9:13.9 18.8213.7 20.6+15.2
62 (65.3%) 6 (40.0%) 127 (64.8%)
16 (16.8%) 5 (33.3%) 30 (15.3%)

550, 59 830,
5.8:11.5 3.9:4.9 4.2:85
3(1-75) 2 (1-19) 2 (1-75)

LQT, Long QT; ICD, implantable cardioverter defibrillator.

Presyncope

Syncope

Total cardiac

Cardiac arrest or

death events
LQT1 16 (7.2%) 190 (85.2%) 17 (7.6%) 223
LQT2 220 (40.0%) 311 (56.5%) 19 (3.5%) 550
LQra. 2(3.4%) 35 (59.3%) 22 (37.3%) : 59
LQT, Long QT.

between 1979 and 2006. Eighty-six, 95, and 15 patients had
LQT1, LQT2, and LQT3, respectively. The LQTS patients hav-
ing compound mutations or other mutations except for LQT1,
LQT2, and LQT3 were excluded from the analysis. Symptoms
included presyncope, syncope, and cardiac arrest. Sudden diz-
ziness, palpitation, and chest pain persisting for over 30s with-
out a complete loss of consciousness confirmed by electrocar-
diogram (ECG) recordings as being associated with ventricular
tachyarrhythmias at least once were included as presyncope.
Multiple events were defined as over 2 cardiac events per 24-
h period. Written informed consent was obtained from each
patient in this study to undergo genetic testing. The privacy of
the patients was protected by the anonymization of all data.

Data Collection

In general, the LQTS patients were first referred to our hospi-
tal or to a local outpatient clinic for evaluation and therapy,
and followed up routinely every 1-3 months. After genotyping
at our hospital, they attended our outpatient clinic every 1-6
months (mean, 2.2+1.1 months; median, 2 months). The fol-
low-up period included all periods since the first presentation
at our hospital or a local outpatient clinic. A detailed history
was obtained at each visit and all patients were encouraged to
attend the clinic whenever they experienced palpitations, chest
pain, presyncope, or syncope. Patients with cardiac arrest were
usually conveyed to our hospital. We obtained as complete a
medical history as possible from patients and their relatives, and
retrospectively analyzed these records in detail to determine
the seasonal and circadian distribution of cardiac events. Some
patients were followed up at other outpatient clinics even after
genetic testing when they lived far from our institutions. Local
physicians or pediatric cardiologists then provided detailed
information taken directly from their own medical records, as
well as from the patients and their families.

Seasons are defined in the present study according to the
Japanese calendar as winter, December to February; spring,
March to May; summer, June to August; and fall, September
to November. The time of day was classified as night-time

(00:00-05:59), morming (06:00-11:59), afternoon (12:00-17:59),
and evening (18:00-23:59). Triggers of cardiac events were
classified as exercise, emotion, and rest or sleep without arous-
al according to a previous report.®

Statistics

Quantitative data are presented as means=SD or medians/
range, and were compared using ANOVA or Kruskal-Wallis
analysis. Categorical data are presented as absolute and per-
centage frequencies, and were analyzed using the X2 test. The
difference in the frequency of cardiac events was analyzed
using the goodness-of-fit test for multinomial distribution. A
value of P<0.05 was considered significant.

Results

Patient Characteristics

The baseline characteristics of the study population are shown
in Table 1. Females comprised about 70% of the LQT1 and
LQT2 groups but only 40% of the LQT?3 group. The total num-
bers of cardiac events were 223, 550, and 59 in the LQT1, LQT2,
and LQT3 groups during a mean follow-up of 26, 33, and 25
years, respectively. The numbers of events per genotype sig-
nificantly differed (P=0.007), being 2.6, 5.8, and 3.9 in the
LQT1, LQT2, and LQT3 groups, respectively. Tabie 2 shows
details of the cardiac events that occurred in each LQTS type.
The frequency of more severe symptoms of cardiac events,
such as syncope, cardiac arrest, and sudden death, were high-
er in the LQT1 and LQT3 groups than in the LQT?2 group, in
which such extreme symptoms accounted for 60% of the total
number of events. Symptoms such as presyncope were milder
in the remaining 40% of the LQT2 group.

Seasonal and Circadian Distribution of Cardiac Events in
LAT1

Among a total of 223 cardiac events, details about the season
and time of occurrence for 42 (18.8%) and 55 (24.7%) events,
respectively, were vague. Among 181 (81.2%) events with de-
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tailed seasonal information, most occurred during the summer
(84/181, 46.4%) and the frequency was lowest during the win-
ter (25/181, 13.8%) (Figure 1). Among 168 (75.3%) events
with detailed time information, the frequency was highest dur-
ing the afternoon (82/168, 48.8%), followed by the morning
(50/168, 29.8%), and lowest during the night-time (2/168,
1.2%) (Figure 2). Among the 50 events that occurred during
the morning, extremely few arose at the time of awakening.
Only 5 (10%) occurred during first 2h of the moming (6:00—
7:59) (P<0.001), and the remaining 45 (90%) events occurred
during the late morning (8:00-11:59). Both the seasonal inci-
dence of cardiac events among 3-month periods and the circa-

dian incidence among 6-h periods statistically differed (both,
P<0.001).

Seasonal and Circadian Distribution of Cardiac Events in
LaT2

Among a total of 550 cardiac events, details about the season
and time of occurrence were vague for 42 (7.6%) and 108
(19.6%) events, respectively. Among 508 (92.4%) cardiac
events with detailed seasonal information, the frequency was
highest during the summer (211/508, 41.5%), followed by the
fall (166/508, 32.7%), and lowest during the winter (55/508,
10.8%) (Figure 1). Among 442 (80.4%) cardiac events with
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detailed time information, the frequency was highest during
the morning (169/442, 38.2%), followed by the afternoon
(102/442, 23.1%), and evening (96/442, 21.7%) (Figure 2),
and lowest during the night-time (75/442, 17.0%) (Figure 2).
Cardiac events associated with the morning were concentrated
within the first 2h of awakening (89/169, 52.7%) between
6:00 and 7:59 (P<0.001). Both the seasonal incidence of car-
diac events among the 3-month periods and the circadian in-
cidence among the 6-h periods statistically differed (both,
P<0.001).

Seasonal and Circadian Distribution of Cardiac Events in
LaT3

Among a total of 59 cardiac events, details about the season
and time of occurrence were vague for 3 (5.1%) and 20
(33.9%) events, respectively. Among 56 (94.9%) events with
detailed seasonal information, the frequency was the highest
during the fall (20/56, 35.7%), followed by summer (17/56,
30.4%), and spring (14/56, 25.0%), and lowest during the win-
ter (5/56, 8.9%) (Figure 1). Among 39 (66.1%) events with
detailed time information, the frequency of cardiac events
was highest at midnight in LQT3 compared with LQT1 and
LQT2 (Figure 2). The seasonal incidence of cardiac events
among the 3-month periods statistically differed (P=0.003),
whereas the circadian incidence among the 6-h periods did not
(P=0.679).

Triggers of Cardiac Events in LATS

Figure 3 shows triggers for cardiac events. Triggers were con-
firmed in 203 (91.0%), 390 (70.9%), and 40 (67.8%) events in
LQT1, LQT2, and LQT3, respectively. Most cardiac events in
the LQT'1 group developed during exercise (144/203, 70.9%),
although fewer events occurred during emotional stress (13/203,
6.4%) or rest (5/203, 2.5%). Among 144 cardiac events caused
by exertion, 39 (27.1%) were associated with swimming, which
accounted for 52% of the triggers of cardiac events during sum-
mer exertion. No typical trigger was identified among patients

with LQT?2, although relatively more cardiac events developed
in this group during emotional stress (128/390, 32.8%), such
as arousal or being startled by the sudden ringing of a tele-
phone or a bell, and psychological stress including fear, anxi-
ety, and anger, and fewer developed during rest or sleep with-
out arousal (109/390, 27.9%) or exercise (78/390, 20.0%). In
addition, the features of exercise as a trigger for LQT2 were
unlike those of LQT1 insofar as they were considerably mild-
er and included routine activities such as standing from a seat-
ed position, walking, and brushing teeth. In addition, events
tended to occur at the start of such activities in the LQT?2 group
compared with during more intense exercise in the LQT1 group.
Cardiac events were more frequent during rest or sleep with-
out arousal in the LQT3 group (19/40, 47.5%) compared with
exercise (5/40, 12.5%) and emotional stress (6/40, 15.0%).

Seasonal Distribution of Multiple Events

Multiple events occurred within 24 h in 13/86 (15.1%), 30/95
(31.6%), and 4/15 (26.7%) patients with LQT1, LQT2, and
LQT3, respectively. Among a total of 13 multiple events in
the patients with LQT1, 2 (15.4%), 5 (38.5%), 5 (38.5%), and
1 (7.7%) occurred during the spring, summer, fall, and winter,
respectively. Among a total of 55 multiple events in the LQT2
group, 3 (5.5%), 27 (49.1%), 22 (40%), and 3 (5.5%) events
occurred during these respective seasons. Among a total of 4
multiple events that occurred in the LQT3 group, 2 (50.0%)
occurred during the spring, 1 (25.0%) occurred during the sum-
mer, and 1 (25.0%) occurred during the winter. The seasonal
distribution was significant in both the LQT1 and LQT?2 groups,
but was difficult to analyze in the LQT3 group because rela-
tively few total events occurred. Over 75% and about 90% of
multiple events in LQT1 and LQT2 occurred between summer
and fall.

Discussion

Although several investigators have examined the seasonal or
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