Long QT syndrome with compound mutations is associated with
a more severe phenotype: A Japanese multicenter study
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BACKGROUND: Long QT syndrome (LQTS) can be caused by mu-
tations in the cardiac ion channels. Compound mutations occur at
a frequency of 4% to 11% among genotyped LQTS cases.

OBJECTIVE: The purpose of this study was to determine the
clinical characteristics and manner of onset of cardiac events in
Japanese patients with LQTS and compound mutations.

METHODS: Six hundred three genotyped LQTS patients (310 pro-
bands and 293 family members) were divided into two groups:
those with a single mutation (n = 568) and those with two
mutations (n = 35). Clinical phenotypes were compared between
the two groups.

RESULTS: Of 310 genotyped probands, 26 (8.4%) had two muta-
tions in the same or different LQTS-related genes (compound
mutations). Among the 603 LQTS patients, compound mutation
carriers had significantly longer QTc interval (510 * 56 ms vs

478 + 53 ms, P = .001) and younger age at onset of cardiac
events (10 + 8 years vs 18 = 16 years, P = .043) than did single
mutation carriers. The incidence rate of cardiac events before age
40 years and use of beta-blocker therapy among compound muta-
tion carriers also were different than in single mutation carriers.
Subgroup analysis showed more cardiac events in LQTS type 1
(LQT1) and type 2 (LQT2) compound mutations compared to single
LQT1 and LQT2 mutations.

CONCLUSION: Compound mutation carriers are associated with a
more severe phenotype than single mutation carriers.
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Introduction
Congenital long QT syndrome (LQTS) is a heterogeneous
discase characterized by prolonged ventricular repolariza-
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tion and episodes of syncope and/or life-threatening cardiac
arrhythmias, particularly polymorphic ventricular tachycar-
dia.' Several disease-causing genes have been identified,
including genes encoding cardiac ion channel-composing
proteins, namely, KCNQI (LQT1), KCNH2 (LQT2),
SCN5A (LQT3), KCNEI1 (LQTS), KCNE2 (LQT6), KCNJ2
(LQT7), and CACNAIC (LQT8), and genes encoding a
family of versatile membrane adapters, namely, ANK2
(LQT4), CAV3 (LQT9), SCN4B (LQT10), AKAPs (LQT11),
and SNTAI (LQT12).>> Two modes of inheritance are
involved in this syndrome, which exhibits both an autoso-
mal dominant and an autosomal recessive pattern. The ma-
jority of LQTS cases are inherited in an autosomal dominant
fashion. This pattern, which has been named as Romano-
Ward syndrome,®’ can result from a single mutation in one
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of the LQTS candidate genes. On the other hand, Jervell and
Lange-Niclsen syndrome, which is inherited in an autoso-
mal recessive fashion, is very rare,® affecting less than 1%
of LQTS cases. It is caused by homozygous or compound
heterozygous mutations of KCNQI or KCNE].>'°

Genetic analysis sometimes reveals two or more muta-
tions in LQTS patients with clinical phenotypes of Romano-
Ward syndrome. These compound mutations were shown to
be associated with an increased arrhythmic risk.'"'? How-
ever, most previous studies were conducted in Caucasian
patients, and few systematic studies have involved Asian
cohorts. In the present study, we analyzed the clinical char-
acteristics of LQTS patients who were registered in a Jap-
anese multicenter study. Analysis of the more 600 geno-
typed patients revealed that LQTS patients with compound
mutations not only were common in Japan (8.4% among
probands) but were associated with longer QTc and earlier
onset of cardiac events. In patients who initially are diag-
nosed as LQT1 or LQT2, additional mutations may be
present if patients have a more severe phenotype than ex-
pected; therefore, conducting a survey for major LQTS-
related genes is critically important.

Methods

Patients and data collection

Major candidate genes were analyzed in 612 consecutive
and unrelated probands with a suspected clinical diagnosis
of congenital LQTS, who were referred to four centers in
Japan (Shiga University of Medical Science, Otsu; Kyoto
University Graduate School of Medicine, Kyoto; Kanazawa
University Graduate School of Medical Science, Kanazawa;
and National Cardiovascular Center, Suita) between June
1996 and January 2009. If gene mutations in LQTS-related
genes were identified, further genetic analysis was con-
ducted among family members as extensively as possible.
All patients in the cohort were Japanese.

Genetic analysis

Informed consent was obtained from all individuals or their
guardians according to standards established by the local
institutional review boards. Genotypic and DNA sequence
analyses of KCNQI, KCNH2, SCN5A, KCNEI, and KCNE2
were performed as described previously.'? In addition,
KCNJ2 (Andersen syndrome [LQT7]'*'?) was analyzed in
patients who had not only QT prolongation but also the
clinical phenotype of Andersen syndrome, for example,
periodic paralysis or dysmorphic features. Other candidate
genes (e.g., ankyrin-B [LQT4], CACNAIC [Timothy syn-
drome, LQT8]) were not analyzed because mutations in
these genes are extremely rare. Denaturing high-perfor-
mance liquid chromatography was performed as described
previously.'® Abnormal conformers were amplified by poly-
merase chain reaction and sequenced using an ABI
PRISM310 DNA sequencer (Perkin-Elmer Applied Biosys-
tems, Wellesley, MA, USA). “Splicing error” mutations
were defined as those that occurred within three bases of the
splicing sites. When mutations were detected, 200 Japanese

control subjects were checked and single nucleotide poly-
morphisms were excluded from the study. If mutations of
these genes were detected in the probands, their family
members were also analyzed and genotype-phenotype cor-
relations confirmed. Mutation-negative controls were de-
fined as family members without mutations detected in each
proband. Nonsynonymous as well as synonymous single
nucleotide polymorphisms were excluded with the assis-
tance of data from previous reports'’"'® and from the Na-
tional Center for Biotechnology Information database.

Clinical characterization

Baseline clinical data were recorded for each patient and
included the following: age at diagnosis, age at first cardiac
event, sex, cardiac events, family history of sudden cardiac
death or LQTS members, ECG measurements, and thera-
peutic regimens administered. Schwartz scores also were
calculated.’®?' In the analysis of triggers of arrhythmic
events, triggers were divided into four categories: exercise/
swimming, emotional stress/arousal stress, sleep/rest, and
other conditions.

ECG parameters measured at baseline included RR,
QT QT pea> and Ty ena (QTcpg-pear) intervals. The lat-
ter is thought to reflect transmural dispersion of ventricular
repolarization.””> Measurements were the mean of at least
three beats measured in lead V5 from the 12-lead ECG
during stable sinus rhythm and corrected by the Bazett
formula.”* QT,,4 was manually measured as the time inter-
val between QRS onset (Q) and the point at which the
isoelectric line intersected a tangential line drawn at the
maximal downslope of the positive T wave or the maximal

LQTS probands
N=612

Genetic Analysis No Mutation

Pp| N=302

Mutation Carriers (N=603)

Probands Family members
N=310 N=293
N=284 N=9

l /N=284 N=26 - l

single mutation compound mutation

N=568 N=35

Figure 1  Schematic representation of the positive-mutation carriers in
this study. LQTS = long QT syndrome.
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Table 1  Overall data of patients with compound mutations

Research groups Schwartz et al. Westenkow et al. Tester et al. This study
Reported years 2003 2004 2005 2010
The corresponding number in the reference list 25 11 12

Percentage of probands with compound mutations
(probands with compound mutations/total

probands) subtypes

4.6% (6/130)

5.2% (9/172*) 10.8% (29/269)  8.4% (26/310)

LaT1 7 (58%)
Larz 2 (17%)
Lat3 3 (25%)
LQT5-D85N 0 (0%)
vs. single mutation carriers
QTc interval NA
Cardiac events NA
Age of onset NA

14 (35%) 30 (52%) 18 (35%)
10 (25%) 15 (26%) 17 (33%)
2 (5%) 13 (22%) 14 (27%)
10 (25%) 0 (0%) 0 (0%)
prolonged not significant prolonged
frequent not significant not significant
NA younger onset younger onset

*This table excluded probands with single nucleotide polymorphisms (SNP), NA = not available.

upslope of the negative T wave (QT ). QT cpd-pea then was
obtained by calculating as QT,,q minus QT

Statistical analysis

All analyses were performed using the SPSS 16.0 statistical
package (SPSS, Inc., Chicago, IL. USA). Data are ex-
pressed as mean * SD. P < 0.05 was considered signifi-
cant. Univariate comparison of parameters between groups
was performed by an unpaired t-test. Differences in inci-
dence between groups were analyzed by Chi-square test or
Fisher exact probability test. The cumulative probability of
a first cardiac event (syncope, torsades de pointes, ventric-
ular fibrillation, cardiac arrest, or sudden death) occurring
before age 40 years and before beta-blocker therapy or after
beta-blocker therapy was determined by means of the life-
table method of Kaplan-Meier, and results were compared
using log rank test.*

Results
Genetic characteristics of mutations associated
with single and compound mutations
Genetic analysis revealed gene mutations in 310 (51%) of
612 probands. The study enrolled 603 genotyped LQTS
patients consisting of 310 genotyped probands and their 293
genotyped family members. A flowchart of the genetic
diagnosis of the study population is shown in Figure 1.

Of the 310 genotyped probands, 26 (8.4%) had com-
pound mutations. This rate is comparable to the rates in
previous reports of Caucasian patients (Table 1). The 26
probands all had two mutations in the LQTS-related genes
we examined. These 52 mutations in 26 probands consisted
of 45 missense mutations, 4 frameshift mutations, 2 splice-
site mutations, and 1 nonsense mutation (see Online Sup-
plemental Data 1). The mutation types of the 284 single
mutation carriers were 210 missense mutations, 34 frame-
shift mutations, 18 splicesite mutations, 12 deletions, 9
nonsense mutations, and 1 insertion mutation (see Online
Supplemental Data 2). Therefore, the mutation types were
similar between the two groups (Figure 2).

Among the 293 genotyped family members, there were
284 single mutation carriers and 9 compound mutation

carriers. In total, 568 patients with a single mutation (284
probands and 284 family members) consisted of 256 with
LQT]1, 248 with LQT2, 62 with LQT3, and 2 with LQTS.
Thirty-five compound mutation carriers (26 probands and 9
family members) consisted of 9 with LQT2 and LQT3, 7
with LQT1 and LQT2, 6 with LQT1 and LQT3, 4 with
double LQT1, 3 with double LQT2 mutations, 2 with LQT1
and LQT7, 2 with LQT2 and LQT7, 1 with double LQT3,
and 1 with LQT1 and LQT6.

Families associated with compound mutations

In the analysis of family members associated with com-
pound mutations, 28 single heterozygous mutation carriers
and 4 obligate single mutation carriers were identified from
9 families, and single mutation carriers had milder clinical
phenotypes than compound mutation carriers (Figure 3).
Only 2 (6%) of the 32 single mutation carriers had syncope
but no torsades de pointes, an incidence lower than that in
compound mutation carriers (54% [19/35] patients, P <.001).
For single heterozygous mutation carriers in compound mu-
tation families, average QTc interval was 442 * 30 ms,
which was longer than that of the 15 mutation-negative
controls (408 = 28 ms, P = .001) but significantly shorter
than that of compound mutation carriers (510 * 56 ms,
P <.001).

Early onset of cardiac events and more severe QT
prolongation was observed in patients with compound
mutations

Table 2 compares the clinical characteristics of 35 LQTS
patients with compound mutation and 568 LQTS patients
with a single mutation. The female-to-male ratio was similar
between the two groups. However, the incidence of family
members associated with double-hit patients was signifi-
cantly smaller than that with a single mutation (26% vs
50%, P = .005). In the ECG analysis of 496 patients with
available information, corrected QT interval was signifi-
cantly longer in compound mutation carriers than in single
mutation carriers (510 * 56 ms vs 478 * 53 ms, respec-
tively, P = .001), whereas other ECG findings, R-R inter-
val, corrected QT .y, corrected QT ena» and rates of
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Figure 2 Conventional transmembrane topology of all mutations in the probands.

notched T wave and T-wave alternans were not different
between the two groups. The frequency of patients with a
normal QTc interval <440 ms was similar between the two
groups, whereas the frequency of double-hit patients with
QTc intervals >500 ms was significantly higher than in
those with a single mutation (66% vs 26%, P <.001).
Schwartz scores in the compound mutation group and the
rate of patients with a score =4 were higher than those in
the single mutation group (Schwartz score: 4.3 * 2.1 vs
3.4 = 1.9 points, P = .017; rates of Schwartz score =4
points: 70% vs 47%, P = .026). A significantly higher
number of patients with compound mutations received beta-
blocker therapy than did those with a single mutation (56%
vs 33%, P = .006).

In the analysis of “all age groups,” the frequency of
cardiac events was similar between compound and single
mutation groups, whereas age at first cardiac event was
significantly lower in the compound mutation group (10 *
8 years vs 18 = 16 years, P = .043). For the occurrence of
syncope or torsades de pointes before age 40 years, com-
pound mutation carriers had significantly more events than
did single mutation carriers (54% vs 37%, P = .043). The
occurrence of cardiac arrest or ventricular fibrillation was
similar between the two groups for patients before age 40
years. In 561 patients with available information on age at
first cardiac events, Kaplan-Meier analysis showed that the
cumulative rate of survival without a cardiac event before
age 40 years and use of beta-blocker therapy differed sig-
nificantly between compound and single mutation carriers
(P = .004 by log rank test; Figure 4A) and between com-
pound mutation carriers and each subgroup of single muta-
tion carriers (P = .004 vs LQT1, P = .018 vs LQT2, P =
.001 vs LQT3, by log rank test; Figure 4B). In the analysis
of matched subtypes between single and compound muta-
tion carriers, patients with additional mutations in an LQTS

subtype had a significantly poorer prognosis than LQT1
alone (P = .001; Figure 5) and LQT2 alone (P = .035) but
not LQT3 alone (P = .06).

Discussion

In this multicenter study, the major findings were as fol-
lows. (1) LQTS-associated compound mutations in the Jap-
anese population were as common as previously reported in
studies of Caucasian patient cohorts. (2) Patients with com-
pound mutations displayed longer QTc and earlier onset of
cardiac events. (3) Patients with compound mutations had
more cardiac events before age 40 years and more beta-
blocker therapy. (4) Subgroup analysis showed more car-
diac events in LQT1 and LQT2 compound mutations com-
pared to single LQT1 and LQT2 mutations.

Twenty-six probands (8.4% of genotyped LQTS) were
found to have two variants in genes encoding ion chan-
nels (KCNQ1, KCNH2, SCN5A, KCNEI, KCNE2, or
KCNJ2). This incidence rate is in general agreement with
other studies that reported a prevalence of compound or
multiple mutations of 5% to 11% of genotyped LQTS
(Table 1).'"18:23

Table 1 summarizes the genetic and clinical characteris-
tics of patients enrolled in previous studies and compares
them with the characteristics of patients enrolled in the
present study. Sanguinetti and colleagues reported that pa-
tients with compound mutations not only had longer QT
intervals than single mutation carriers but also had more
frequent cardiac events.'' However, Ackerman and col-
leagues demonstrated that, although compound mutation
carriers were diagnosed at a younger age than single muta-
tion carriers, they did not have significantly longer QT
intervals.'? The difference between these results might be
explained by half of the 20 compound probands in the
cohort of Sanguinetti et al possessing the common KCNE]-
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Table 2  Clinical characteristics of LQTS patients with gene mutations

Compound mutations

Single mutations

(N=35) (N=568) p value
Demographic
Age at diagnosis (yrs) 19 *+ 14 [15, 9-27] 28 + 19 [22, 12-42] 0.001
Female gender 23 (66%) 330 (58%) 0.394
Proband 26 (74%) 284 (50%) 0.005
Family members 9 (26%) 284 (50%) 0.005
Cardiac events
cardiac events in all age groups
Age at first cardiac event (yrs) 10 = 8 [11, 3.5-13.5] 18 *+ 16 [12, 7-19] 0.043
syncope 19 (54%) 235 (41%) 0.161
TdP 10 (29%) 102 (18%) 0.136
cardiac arrest or VF 3 (9%) 44 (8%) 0.748
sudden death 0 (0%) 4 (1%) 1.000
cardiac events before 40 yrs
syncope or TdP 19 (54%) 205 (37%) 0.043
cardiac arrest or VF 3 (9%) 37 (7%) 0.500
ECG measurements v
RR interval (ms) 866 + 210 914 * 174 0.252
corrected QT (ms) 510 * 56 478 *+ 53 0.001
corrected QT >500 ms (%) 23 (66%) 122 (26%) <0.001
corrected QT <440 ms (%) 3 (9%) 91 (20%) 0.351
corrected QT peak (ms) 385 = 70 384 = 50 0.906
corrected QT peak-end (ms) 121 £ 73 95 * 41 0.081
notched T wave 11 (31%) 200 (37%) 0.540
T-wave alternans 0 (0%) 30 (5%) 0.246
Diagnosis
Schwartz score 42 * 21 3419 0.017
Schwartz score =4 21 (70%) 219 (47%) 0.026
Therapy
B-blocker 10 (56%) 175 (33%) 0.006
class Ib antiarrhythmic drugs 3 (9%) 53 (10%) 1.000
pacemaker 1 (3%) 15 (3%) 1.000
sympathectomy 1 (3%) 3 (1%) 0.218
defibrillator 1 (3%) 32 (6%) 0.712

TdP = torsades de pointes, VF = ventricular fibrillation, NS = not significant, corrected QT = QT interval corrected for heart rate with Bazett formula
[A, B], A = median, B-C = first interquartile range-third interquartile range.

D85N polymorphism as the “second hit” (Table 1).'"2¢ In
all age groups of this study, the incidence of cardiac events,
such as torsades de pointes or syncope, was similar between
single and compound mutation carriers; however, the clin-
ical phenotypes of those with compound mutations before
40 years of age were more serious than in those with a
single mutation (Table 2). Thus, phenotypes with compound
mutations appear to be more serious than single mutation
carriers, regardless of race.

Beta-blocker therapy is first-line treatment for the pre-
vention of cardiac events in LQTS. Beta-blockers have been
shown to significantly reduce cardiac events in LQTS pa-
tients, especially LQT1 type.””~*’ However, patients with
LQT?2 or LQT3 have been reported to be less responsive to
beta-blocker therapy”’*° and may require additional ther-
apy, such as pacemaker implantation for LQT?2 or a Class Ib
antiarrhythmic drug for LQT3. It may be recommended that
patients with compound mutations receive additional indi-
vidual therapy based on their LQTS subtype, for example,
the combination of beta-blocker and Class Ib antiarrhythmic
drugs for patients with LQT1 and LQT3. In patients who
were first diagnosed as LQT1, Kobori et al®! reported that

additional mutations in different LQTS-related genes influ-
enced phenotype severity and reduced beta-blocker effec-
tiveness. Previous reports showed that approximately 20%
of LQT1 patients were resistant to beta-blocker therapy.
Additional or “latent” mutations may be present in these
patients, and conducting a survey for major all LQTS-
related genes, even after a possible mutation is identified, is
critically important.

Family study analyses are of enormous importance be-
cause single mutation carriers in this study tended to have
mild phenotypes. Most of the single mutation carriers in
families of compound probands remained asymptomatic.
However, double hits of these “latent” gene carriers could
cause more serious phenotypes.’>** Jervell and Lange-
Nielsen syndrome is a well-documented LQTS phenotype
with an autosomal recessive pattern. The loss of function of
Ixs on both alleles generally causes not only more severe
clinical phenotypes but also deafness.”'” In our study, two
of three probands with double KCNQ/ mutations had no
deafness. We speculate that these mutations would func-
tionally cause mild changes without complete loss of I,.
Westenskow et al'' reported the molecular mechanism of
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survival from birth to age 40 years and before therapy. A: Comparison
between patients with a single mutation and compound mutations. B:
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2 (LQT2), type 3 (LQT3), and compound mutations.

increased risk through compound mutations using heterol-
ogous expressions in Xenopus oocytes. When wild-type and
variant subunits were coexpressed in appropriate ratios to
mimic the genotype of the probands with mutations, the
reduction in current density was equivalent to the additive
effects of the single mutations. Coexpression of two mutant
subunits caused a significant but incomplete reduction.
Thus, either compound mutation seems to be associated
with mild functional damage. It is necessary to have “double
hits” of these mild mutations in order to produce symptoms.

Study limitations

This study has several limitations. First, six major LQTS
candidate genes were examined, but not for minor genes
encoding a family of versatile membrane adapters. How-
ever, excluding these minor genes from our investigations
would not have affected the overall study results, largely
because the incidence of these minor gene mutations report-
edly is =1%. Second, analysis of single mutation carriers in
compound mutation families is dominated by their presence
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Figure 5 Kaplan-Meier cumulative probability of cardiac event-free
survival from birth to 40 years of age and before therapy. A: Comparison
between patients with long QT type 1 (LQTI_ subtype and compound
mutation carriers with LQT]1 plus other mutations. B: Comparison between
patients with long QT syndrome type 2 (LQT2) and those with LQT2 plus
other mutations.

in only 35% (9/26) of families. Therefore, there might be a
statistical bias due to a mutation-specific effect. Third, Kapa
et al'® reported the need for further studies on whether
regions such as the interdomain linker of SCN5A could
affect the clinical phenotypes of LQTS. In this study, we
were able to distinguish mutations from these “genetic
noises,” especially in the SCN5A gene.
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Aims We aimed to examine the validity of heart rate (HR) at rest before B-blocker therapy as a risk factor influencing
cardiac events (ventricular fibrillation, torsades de pointes, or syncope) in long QT type 2 (LQT2) patients.
Methods In 110 genetically confirmed LQT?2 patients (45 probands), we examined the significance of variables [HR at rest,

corrected QT (QTc), female gender, age of the first cardiac event, mutation site] as a risk factor for cardiac
events. We also evaluated frequency of cardiac events in four groups classified by the combination of basal HR
and QTc with cutoff values of 60 b.p.m. and 500 ms to estimate if these two electrocardiographic parameters in com-
bination could be a good predictor of outcome (mean follow-up period: 50 + 39 months). Logistic regression analysis
revealed three predictors: HR <60 b.p.m., QTc =500 ms, and female gender. When the study population was
divided into four groups using the cutoff values of 60 b.p.m. for HR and 500 ms for QTc, the cumulative event-
free survival by the Kaplan—Meier method was significantly higher in the group with HR >60 b.p.m. and QTc
<500 ms than in the group with HR <60 b.p.m. and QTc <500 ms or that with HR <60 b.p.m. and QTc
>500 m (P < 0.05). Irrespective of QTc interval, LQT2 patients with basal HR <60 b.p.m. were at significantly

and results

higher risk.

Conclusion The basal HR of <60 b.p.m. is a notable risk factor for the prediction of life-threatening arrhythmias in LQT2
patients.

Keywords Long QT syndrome e Arrhythmia e Genetics ® Heart rate ® Torsades de pointes

Introduction are quite effective, whereas they are less effective in suppressing

arrhythmic events in LQT2 and 3.2

Previous studies have demonstrated the importance of evaluat-
ing patients by clinical symptoms, gender, causative mutations, the
type or biophysical function of mutations, and corrected QT

Long QT syndrome (LQTY) is a primary electrical disease charac-
terized by an abnormality in myocardial repolarization that leads
to the prolongation of QT interval, morphological changes in T

waves, and torsades de pointes (TdP) type of ventricular tachyar-
rhythmias on surface electrocardiogram (ECG).1 Studies on
genotype—phenotype correlation identified the clinical character-
istics in each genetic subgroup, which made it possible to diagnose
and introduce B-blocker therapy (BBT) appropriately in LQTS
patients.” * In patients with LQTS type 1 (LQT1), B-blockers

(QTc) interval to stratify the arrhythmic risk in LQTS 3 1
Heart rate (HR) has been recognized since the establishment of
LQTS as a clinical entity, and a low HR for age was included in
the diagnostic criteria.’® A recent study by Schwartz et al.'®
demonstrated that a lower resting HR and a relatively low barore-
flex sensitivity in KCNQ1 A341V carriers are protective factors,
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whereas HR at rest in other subtypes of LQTS has not been fully
investigated. In clinical practice, we have noted that in some cases
of LQT2 that TdP was triggered by HR of <60 b.p.m. and sup-
pressed by pacing at 80 b.p.m., which made us evaluate the impor-
tance of HR in arrhythmic events of LQT2 patients. For these
reasons, we aimed to analyse whether HR at rest before BBT
could be a novel risk factor for cardiac events besides gender,
genetic locus, and prolonged QT interval in LQT2. We also eval-
uated the relationship between HR at rest and arrhythmic events
before and after BBT through the analysis of clinical data on
patients with LQT2.

Methods

Study population

From September 1996 to July 2009, 587 probands with QT pro-
longation underwent genetic testing in three institutes in Japan, Shiga
University of Medical Science, Kyoto University Graduate School of
Medicine, and the National Cardiovascular Center. One hundred and
fifty-two probands (26%) were genotyped as LQT2. We also screened
mutations in KCNQ1, SCN5A, KCNE1-3, and KCNJ2 using the standard
genetic tests'’ 2% and excluded 20 probands with compound
mutations and/or modifier single-nucleotide polymorphisms known
to affect the QT interval (KCNH2 K897T and KCNE1 D85N).2"22
The remaining 132 probands were found to have a single KCNH2
mutation, and among them, we excluded from analyses patients
under 15 years and those without detailed clinical information or
with medication (except for B-blocker) which could influence baseline
ECG measurements at the first medical contact and thereafter. Chil-
dren <15 years old were not studied because they had relatively
high basal HR. Family members of the 152 probands were recruited
for the analysis if we could obtain necessary clinical information and
if they were over 15 years old. As a result, the study population
became 110 patients (45 probands and 65 family members) from 74
unrelated Japanese LQT2 families.

Both symptomatic and asymptomatic patients were included in the
groups of probands and family members. Regardless of being probands
or family members, patients were defined as symptomatic when they
had a history of cardiac events (defined as ventricular fibrillation,
TdP, or syncope due to ventricular arrhythmia) at the first medical
contact or at the time of yearly follow-up. Patients with an apparent
history of vasovagal syncope were not included in the study. The pro-
tocol for genetic analysis complied with the Declaration of Helsinki and
was approved by the institutional ethics committees and performed
under their guidelines. All individuals or their guardians gave written
informed consent to genetic and clinical data analyses. Follow-up
data were obtained from patients’ regular hospitals working with the
authors in case patients lived far from our institutions or hospitals
and were not able to visit us.

Genetic analysis and characterization

Genomic DNA was isolated from venous blood lymphocytes using the
QlAamp DNA blood midikit (Qiagen, Hilden, Germany). Established
primer settings were used to amplify the entire coding regions of
known LQTS genes from genomic DNA."7 20 Denaturing high per-
formance liquid chromatography (DHPLC) or direct sequencing tech-
niques were employed as described elsewhere."’ Polymerase chain
reaction fragments presenting abnormal signals in DHPLC analysis
were subsequently sequenced by the dideoxynucleotide chain

termination method with fluorescent dideoxynucleotides on an ABI
3113xl genetic analyzer (PE Applied Biosystems).

The pore region of the KCNH2 channel was defined as the area
extending from S5 to the mid-portion of S6 involving amino acid resi-
dues from 550 through 650 according to the previous report.'® The
non-pore region included the N-terminus region, transmembrane
domains apart from the pore region and the C-terminus region.

Clinical characterization

Routine demographic data and basal 12-lead ECGs were obtained
from all subjects at the first medical contact as well as at yearly
follow-up. In 104 patients, ECG parameters were measured before
BBT was introduced. The remaining six patients, in whom BBT was
started after the first cardiac event by an attending physician in
other hospitals, visited a university hospital for further diagnostic con-
firmation of the symptoms. One of the six patients experienced
aborted sudden cardiac death, four had documented TdP, and one
had a syncopal attack. After obtaining informed consent, BBT was dis-
continued for more than five times the half life and examinations were
performed, including a blood test, basal ECG, chest X ray, echocardio-
gram, and treadmill test for the diagnosis of congenital long QT
syndrome.

Electrocardiograph parameters measured in the study were HR and
QT interval. Rate-dependent QT intervals were corrected for HR
using Bazett's method. QT interval was manually measured in lead
Vs using the tangent method® with an average of 2 or 3 consecutive
beats by three investigators who were completely unaware of the
patients’ clinical and genetic state. There were no significant differences
in the measured data among three investigators. Bifid T waves, but not
U waves, were included in the QT measurements. In the presence of
bifid T waves, the end of the second T wave was defined as the end of
the QT interval. If ECG recordings were obtained during a cardiac
event, such as the appearance of frequent ventricular tachycardia,
TdP, or cardiac arrest, they were requested to perform another exam-
ination after patient’s general status had improved.

Data on patients who received BBT after the initial check-up were
evaluated, including the dose of each drug, HR under medication,
and recurrent arrhythmic episodes. Other treatments, such as implan-
table cardioverter-defibrillator (ICD) implantation and surgical left
cardiac sympathetic denervation, were also evaluated. Follow-up
data, including the occurrence of cardiac events and therapeutic
changes, were collected retrospectively.

Statistical analysis

Student’s t-test was employed to compare continuous data. Differ-
ences in frequencies were analysed by the y? test or Fisher's exact
test. Analysis of variance was used to test differences of variables
among more than three groups. Stepwise regression analysis was per-
formed to determine predictors of cardiac events. Variables with P <
0.05 on univariate analysis were included in a logistic regression model
with cardiac events as dependent variables. To determine the connec-
tion of the selected clinical variables with the occurrence of cardiac
events, odds ratios for unadjusted data and their 95% confidence inter-
vals were calculated. The cumulative probability of the first cardiac
event between 15 and 50 years old was estimated using the Kaplan—
Meier method. The Cox proportional-hazards survivorship model
was used to investigate whether there were any prognostic factors
that could influence the occurrence of cardiac events. Data are
reported as the mean + SD. Two-sided probability values <0.05
were considered significant. Statistical calculations were performed
using SPSS software (version 18.0)).
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Results

Clinical and genetic characteristics

The study population consisted of 110 consecutive patients from
74 unrelated Japanese LQT2 families (Table 7). The baseline
ECG showed that the mean HR of probands tended to be lower
than that of family members (P = 0.06).

All patients were genotyped to be a heterozygous carrier of 70
different KCNH2 mutations (18 in the N-terminus, 15 in non-pore
regions, 13 in pore regions, and 24 in the C-terminus). Forty-three
mutations were missense mutations, 15 were deletion/insertions, 9
were frameshifts, and 3 were nonsense mutations.

Table 1 Basal characteristics of the study population

Al Proband Family
(n = 110) (n = 45) member
(n = 65)
Clinical characteristics
Age (years) 408 £ 175 3124156 474+156
(15-87) (15-77) (16—87)**
Sex (male/female)  40/70 10/35 30/35*
Symptomatic patients 48 (44) 38 (84) 10 (15)**
[n (%)]
Cardiac arrest (n) 7 4 3
Syncope (n) 46 38
Both (n) 5 4 1
ECG
HR (b.p.m.) 62 + 10 60 + 9 63+ 11
QTc (ms) 483 + 58 508 + 60 467 + 50**

*P < 0.05 vs. proband.
**P < 0.001 vs. proband.

Factors determining cardiac events

in LQT2 patients

We first evaluated whether HR and other variables (age at onset of
cardiac events, female gender, site of mutation, missense mutation,
and QTc) served as risk factors for cardiac events in LQT2
patients. Univariate analysis (Table 2) showed that HR of
<60 b.p.m. per se was a significant risk for cardiac events (P <
0.01). In addition, female gender, HR as a continuous variable, a
QTc interval of >500 ms, and pore site mutation were associated
with an increased risk for cardiac events (P < 0.05). Other vari-
ables such as age at onset of cardiac events, sites of mutation
(non-pore transmembrane, N-terminal, and C-terminal), and mis-
sense mutation were not statistically significant.

Multivariate analysis (Table 2) was subsequently performed using
female gender, HR of <60 b.p.m., QTc of >500 ms, and pore site
mutation. As for HR, we chose HR of <60 b.p.m. for multivariate
analysis because we aimed to clarify if low HR of <60 b.p.m. was a
significant risk factor for cardiac events. As shown in Table 2,
female gender, HR <60 b.p.m., and QTc >500 ms were revealed
to be significant risk factors for cardiac events (P < 0.05).

Bradycardia as an arrhythmic risk factor
in LQT2 patients

We employed two ECG parameters, HR and QTg, to scrutinize
who were more prone to have cardiac events in our LQT2
cohort. Using cutoff values of 60 b.p.m. for HR without B-blockers
and 500 ms for QTc, we classified 110 LQT2 patients into four
groups (Figure 1). Closed and open circles in the figure indicate
symptomatic and asymptomatic patients, respectively (including
both probands and family members). There were only eight symp-
tomatic patients (23%) in the quadrant area of HR >60 b.p.m. and
QTc <500 ms. In contrast, in the quadrant area defined as HR
<60 b.p.m. and QTc >500 ms, 12 subjects (B6%) experienced
cardiac events (P < 0.05, vs. HR >60 b.p.m. and QTc <500 ms).

Table 2 Predictors of cardiac events (syncope, aborted cardiac arrest, or sudden cardiac death) in univariate and

multivariate analyses

Univariate analysis

1.08 (0.78-1.49)
3.56 (1.51-838)

Age at onset
Female gender

HR <60 b.p.m. 2.83 (1.30-6.16)
HR (continuous variable) 0.95 (0.91-0.99)
QTc =500 ms 2.65 (1.18-6.00)
Mutation location

Pore 245 (1.07-5.60)

091 (0.27-3.08)
0.83 (0.33-2.04)
0.57 (0.26-1.27)
2.10 (0.91-4.85)

Transmembrane, non-pore
N-terminal
C-terminal

Missense mutation

Multivariate analysis

P-value Odds ratio (95% CI) P-value
0639

0.004 4.54 (1.72-12.00) ©0.002
0.009 446 (177-11.24) 0.001
0.022

0.019 293 (1.13-7.59) 0.026
0.034 1.77 (0.70-4.48) 0.230
0914

0.677

0.169

0.081

— 164 —

0102 'S} Jequisoaq uo Aleiqr] edusdg [E9Ipep 40 AlsieAlun eBiys je 610°sjewnolpiojxo-ededoine Wwoy papeojumoq



1626

I. Nagaoka et al.

Table 3 summarizes the baseline characteristics of four groups
divided by HR and QTc. The group of HR >60 b.p.m. and QTc
<500 ms was defined as Group A, the group of HR <60 b.p.m.
and QTc <500ms as Group B, HR >60b.pm. and QTc
>500 ms as Group C, and HR <60 b.p.m. and QTc >500 ms as
Group D. There were no significant differences among four
groups regarding age at baseline ECG recording, age at the first
event, percentages of female gender, and BBT. In Group A, the

700 - Group D Group C
.
e, ©
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o .
* L M 00 ° .
£ R
O 500 ° o 002 ) a
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Figure 1 Distribution of KCNH2 mutation carriers according
to the resting HR and QTc duration. Closed and open circles
indicate symptomatic and asymptomatic patients, respectively.
Two solid lines in the graph are drawn using the cutoff values
of 60b.p.m. and 500 ms. QTc was measured in lead V5.
Groups A-D in the graph correspond to those in the text,
Table 3 and Figure 2.

number of proband was significantly lower than that in Groups B
and D. The incidence of syncope or aborted cardiac arrest in
Group A was significantly lower than in the Groups B and C. In
groups of HR <60 b.p.m. (B and D), patients with QTc >500 ms
(Group D) had more arrhythmic events than those with QTc
<500 ms (Group B).

We then estimated the cumulative probability of the first cardiac
event between the age of 15 and 50 in four groups (Groups A-D,
Figure 2). The Kaplan—Meier analysis of all subjects (Figure 2A)
showed that cumulative event-free survival was significantly differ-
ent (P = 0.007 by the log-rank test) and when adjusted for multiple
comparisons, cumulative event-free survival was higher in Group A
than in groups of HR <60 b.p.m. (P =0.014 vs. Group B, P=
0.001 vs. Group D). In contrast, the survival rate was not statisti-
cally different among Groups B-D.

In Figure 2B and C, we examined the clinical course of 45 pro-
bands and 65 family members separately. The Kaplan—Meier analy-
sis revealed no statistical difference in probands (Figure 2B, P =
0.206 by the log-rank test), whereas in family members, cumulative
event-free survival was significantly different among the subgroups
(Figure 2C, P=0.017 by the log-rank test, P = 0.058 for Group A
vs. Group B, P = 0.002 for Group A vs. Group D in multiple com-
parisons). Thus, the statistical difference in overall subjects may
result from the prognosis of family members in our study
population.

Finally, in order to assess the significance and independence of
HR and QTc for cardiac events, we evaluated the parameters
with the Cox proportional-hazards survival model (Table 4). The
values of HR and QTc were centred at 60 b.p.m. and 500 ms for
ease of interpretation. Compared with patients in Group A,
patients in groups of HR <60 b.p.m. (Groups B and D) showed
a higher risk for cardiac events by 2.6—4.4-fold. Although the
hazard ratio in Group C was 2.16, there was no statistical differ-
ence between Groups A and C.

Table 3 Baseline clinical characteristics of four subgroups defined by QTc and basal HR

QTc <500 ms

Group B: HR
<60 b.p.m. (n = 39)

39 417 (15-71)
27 + 15 (15-71,n = 19)

43 + 18 (16-87)
25 410 (13-42, n = 8)

Age (years) at ECG (range)
Age (years) at first event (range,
number of patients)

Female gender [n (%)] 23 (66) 22 (55)

Proband [n (%)] 8 (23)* 18 (46)

Pore site mutation [n (%)] 6 (17)** 11 (28)

Schwarz score 3.1 4208 36+ 1.7

Syncope or aborted cardiac arrest 8 (23)* 19 (49)1
[n (%)]

B-Blockers [n (%)] 7 (20) 13 (33)

QTc >500 ms

Group C: HR Group D: HR
>60 b.p.m. (n = 22) <60 b.p.m. (n = 14)

42 418 (16-77)
26 + 19 (15-77, n = 10)

39 + 17 (15-64)
26 + 15 (13-54, n = 10)

16 (73) 9 (64)
12 (55) 7 (50)
10 (46) 7 (50)
55417 62+12
10 (46) 11(79)
9(41) 6 (43)

Values are given as the mean + SD where indicated. HR = heart rate.
*P < 0.05 vs. Groups B and C.

**P < 0,05 vs. QTe >500 ms (Groups C and D).

5P < 0.001 vs. QTc >500 ms (Groups C and D).

1P < 0.05 vs. Group D.

<005 vs. HR <60 bpm. (Groups B and D).
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Figure 2 The Kaplan—Meier cumulative cardiac event-free survival curves from the age of 15—-50 among each of four subgroups defined by
cutoff values for HR of 60 b.p.m. and QTc of 500 ms. Panels A—C show the Kaplan—Meier curves of 110 patients, 45 probands and 65 family
members, respectively. The group of HR >60 b.p.m. and QTc <500 ms was defined as Group A, the group of HR <60 b.p.m. and QTc
<500 ms as Group B, HR >60 b.p.m. and QT¢ >500 ms as Group C, and HR <60 b.p.m. and QTc >500 ms as Group D.

Table 4 Contribution of QTc duration and HR to COX survival model

Number of patients Hazard ratio 95% CI P-value

QTc <500 ms

HR >60 b.p.m. (Group A) 35 1 - -

HR <60 b.p.m. (Group B) 39 2.60 1.14-5.97 0.023
QTc =500 ms

HR >60 b.p.m. (Group C) 2 216 0.85-5.47 0.105

HR <60 b.p.m. (Group D) 14 439 1.76-10.92 0.001

Treatment Implantable cardioverter-defibrillator was implanted in 12

B-Blocker therapy was introduced in 35 patients (29 probands)
after diagnosis of LQT2 was made. Mean HR on medication was
56 + 8 b.p.m. Metoprolol was used in 3 patients (90 + 52 mg,
30-120), carvedilol in 3 (15 £+ 9 mg, 5-20), atenolol in 4 (50 +
0 mg, 50), propranolol in 21 (42 + 16 mg, 30—80), and bisoprolol
in4 (4 £ 1mg, 2.5-5).

patients (VF: five patients, syncope: seven patients) during the
first hospitalization or follow-up. In seven patients with a history
of cardiac arrest due to VF (Table 1), two patients were treated
with an ICD, three with both ICD and -blocker, one with a pace-
maker, and one with B-blocker alone (because the patient rejected
ICD implantation). In a patient with a pacemaker, TdP was
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observed repeatedly whenever she fell asleep and sinus rhythm
became <60 b.p.m. during her first admission to the hospital.
After pacemaker implantation, atrial pacing at 80 b.p.m. completely
suppressed TdP. None of the patients received surgical left cardiac
sympathetic denervation in our study population.

Recurrence of arrhythmic events during
follow-up

For the follow-up data, 36 patients (22 patients on BBT) followed
more than 3 months were recruited and 86% of patients (31
patients: 18 patients on BBT, 8 patients with an ICD, 10 patients
without treatment) completed the mean follow-up period of
50 + 39 months (40 + 35 months for 18 patients on BBT and
63 + 42 months for 13 patients without BBT).

Eighteen subjects on BBT consisted of 14 symptomatic (due to
syncope) and 4 asymptomatic patients. Arrhythmic events during
follow-up were observed only in symptomatic patients (seven
patients: VF was observed in one patient, syncope in six patients).
Analysis of the relationship between HR of <60 b.p.m. and recur-
rent events was also performed. Cardiac events during follow-up
were observed in three of nine patients who showed HR
<60b.p.m. before BBT and four of eight patients with HR
<60 b.p.m. after BBT (P = 0.60 and 0.06, respectively). Therefore,
low HR of <60 b.p.m. at rest before or after B-blockers did not
predispose ventricular arrhythmia, although the statistical insignifi-
cance could be due to a small number of patients for analysis.
Details of treatment after recurrence in each individual were
described below.

A 16-year-old male patient with a history of syncope experi-
enced VF and was resuscitated. He underwent ICD implantation
and dosage of bisoprolol was increased from 2.5 to 5 mg/day,
which prevented any cardiac events for a follow-up period of
34.5 months. Recurrent syncope or documented TdP on BBT
were observed in six patients: two patients who took metoprolol
(one did not comply with the drug regimen and one with a synco-
pal episode on medication), one patient with atenolol (syncope
twice and electrical storm due to TdP twice on medication), and
three patients with propranolol (one did not comply with the
drug regimen, two experienced a recurrent syncopal episode on
medication). In those who did not comply with medication,
syncope or TdP was suppressed by resuming BBT. Recurrent epi-
sodes of syncope in one patient on metoprolol (120 mg/day) have
been suppressed by changing BBT to bisoprolol (2.5 mg/day) for
20 months. Implantable cardioverter-defibrillator implantation
was also performed in this patient. Episodes of one patient on ate-
nolol (50 mg/day) were not suppressed with additional prescrip-
tion of mexiletine (400 mg/day), and ICD was implanted. He
experienced an electrical storm after ICD implantation. While
adjusting BBT, he was diagnosed with oesophageal cancer and
died after 19.8 months follow-up. Syncope in one patient on pro-
pranolol (60 mg/day) was suppressed with combined medication of
propranolol and diazepam. The other patient on propranolol
(30 mg/day) was implanted with an ICD after recurrent episodes
of syncope. Atrial pacing of 84 b.p.m. prevented arrhythmic events.

In 13 patients without BBT, 5 were symptomatic (1 VF and 4
syncope) at the first medical contact. In these patients, only one

patient with a history of VF experienced an appropriate ICD
shock following recurrent VF. To note, pacing using ICD leads
was introduced during the first hospitalization in three of five
symptomatic patients in whom TdP was repeatedly observed
under HR of 60 b.p.m. In these patients, pacing prevented recur-
rent cardiac events during follow-up.

Discussion

The present study demonstrated that basal HR of <60 b.p.m. was
an apparent risk factor for cardiac events in LQT2 patients. Cor-
rected QT >500 ms and female gender were also useful for risk
stratification in LQT2. The Kaplan—Meier analysis in total study
population revealed that cumulative event-free survival was signifi-
cantly higher in the subgroup with HR >60b.p.m. and QTc
<500 ms than in the two groups with HR <60b.p.m. (P<
0.05). The same trend was observed in the analysis of family
members. On the other hand, there was no significant difference
in basal HR irrespective of cardiac events in probands. Because,
first, the number of probands (n=45) was relatively smaller
than that of family members (n = 65), and second, there was an
entry bias: 84% of probands were referred for genetic testing as
they were symptomatic, which influenced the evaluation of basal
HR and cardiac events. Our examination of family members there-
fore suggested that KCNH2 mutation carriers associated with more
severe bradycardia may show a stronger penetrance.

Mutations in KCNH2 are causative of LQT2, and KCNH2
encodes for the rapid component of the delayed rectifier
K-current (lg,). In electrophysiological studies, I, was shown to
be present in rabbit*> and mouse®* sinoatrial node cells. Pharma-
cological inhibition of I, by E-4031 markedly suppressed the spon-
taneous activity of sinoatrial node cells, suggesting that I,
activation plays a key role in maintaining an adequate HR. In
other experimental models, Ik blockade has also been shown
to cause bradycardia. In clinical studies, bradycardia is more fre-
quently observed in LQT2.>** However, no previous studies
have demonstrated the validity of bradycardia as a predictor of
prognosis.

As for pore site mutations of KCNH2, known as a risk factor for
cardiac events in LQT?2, they were correlated with cardiac events
in univariate but not multivariate analysis in our study cohort
(Table 2). This contrasts with the previous report of Moss
et al'® and is probably due to the difference in the number of
studied mutations as well as the exclusion of patients who had
their first cardiac events before 15 years old.

[-Blockers are first line therapy for prevention of TdP in LQT2
because it suppresses early afterdepolarizations carried by L-type
Ca~ channels or Ca®* channels.”’ "> The result of our study,
however, may cause concerns that BBT-induced HR-reduction
could lead to recurrence of ventricular arrhythmias. To answer
the question, we analysed the patient group on BBT during
follow-up, but low HR of <60b.p.m. at rest before or after
B-blockers did not predict recurrence of cardiac events (P=
0.60 and 0.06, respectively). Our study cohort may be too small
to clarify this issue and therefore, further clinical evaluation with
a large number of patients will be required to conclude the signifi-
cance of low HR on/off B-blockers in LQT2. On the basis of our
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findings, however, it is reasonable to hypothesize that pacing could
be used as an adjunctive therapy in LQT2 patients showing HR
<60 b.p.m. irrespective of QTc values. Our combined
risk-evaluating scales (Figure 1) would help physicians estimate
long-term therapy in asymptomatic KCNH2 mutation carriers,
both probands and family members.

Limitations

In some symptomatic patients, there was a long period between
the average age at onset of symptoms and the average age at
ECG recording. Regarding this issue, the risk evaluation should
be carefully considered. In addition, it was difficult to gather
ECG recordings of the first event, because many patients suffered
syncope without a doctor witnessing the first event. However,
among the four subgroups, there was no significant difference in
age at ECG recording and age at the first event (Table 3). There-
fore, we evaluated cardiac risk using the HR recorded by ECG
at the first medical contact. As for the effect of BBT on HR as a
risk factor for cardiac events, our cohort was too small to lead a
relevant conclusion because follow-up of patients was insufficient.
Hence, it awaits a further study with a larger number of genotyped
LQT?2 patients.

Acknowledgements

The authors would like to thank the Japanese LQT2 families for
their willingness to participate in this study and Ms Arisa lkeda
for her excellent technical support.

Conflict of interest: none declared.

Funding

This work was supported by the Uehara Memorial Foundation, the
Ministry of Education, Culture, Sports, Science (Technology Leading
Project for Biosimulation) and the Ministry of Health, Labour and
Welfare, Japan (Research Grant for the Cardiovascular Diseases,
H18-Research on Human Genome, 21C-8, 22-4-7).

References

. Schwartz PJ, Periti M, Malliani A. The long QT syndrome. Am Heart | 1975:89:

378--90.

Schwartz PJ, Priori SG, Spazzolini C, Moss A), Vincent GM, Napolitano C et al.

Genotype -phenotype correlation in the long-QT syndrome: gene-specific trig-

gers for life-threatening arrhythmias. Circulation 2001;103:89-95.

. Zareba W, Moss A, Schwartz P, Vincent GM, Robinson JL, Priori SG et al. Influ-
ence of the genotype on the clinical course of the long-QT syndrome. Inter-
national long-QT syndrome registry research group. N Engl | Med 1998339
960--5.

4. Takenaka K, Ai T, Shimizu W, Kobori A, Ninomiya T, Otani H et al. Exercise stress

test amplifies genotype- phenotype correlation in the LQT1 and LQT2 forms of

the long QT syndrome. Circulation 2003;107:838-44.

Moss A, Schwartz PJ, Crampton RS, Crampton RS, Tzivoni D, Locati EH et al. The

long QT syndrome. The long QT syndrome: prospective longitudinal study of 328

families. Circulation 1991:84:1136-44.

. Priori SG, Napolitano C, Schwartz P, Grillo M, Bloise R, Ronchetti E et al. Associ-
ation of long QT syndrome loci and cardiac events among patients treated with
B blockers. JAMA 2004;292:1341-4.

-

~

w

b

o

o

0

10.

12

13.

14.

15

18.

19.

20.

21.

-

22,

23.

4.

25,

2

28.

29.

o

Priori SG, Schwartz P, Napolitano C. Bloise R, Ronchetti E, Grillo M et al. Risk
stratification in the long-QT syndrome. N Engl | Med 2003:348:1866-74.
Ménning G, Eckardt L, Wedekind H, Haverkamp W, Gerss J, Milberg P et al. Elec-
trocardiographic risk stratification in families with congenital long QT syndrome.
Eur Heart | 2006;27:2074-80.

Goldenberg |, Mathew ), Moss AJ, McNitt S, Peterson DR, Zareba W et al. Cor-
rected QT variability in serial electrocardiograms in long QT syndrome. | Am Coll
Cardiol 2006;48:1047-52.

Moss AJ, Zareba W, Kaufman ES, Gartman E, Peterson DR, Benhorin | et al.
Increased risk of arrhythmic events in long-QT syndrome with mutations in the
pore region of the human ether-a-go-go-related gene potassium channel. Circula-
tion 2002;105:794-9.

. Shimizu W, Horie M, Ohno S, Takenaka K. Yamaguchi M, Shimizu M et al.

Mutation site-specific differences in arrhythmic risk and sensitivity to sympathetic
stimulation in the LQT1 form of congenital long QT syndrome. | Am Coll Cardiol
2004;44:117-25.

Moss A), Shimizu W, Wilde AAM, Towbin JA, Zareba W, Robinson JL et al. Clini-
cal aspects of type-1 long-QT syndrome by location, coding type, and biophysical
function of mutations involving the KCNQ1 gene. Circulation 2007;115:2481-9.
Brink PA, Crotti L, Corfield V, Goosen A, Durrheim G, Hedley P et al. Phenotypic
variability and unusual clinical severity of congenital long-QT Syndrome in a
founder population. Circulation 2005;112:2602-10.

Nagaoka |, Shimizu W, Itoh H, Yamamoto S, Sakaguchi T, Oka Y et al. Mutation
site dependent variability of cardiac events in Japanese LQT2 form of congenital
long-QT syndrome. Circ | 2008;72:694-9.

Schwartz PJ, Moss A, Vincent GM, Crampton RS. Diagnostic criteria for the long
QT syndrome: an update. Circulation 1993;88:782-4.

. Schwartz PJ, Vanoli E, Crotti L, Spazzolini C, Ferrandi C, Goosen A et al. Neural

control of heart rate is an arrhythmia risk modifier in long QT syndrome. | Am Coll
Cardiol 2008;51:920-9.

. Splawski I, Shen J, Timothy KW, Vincent GM, Lehmann MH, Keating MT. Genomic

structure of three long QT syndrome genes: KVLQT1, HERG, and KCNE1. Geno-
mics 1998;51:86-97.

Wang Q, Li Z, Shen J, Keating MT. Genomic organization of the human SCN5A
gene encoding the cardiac sodium channel. Genomics 1996,34:9-16.

Abbott GW, Sesti F, Splawski I, Buck ME, Lehmann MH, Timothy KW et al. MiRP1
forms IKr potassium channels with HERG and is associated with cardiac arrhyth-
mia. Cell 1999:97:175-87.

Tristani-Firouzi M, Jensen JL, Donaldson MR, Sansone V, Meola G, Hahn A et al.
Functional and clinical characterization of KCNJ2 mutations associated with LQT7
(Andersen syndrome). | Clin Invest 2002;110:381-8.

Crotti L, Lundquist AL, Insolia R, Pedrazzini M, Ferrandi C, De Ferrari GM et al.
KCNH2-K897T is a genetic modifier of latent congenital long-QT syndrome.
Circulation 2005;112:1251-8.

Nishio Y, Makiyama T, Itoh H, Sakaguchi T, Ohno S, Gong YZ et al. D85N, a
KCNE1 polymorphism, is a disease-causing gene variant in long QT syndrome.
J Am Coll Cardiol. 2009;54:812-9.

Ono K, Ito H. Role of rapidly activating delayed rectifier K+ current in sinoatrial
node pacenaker activity. Am | Physiol 1995;269:H453-62.

Clark RB, Mangoni ME, Lueger A, Couette B, Nargeot J, Giles WR. A rapidly acti-
vating delayed rectifier K+ current regulates pacemaker activity in adult mouse
sinoatrial node cells. Am J Physiol Heart Circ Physiol 2004:286:1757-66.

Milan D), Peterson TA. Ruskin N, Peterson RT, MacRae CA. Drugs that induce
repolarization abnormalities cause bradycardia in zebrafish. Circulation 2003:107:
1355-8.

Zhang L, Timothy KW, Vincent GM, Lehmann MH, Fox J, Giuli LC et al. Spectrum
of ST-T-wave patterns and repolarization parameters in congenital long-QT syn-
drome: ECG findings identify genotypes. Circulation 2000;102:2849-55.

. Marbién E, Robinson SW, Wier WG. Mechanisms of arrhythmogenic delayed and

early afterdepolarizations in ferret ventricular muscle. J Clin Invest 1986;78:
1185-92.

Liu J, Laurita KR. The mechanism of pause-induced torsade de pointes in long QT
syndrome. | Cardiovasc Electrophysiol 2005;16:981-7.

Tan HL, Bardai A, Shimizu W, Moss A, Schulze-Bahr E, Noda T et al. Genotype-
specific onset of arrhythmias in congenital long-QT syndrome: possible therapy
implications. Circulation 2006;114:2096-103.

— 168 —

0L0Z ‘S| Jequsda( uo Aueiqi 8dus|og [edIpa JO Ausienun ebiys je 610°s|ewnolpiojxo-eoedoine wolj papeojumoq



Hayashi H Prevalence and QT Interval of Early Repolarization

Prevalence and QT Interval of Early Repolarization
in a Hospital-based Population

Hideki Hayashi MD PhD, Akashi Miyamoto MD, Katsuya Ishida MD,
Tomohide Yoshino MD, Yoshihisa Sugimoto MD PhD,
Makoto Ito MD PhD, Minoru Horie MD PhD

Department of Cardiovascular and Respiratory Medicine, Shiga University of Medical Science

Background: Early repolarization, which was regarded as benign, has recently been
associated with malignant arrhythmia. Despite the newly emerged importance of early
repolarization, little is known about prevalence and QT interval of early repolarization.

Methods: Early repolarization (defined as an elevation at the junction between QRS
complex and ST segment > 0.1 mV in at least 2 leads) was assessed in database containing
308,391 ECGs consisting of 102,065 patients (52,779 males and 49,286 females).

Results: A total of 1,775 patients (mean age, 49 + 30 years) with early repolarization were
chosen (1.7% of total population). The prevalence of early repolarization was about 11-times
higher in male patients (n = 1,623) than in female patients (n = 152). The prevalence of early
repolarization was 1.4% at the age of 0-9 years, peaked (5.0%) at the age of 10-19 years, and
progressively decreased with advancing age from 20 to 79 years (3.3, 2.1, 1.6, 0.9, 0.5, and
0.3% at the age of 20-29, 30-39, 40-49, 50-59, 60-69, and 70-79 years, respectively).
Bazett’s QTc interval of patients with early repolarization did not significantly differ among
groups of each decade and between genders.

Conclusion: The prevalence of early repolarization was both age- and gender-dependent in
a hospital-based population. Yet, there was no association between QTc interval and age and
between QTc interval and gender.

'(J Arrhythmia 2010; 26: 127-133)

Key words: Electrocardiography, QT interval, Repolarization, Age, Gender

ment elevation was observed in apparently healthy

Introduction

The term “early repolarization” which is charac-
terized by a concave-shaped elevation of the ST-
segment ending in a positive high amplitude of the T
wave was introduced approximately half a century
ago.!? Several reports acknowledged that ST-seg-

individuals.> This electrocardiographic pattern has
been usually regarded as a normal variant with a
benign prognosis.® Recently, Haissaguerre et al.”
reported that an increased prevalence of -early
repolarization in idiopathic ventricular fibrillation
was associated with occurrence and recurrence of
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Figure 1 A typical ECG of a 58-year-old man.

Arrows indicate elevation of ST segment corresponding to early repolarization.

malignant ventricular arrhythmia. In addition, they
reported that the QTc interval in patients with early
repolarization was shorter compared to those with-
out.”) The establishment of this new clinical entity
motivated us to investigate details on the prevalence
of early repolarization and the QT interval in patients
with early repolarization in a large population.
Furthermore, interest was aroused as to electro-
cardiographic abnormalities complicated with early
repolarization. In this article, we reviewed 12-lead
electrocardiographic recordings obtained from a
hospital-based population.

Methods

The research protocol was approved by the Ethical
Committee of Shiga University of Medical Science.

Study Population

We analyzed resting 12-lead electrocardiograms
(ECGs) recorded in our hospital related to Shiga
University of Medical Science. The 102,065 con-
secutive patients (49,286 females and 52,779 males)
who had undergone ECG recording between January
1983 and October 2008 were enrolled in the present
study. A total number of 308,391 ECGs were
obtained during this period. Twelve leads were
simultaneously measured. The 12-lead ECG was
recorded for 10 sec at a sweep speed of 25 mm/sec,
calibrated to 1mV/cm in the standard leads. The
ECG signals were recorded with an interval of 2 ms
(i.e., 500Hz). Digital data were stored in a server
computer with a 12-bit resolution.

Data Analysis

From the database, patients who displayed early
repolarization were chosen using analysis software,
MUSE7.1 (GE Marquette Medical Systems, Inc.,
Milwaukee, Wisconsin). A computer-processed algo-
rithm defined early repolarization as an elevation at

128

the junction between the QRS complex and ST
segment > 1 mm from baseline level in at least 2
leads (Figure 1). ST-segment elevation must be
present for at least 2 consecutive beats to identify
early repolarization. First, we determined prevalence
of early repolarization in our total population.

Second, we determined QT interval of patients with

early repolarization. Third, we determined the ECG'
abnormality complicated with early repolarization.

MUSE?7.1 detected identical QRS waves with a
template-matching technique. ECG variables includ-
ing heart rate and QT interval were composed by
measuring the averaged value during 10-sec of
recording time. QT interval was measured from the
earliest detection of depolarization in any lead (QRS
onset) to the latest detection of repolarization where
downsloping limb nearly joined the baseline in any
lead (T offset), while U wave was excluded. T-wave
offset was determined by the time when 98% of the
integrated area of the T wave was over. This method
allowed us to measured QT interval irrespective of
T-wave morphology. QTc interval was calculated
after correction for heart rate with Bazett’s formula.
Since all measurements of the 12-lead ECG were
digitally performed using software, neither intra-
observer nor inter-observer variability occurred in
this study. We determined whether early repolariza-
tion coexisted with ECG abnormalities such as left
ventricular hypertrophy (LVH), right ventricular
hypertrophy (RVH), atrial fibrillation (AF), prema-
ture ventricular contraction (PVC), sinus brady-
cardia (< 50 beats/min), and sinus tachycardia
(> 100 beats/min). The diagnosis of LVH and
RVH was made by a point scoring technique provide
by Marquette ECG Analysis Program.

Statistical Analysis

The data are presented as mean =+ standard
deviation (SD). Statistical differences among more
than 3 groups were tested with two-way ANOVA for
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comparison. Differences among individual means.

were verified subsequently by Turkey-Kramer post
hoc tests. All tests were two-tailed, and a value of

P < 0.05 was considered statistically significant.

Results

Prevalence of Early Repolarization
Actotal of 1,775 patients (mean age; 49 & 30 years)
who exhibited early repolarization were chosen from
our database. There was a male predominance of
early repolarization: 1,623 male patients (3.1% of
total male patients) vs. 152 female patients (0.3% of
total female patients), P < 0.001. Overall prevalence
of early repolarization was 1.7%. Clinical diagnosis
of patients with early repolarization is shown in
Table 1. There were 374 patients (28.4%) with
cardiovascular disease in the total patients with early
repolarization. Figure 2 shows the prevalence of early
repolarization in the total population according to
decades of age. The prevalence of early repolariza-
tion peaked at the age of 10-19 years and progres-
sively decreased with advancing age at or above 20
years. Approximately half of patients with early
repolarization were under the age of 20 years.
Figure 3 shows the prevalence of early repolarization
in female and male patients. In both genders, the
prevalence of early repolarization was age-dependent
with the peak at the age of 10~-19 years, which was
similar to the prevalence in the overall population.
Figure 4 shows heart rate, QT interval, and QTc
interval in patients with early repolarization accord-
_ing to age. Heart rate was significantly (P < 0.05)
faster and QT interval was significantly (P < 0.05)
shorter at the age of 09 years as compared to other
age groups. QTc interval did not significantly differ
among all age groups studied and mean value of the
QTc interval was within normal range. Figare 5
shows heart rate, QT interval, and QTc interval of
female patients with early repolarization. Figure 6

Prevalence and QT Interval of Early Repolarization

shows the same ECG measurements of male patients
with early repolarization as Figure 5. In both genders,
heart rate was significantly (P < 0.05) faster, QT
interval was significantly (P < 0.05) shorter at the
age of 0-9 years as compared to other age groups,
but QTc interval did not significantly differ among
all age groups. There was no significant gender
difference in heart rate, QT interval, and QTc
interval in each decade.

ECG Manifestation of Early Repolarization

Table 2 shows ECG leads where early repolariza-
tion was present. Early repolarization most frequent-
ly occurred in anterior leads. In about 30% of
patients, the ECG leads that manifested early
repolarization were widely distributed (i.e., antero-
lateral, anteroinferior, and inferolateral leads). QTc
interval was identical among ECG leads with early
repolarization.

ECG abnormalities complicated with early repo-
larization are listed in Table 3. Early repolarization

Table 1 Clinical Diseases Associated with Early Repolari-
zation

Clinical diagnosis No. of patients

Angina pectoris 83 (4.7)
Myocardial infarction 11 (0.6)
Hypertension 132 (7.4)
Valviat hean gisenag 75 (42)
Arthythmia 133 (7.5)
Kawasaki disease 40 (2.3)
Surgery 501 (28.2)
Others 990 (55.7)

Values are expressed as N (%).

Surgery indicates patients who underwent ECG before surgical
procedure. Others include patients who suffered various
internal diseases or who were suspected to have cardiovascular
disease. )

Prevalence (%)

O = N W H U o N

0-9
Figure 2 Age-specific prevalence of early
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Figure 3 Age-specific prevalence of early repolarization of female patients (panel A) and male patients (panel B).
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repolarization in the total population.

coexisted .with ECG abnormalities such as left
ventricular hypertrophy, right ventricular hypertro-
phy, premature ventricular contraction, and atrial
fibrillation. - The complication rate of LVH was
higher than that of RVH. AF was found in about
1% of patients with early repolarization, and the
complication rate of PVC was also about 1%.
Compared to AF and PVC, sinus bradycardia (< 50
beats/min) and sinus tachycardia (> 100 beats/min)
were highly complicated in patients with early
repolarization (i.e., 15.7% and 4.5%, respectively).

Discussion

Our results are consistent with previous reports in

130

Figure 4 Age-specific heart rate (panel A), QT interval (panel B), and QTc interval (panel C) of patients with early '

the following points: 1) early repolarization is
present in 1 to 5% of the general population, 2) early
repolarization most frequently prevails in young
individuals, and 3) a male preponderance is one of
the characteristics of early repolarization.® The
age-dependent distribution suggests that early repo-
larization might be an ECG phenotype during the
development process. A male predominant presence
of early repolarization strongly suggests that testos-
terone may be associated with occurrence of early
repolarization. Presumably similar to Brugada syn-
drome, testosterone could increase outward transient
current in the population of this study, leading to
ST-segment elevation. This effect of testosterone
strengthens the possible mechanism of juvenile male
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Figure 5 Age-specific heart rate (panel A), QT interval (panel B), and QTc interval (panel C) of female patients with early
repolarization.
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Figure 6 Age-specific heart rate (panel A), QT interval (panel B), and QTc interval (panel C) of male patients with early
repolarization. :

predominance of early repolarization. The peak of  alternative possible mechanism such as growth
prevalence of early repolarization was, however, hormone, for example. In this study, a mean value
present at the age of 10-19 years not only in male  of QTc interval of patients with early repolarization
patients but also in female patients, suggesting an  was within normal range.>'® Since the clinical
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