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contribution of sympathetic control, blockade of
«-adrenoceptors in addition to S-adrenoceptors by
medication would also be useful to suppress the
severe form of cardiac events.

More recently, we reported that o;-adrenergic
stimulation acutely reduced Kv 11.1 channel activ-
ities via membrane PIP, pathway.'¥ Sudden «;-
adrenoceptor-mediated reduction in Ik, at a lower
HR (for example, during sleep) would act addition-
ally to prolong action potential durations and may
enhance inward current through Na/Ca exchanger,
both contributing to the occurrence of EAD.?® These
observations may partially explain why sudden
auditory stimulation by an alarm clock induces
cardiac events in LQT?2 patients.® In this connection,
more recently Kim and colleagues®” demonstrated in
a large cohort of genotyped LQT2 patients that g-
blockers were less effective in patients with arousal
or non-exercise triggered events than those with
exercise triggered events to prevent the recurrence.
Although they did not mention the detailed species
of B-blockers used for their patients, in our cohort,
11 recurrence cases in spite of B-selective blockers
were all triggered by arousal or in a non-exercise
resting state, and carvedilol prevented the cardiac
event in three who were initially refractory to
propranolol. '

Study limitations

Because this study was conducted in a retrospec-
tive manner, we were not able to adjust the selection
of patients between the two groups. Our study cohort
consisted of a relatively small number of LQT2
patients. In the carvedilol group, there were no
recurrent cases, which made further statistical analy-
ses, such as multivariate correlation study, difficult.
A further study with a larger number of patients will
be awaited. In conclusion, in our genotyped LQT2
cohort, carvedilol was effective to suppress cardiac
events, whereas 26% of the patients treated with
other pB-selective blockers experienced cardiac
events, suggesting that the simultaneous blockade
of «;j-adrenoceptors may offer an additional therapy
for LQT?2 patient with non-exercise triggers.
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Remission of Abnormal Conduction and Repolarization
in the Right Ventricle After Chemotherapy in Patients
With Anterior Mediastinal Tumor

AKASHI MIYAMOTO, M.D., HIDEKI HAYASHI, M.D., Pu.D., MAKOTO ITO, M.D., Pu.D.,
and MINORU HORIE, M.D., Pu.D.

From the Department of Cardiovascular and Respiratory Medicine, Shiga University of Medical Science, Shiga, Japan

A 22-year-old man with no significant past medical history
presented with dry cough that lasted for a couple of months.
The patient denied accompanying shortness of breath, palpi-
tation, edema, high fever, or syncope. He had no family his-
tory of sudden death. On examination, he was afebrile with a
blood pressure of 106/63 mm Hg, pulse rate of 88 beats/min,
and normal oxygen saturation. His heart sound was normal
without a pericardial rub. ECG (Fig. 1A) displayed a ter-
minal r wave (arrow a) and ST-segment elevation (arrow b)
followed by negative deflection of T wave (arrow c) in lead
V. Chest computed tomography (Fig. 1A) revealed the exis-
tence of demarcated tumor in the anterior mediastinal space
that attached to the pericardium in front of the right atrium
and ventricle. The tumor encompassed the right ventricular
outflow tract (arrow) but did not show invasion into the in-
trapericardial space. The tumor was histologically diagnosed
with the large B cell lymphoma from a specimen obtained by
needle biopsy. He started to undergo chemotherapy including
cyclophosphamide, vincristine, doxorubicin, rituximab, and
prednisolone. Two months after the chemotheraphy, chest
computed tomography confirmed that the lymphoma size
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was reduced, which was almost invisible (Fig. 1B). At that
time, ECG showed the disappearance of a late ' wave and
ST-segment elevation in lead V| (Fig. 1B). These findings in-
dicate that coinciding with the shrinkage of anterior mediasti-
nal tumor, conduction disturbance, and abnormal repolariza-
tion in the right ventricle were resolved. No life-threatening
arrhythmic event occurred during the follow-up.

Figure 1. A and B: ECG recording in lead V| and contrast-enhanced
computed tosmography scan before and after chemotherapy, respectively.
Ao = Aorta; RYOT = right ventricular outflow tract.
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EDITORIAL COMMENTARY

Molecular screening of long-QT syndrome: risk is there, or rare?

Takeshi Aiba, MD, PhD, Wataru Shimizu, MD, PhD

From the Division of Arrhythmia and Electrophysiology, Department of Cardiovascular Medicine, National Cerebral and

Cardiovascular Center, Osaka, Japan.

Congenital long QT syndrome (LQTS) is an inherited
disorder characterized by the QT interval prolongation of
the electrocardiogram (ECG) that is associated with poly-
morphic ventricular tachycardia, or torsades de pointes
(TdP), leading to syncope and sudden cardiac death (SCD).
To date, 12 forms of LQTS have been identified in clinically
affected LQTS patients, and LQT1, LQT2, and LQT3 syn-
dromes constitute more than 90% of genotyped LQTS pa-
tients. More than several hundred LQTS-causing mutations
in at least 12 LQTS-susceptibility genes have been identi-
fied, and a litany of genotype-phenotype studies about
LQT1, LQT2, and LQT3 syndromes have investigated strat-
ification of risk and effective treatment of genotyped pa-
tients.

More recently, mutations in regions such as the trans-
membrane, linker, pore of KCNQI (LQT1-susceptibility
gene), and KCNH2 (LQT2-susceptibility gene) may be de-
fined as high-probability LQTS-causing mutations, indicat-
ing the possibility of mutation site-specific management or
treatment.’ On the other hand, mutations in SCN5A (LQT3
susceptibility gene) are considered variants of uncertain
significance since the greatest prevalence of common vari-
ants observed occurred in the control population, suggesting
a significantly greater degree of genetic background noise in
SCNS5A than in either KCNQI or KCNH2.?

The prevalence of LQTS previously has been estimated
at 1:20,000 to 1:5,000 in the general population. However,
recent ECG-guided molecular screening provides a higher
prevalence of LQTS, at least 1:2,000 apparently healthy live
births.* ECG-guided molecular screening can identify most
infants affected by LQTS and unmask affected relatives. Of
cases diagnosed as sudden infant death syndrome (SIDS),
9.5% carry functionally significant genetic variants in
LQTS genes, demonstrating that sudden arrhythmic death is
an important contributor to SIDS.> On the other hand, ex-
amination of relatives of young sudden unexplained death
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(SUD) victims has a high diagnostic yield, with identifica-
tion of the disease in 40% of families and ~9% asymptom-
alic carriers per family. Molecular genetics can provide
significant supportive information.®

New Zealand, with a population of 4.2 million people, is
a unique country with a national registry of inherited heart
disease. Blood spots on Guthrie cards have been collected
from newborns since 1969 and are used to screen for dis-
eases of inborn errors of metabolism by the National Test-
ing Centre. Using the Guthrie card, a recent paper’ from the
same group that performed the current study in this issue of
Heart Rhythm® reported the results of screening genes
linked to LQTS in 21 cases of SUD in young victims
(SUDY), showing that genetic variants were found in eight
individuals (38%), six of whom indicate that LQTS was
likely the cause of death.

In the current issue of Heart Rhythm, Skinner et al®
aimed at a diagnostic value of postmortem LQT genetic
analysis in a prospective study of 1- to 40-year-old SUDY.
In 2 years, they found 33 cases of SUDY in their country, all
of whom, along with possibly 72% of the family members,
underwent ECG and genetic screening of the LQTS gene.
They found five (15%) cases with missense mutation from
the 33 SUDY, which is lower than the previous retrospec-
tive autopsy analysis: >20%. However, if this study in-
cludes the two possible LQTS cases, the total becomes
seven (21%) of 33, which is a similar frequency. Further-
more, this study includes two possible arrhythmogenic right
ventricular cardiomyopathy (ARVC) cases.

In cases of LQTS, the established yield of genetic testing
among clinically indisputable cases of LQTS is ~70%—
75%, but these may include a few (up to 10%) false posi-
tives, and this background noise rate is ethnically depen-
dent.? In this study, one case had a missense mutation T96R
in KCNQI, and patch-clamp analysis of this mutant found a
significant reduction of I,. Although the mother and sister
have the same T96R variant, their phenotype was equivocal,
and in silico analysis showed it to be a benign mutation.
Another had a missense mutation of P968L in KCNH2, in
which the functional and clinical significance have not been
investigated. Therefore, importantly, there is a large gap
between the postmortem LQTS gene mutation and the direct
cause of death in SUDY.

doi:10.1016/j.hrthm.2010.12.002
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More than half of SUDY in this issue died during sleep,
but only 22% died during light activity. It is well-known
that the majority of LQT]1 patients have events precipitated
by physical exercise, whereas LQT?2 patients are more likely
to develop arrhythmia after emotion and LQT3 patients tend
to be symptomatic at rest or during sleep. A recent nation-
wide survey in Japan showed that the LQTS genes were
confirmed in 29 (71%) of 41 infants available for genetic
testing. Furthermore, life-threatening arrhythmias at perina-
tal periods mostly occurred in LQT2 and LQT3 or no
known mutation.® Another postmortem genetic testing in 49
autopsy-negative SUDY at the Mayo Clinic'® also discov-
ered 10 LQTS-associated mutations such as LQT1 (n = 5),
LQT2 (n = 3), and LQT3 (n = 2) and found them to be far
more common among women than men, whereas sudden
death occurred during sleep (n = 5), exertion (n = 2),
auditory arousal (n = 1), and undetermined (n = 2). The
current study is consistent with those previous studies; thus
half of the SUDY occur during sleep or light activity,
suggesting arrhythmic death by LQT2 or LQT3.

What can we learn from the genetic screening? Genetic
screening for the high-risk family member helps us to di-
agnose and treat the LQT carrier of remaining family mem-
bers using beta-blockade therapy. In this issue, as well as in
the previous report,'? the authors tell us that once the pro-
band has been genotyped, we should investigate genetic
testing to minimize the risk of SUDY in the remaining
asymptomatic family members. Recently, it was shown that
20%-30% of drug-induced LQTS have an LQTS gene mu-
tation.'*'? In a silent mutation carrier of the LQTS gene
with a normal QT interval at baseline, QT prolongation may
be suddenly unmasked by taking medicine with a I, block-
ing effect.’® On the other hand, sudden death of a sibling
promoted more aggressive treatment but did not predict risk
of death or aborted cardiac arrest in patients with LQTS."

Prevention of life-threatening arrhythmias in LQTS can
be done with beta-blockers, and such treatment is generally
well accepted by patients. Hofman et al'® recently noted that
65% of mutation-carrying relatives of LQTS probands were
prophylactically treated with medication.

Taking all of these considerations into account, the cur-
rent issue of Heart Rhythm sends an important message to
investigate the cases of SUDY, and postmortem molecular
screening helps us to understand the distribution of poten-
tially inherited arrhythmic diseases and to diagnose and
treat relatives for prevention of SUDY. ‘
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Risk for Life-Threatening Cardiac Events
in Patients With Genotype-Confirmed Long-QT
Syndrome and Normal-Range Corrected QT Intervals
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Objectives This study was designed to assess the clinical course and to identify risk factors for life-threatening events in
patients with long-QT syndrome (LQTS) with normal corrected QT (QTc) intervals.

Background Current data regarding the outcome of patients with concealed LQTS are limited.

Methods Clinical and genetic risk factors for aborted cardiac arrest (ACA) or sudden cardiac death (SCD) from birth
through age 40 years were examined in 3,386 genotyped subjects from 7 multinational LQTS registries, catego-
rized as LQTS with normal-range QTc (=440 ms [n = 469)), LQTS with prolonged QTc interval (>440 ms
[n = 1,392]), and unaffected family members (genotyped negative with =440 ms [n = 1,525]).

Results The cumulative probability of ACA or SCD in patients with LQTS with normal-range QTc intervals (4%) was signifi-

cantly lower than in those with prolonged QTc intervals (15%) (p < 0.001) but higher than in unaffected family

members (0.4%) (p < 0.001). Risk factors ACA or SCD in patients with normal-range QTc intervals included mu-
tation characteristics (transmembrane-missense vs. nontransmembrane or nonmissense mutations: hazard ra-

tio: 6.32; p = 0.006) and the LQTS genotypes (LQTS type 1:LQTS type 2, hazard ratio: 9.88; p = 0.03; LQTS type
3:LQTS type 2, hazard ratio: 8.04; p = 0.07), whereas clinical factors, including sex and QTc duration, were asso-
ciated with a significant increase in the risk for ACA or SCD only in patients with prolonged QTc intervals (female
age >13 years, hazard ratio: 1.90; p = 0.002; QTc duration, 8% risk increase per 10-ms increment; p = 0.002).

Conclusions Genotype-confirmed patients with concealed LQTS make up about 25% of the at-risk LQTS population. Genetic
data, including information regarding mutation characteristics and the LQTS genotype, identify increased risk for
ACA or SCD in this overall lower risk LQTS subgroup.  (J Am Coll Cardiol 2011;57:51-9) © 2011 by the

American Coliege of Cardiology Foundation
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Abbreviations .
and Acronyms

ACA = aborted cardiac
arrest

Congenital long-QT syndrome
(LQTS) is an inherited chan-
nelopathy characterized by a pro-
longed corrected QT interval
(QT¢) at rest that is associated
with an increased predisposition
for polymorphic ventricular ar-
thythmias and sudden cardiac

ECG = electrocardiographic
LQTS = long-QT syndrome
LQT1 = long-QT syndrome

fpe 1 death (SCD) in young subjects
::::; ong:Q syadrome without structural heart disease
LQT3 = Iong:QT syncrome (1) To date, more thar} 500. mu-
type 3 tations have been identified in 12
QTc = corrected QT LQTS-susceptibility genes, with
interval the long-QT syndrome type 1

SCD = sudden cardlac (LQT1), long-QT syndrome
death type 2 (LQT2), and long-QT
syndrome type 3 (LQT3) geno-
types constituting more than
95% of genotype-positive LQTS and approximately 75% of
all LQTS (2). Risk assessment in affected patients with
LQTS relies primarily on a constellation of electrocardio-
graphic (ECG) and clinical factors, including QT¢ interval
and age-sex interactions (3—6). In addition, there is increas-
ing evidence that genetic information and the molecular and
cellular properties of the LQTS-causative mutation may
identify subjects with increased risk for cardiac events
(7-10). Despite these recent advances, however, currently
there are limited data regarding the clinical course and risk
factors for life-threatening events in patients with LQTS
with normal resting QTc values, so-called silent mutation
carriers, concealed LQTS, or normal-QT interval LQTS.

See page 60

In the present study we used combined data from 7
national LQTS registries to: 1) compare the clinical courses
of patients with LQTS and normal-range QTc intervals to
those of patients with prolonged QTc intervals and of
genotype-negative unaffected family members; and 2) iden-
tify specific clinical and genetic risk factors for life-
threatening cardiac events in patients with LQTS with
normal-range QT¢ intervals.

Methods

Study population. The study population comprised 3,386
genotyped subjects drawn from the Rochester, New York,
enrolling center (center 1) of the International LQTS
Registry (n = 2,630), the Netherlands LQTS Registry (n =
391), and the Japanese LQT'S Registry (n = 205), as well as
from data submitted by other investigators specifically for
this collaborative mutation analysis project from Denmark
(n = 90), Italy (n = 28), Israel (n = 25), and Sweden (n =
17). Patients were derived from 552 proband-identified
KCNQ1 (LQT1), KCNH2 (LQT2), and SCN54 (LQT3)
families. The proband in each family had otherwise unex-

JACC Vol. 57, No. 1, 2011
December 28, 2010/January 4, 2011:51-9

plained, diagnostic QTc prolongation or experienced
LQTS-related symptoms. Patients were excluded from the
study if they had: 1) >1 LQT'S identified mutation (n =
70); 2) Jervell and Lange-Nielsen syndrome with deafness
and 2 KCNQ1 mutations or 1 known KCNQI mutation and
congenital deafness (n = 2); and 3) no identified mutation
on genetic testing with prolonged QT¢ interval (>440 ms
[n = 428]).
Data collection and end point. Routine clinical and rest
ECG parameters were acquired at the time of enrollment in
each of the registries. Measured parameters on the first
recorded electrocardiogram included QT and R-R intervals
in milliseconds, with QT interval corrected for heart rate
using Bazett’s (11) formula. Clinical data were collected on
prospectively designed forms with information on demo-
graphic characteristics, personal and family medical histo-
ries, ECG findings, therapies, and events during long-term
follow-up. Data common to all LQT'S registries involving
genetically tested subjects were electronically merged into a
common database for the present study. In addition, infor-
mation regarding QT interval-prolonging medications and
triggers for cardiac events was collected through a specific
questionnaire for patients enrolled the U.S. portion of the
registry.

The primary end point of the study was the occurrence of
a first life-threatening cardiac event, comprising aborted
cardiac arrest (ACA,; requiring external defibrillation as part
of the resuscitation or internal defibrillation in patients with
implantable cardioverter-defibrillators) or LQTS-related
SCD (abrupt in onset without evident cause, if witnessed, or
death that was not explained by any other cause if it
occurred in a nonwitnessed setting such as sleep). In the
multivariate models, follow-up was censored at age 41 years
to avoid the influence of coronary disease on the occurrence
of cardiac events. We also evaluated a secondary end point
that included the occurrence of a first cardiac event of any
type during follow-up (comprising syncope [defined as
transient loss of consciousness that was abrupt in onset and
offset], ACA, or SCD).
Phenotype characterization. For the purpose of this study,
the QT interval was categorized as normal range (=440
ms) or prolonged (>440 ms) according to accepted criteria
for the phenotypic definition of LQTS (12). Using this
definition, the study population were categorized into 3
genotype and QT'¢ subgroups: 1) LQT'S with normal-range
QTe¢ interval (n = 469), comprising patients identified to
have LQT1 to LQT3 mutations with QT¢c intervals =440
ms; 2) LQTS with prolonged QTe¢ interval (n = 1,392),
comprising patients with LQT1 to LQT3 mutations with
QTec intervals >440 ms; and 3) unaffected family members
(n = 1,525), comprising registry subjects from genotype-
positive proband-identified families who were genetically
tested and found to be negative for the LQTS-associated
mutation, with QT¢ intervals =440 ms (i.e., genetically and
phenotypically unaffected family members).
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Genotype characterization. The KCNQ1, KCNH2, and
SCN5A mutations were identified with the use of standard genetic
tests performed in academic molecular genetics laboratories, in-
cluding the Functional Genomics Center, University of Rochester
Medical Center, Rochester, New York; Baylor College of Med-
icine, Houston, Texas; Windland Smith Rice Sudden Death
Genomics Laboratory, Mayo Clinic, Rochester, Minnesota; Bos-
ton Children’s Hospital, Boston, Massachusetts; the Laboratory
of Molecular Genetics, National Cardiovascular Center, Suita,
Japan; the Department of Clinical Genetics, Academic Medical
Center, Amsterdam, the Netherlands; and the Molecular Cardi-
ology Laboratory, Policlinico S. Matteo and University of Pavia,
Pavia, Italy.

Genetic alterations of the amino acid sequence were

characterized by location and by the type of the specific
mutation. The transmembrane region of each of the 3
LQTS channels was defined as: 1) amino acid residues from
120 through 355 in the KCNQI-encoded Kv7.1 channel
(51 to S6 region); 2) amino acid residues from 398 through
657 (S1 to S6 region) in the KCNH2-encoded Kv11.1
channel; and 3) amino acid residues 129 through 417, 713
through 940, 1201 through 1470, and 1523 through 1740 in
the SCN54-encoded Navl.5 channel (13). On the basis of
prior studies that demonstrated the functional and clinical
importance of missense mutations that are located in the
transmembrane region of these LQTS-associated channels
(9,10), mutation categories were pre-specified in the pri-
mary analysis as transmembrane-missense (mutations of the
missense type in any of the 3 transmembrane regions
described previously) versus nontransmembrane or nonmis-
sense (i.e., any other identified LQT1 to LQT3 mutation
that was not transmembrane-missense).
Statistical analysis. The clinical characteristics of study
patients were compared by genotype and QTc categories
using chi-square tests for categorical variables and # tests and
Mann-Whitney-Wilcoxon tests for continuous variables.
The Kaplan-Meier estimator was used to assess the time to
a first life-threatening event and the cumulative event rates
by risk groups and risk factors, and groups were compared
using the log-rank test.

Cox proportional hazards regression analysis was carried
out in the total study population and separately in the subset
of patients with genotype-positive LQT'S. Pre-specified
covariates in the total population model included the 3
genotype and QTc categories, sex, and time-dependent
beta-blocker therapy. The models comprising genotype-
positive patients included the following pre-specified covari-
ates: QTc category (normal range [<440 ms] vs. prolonged
[>440 ms]), the LQT1 to LQT3 genotypes, mutation
location and type, sex, QTc duration (assessed both as a
continuous measure [per 10-ms increase] and as a categor-
ical covariate [dichotomized at the median value of each
QTc category and assessed in separate models]), time-
dependent beta-blocker therapy, and a family history of
SCD in a first-degree relative. The effect of each covariate
on outcome in each QTc category (ie., in patients with
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LQTS with normal-range and prolonged QTc¢ intervals)
was assessed using interaction-term analysis, with interac-
tions tested 1 at a time. Estimates of predictor hazard ratios
in the separate normal and prolonged QTc categories were
obtained using these interactions. To avoid violation of the
proportional hazards assumption due to sex-risk crossover
during adolescence, we used an age-sex interaction term in
the multivariate models.

Because almost all the subjects were first-degree and
second-degree relatives of probands, the effect of lack of
independence between subjects was evaluated in the Cox
model with grouped jackknife estimates for family member-
ship (14). All grouped jackknife standard errors for the
covariate risk factors fell within 3% of those obtained from
the unadjusted Cox model, and therefore only the Cox
model findings are reported. The statistical software used
for the analyses was SAS version 9.20 (SAS Institute Inc.,
Cary, North Carolina). A 2-sided significance level of 0.05
was used for hypothesis testing.

Resuits

The spectrum and number of LQT1-associated, LQT2-
associated, and LQT3-associated mutations by the pre-
specified location and type categories are presented in
Online Table 1. Totals of 100, 177, and 41 different
mutations were identified in the KCNQI-encoded Kv7.1,
KCNH2-encoded Kv11.1, and SCN54-encoded Navl.5 ion
channels, respectively. Study patients with identified LQTS
mutations exhibited a very wide QT¢ interval distribution
(Fig. 1), ranging from a minimum of 350 ms to a maximum
of 800 ms (mean 450 * 56 ms; median 440 ms; interquartile
range: 410 to 480 ms). QT¢ distribution was similar among
the 3 LQTS genotypes. Four hundred sixty-nine LQTS
mutation—positive patients exhibited normal-range QT¢
intervals, constituting 25% of identified cases.
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Family Memb With

Patients With LQTS

Patients With LQTS

e

Proband 8%
5

Range QT¢ Intervals
(n = 469) {n

With Prolonged QTc Intervals
1,392)

Genotype
Lori NA
LQr2 NA
LQT3 NA

40% 39%
45% © 4T%
16% 14%

Therapies
Beta-blockers 6.2%
Pacemaker 0.3%
LCSD 0.1%
ICD 0.6%

38% 54%+*+
0.6% 5%+t
0.2% 1.4%%+
6% 14%++

*p < 0.05 for the
intervals =440 ms and genotype-positive patients with QTc

among the 3

d +p < 0.05 for the pe-positi

J<{ patients with QTc
ICD shocks constituted 0.04% of ACAs in

>440 ms. $A

genotype-positive patients with QTc¢ intervals <440 ms and 1.4% of ACAs in genotype-positive patients with QT¢ intervals >440 ms. §O0nly the first

event for each patient was consldered.

ACA = aborted cardiac arrest; ICD =

IQR = q range; LCSD = left cardiac sympathetic

denervation; LQT1 = long-QT syndrome type 1; LQT1 = long-QT syndrome type 2; LQT3 = long-QT syndrome type 3; LQTS = long-QT syndrome;

MS = : NA = not Qe =

The clinical characteristics of the total study population by
genotype and QTc subgroup are shown in Table 1. The
frequency of probands (defined in the registry as the first
person in a family, living or deceased, identified to have LQTS
by the enrollment center) was highest in patients with pro-
longed QTc intervals, whereas most patients with normal-
range QTc intervals (92%) were asymptomatic at the time of
genetic testing. The frequency of female subjects was similar
between the unaffected subjects and patients with LQTS with
normal-range QTe¢ intervals and higher in patients with
prolonged QT¢ intervals. In mutation carriers, the frequency of
the 3 main LQTS genotypes was similar between patients with
and without prolonged QT'¢ intervals. However, patients with
LQT1 and LQT?2 with prolonged QT intervals had a higher
frequency of transmembrane-missense mutations compared
with the corresponding genotype carriers who had normal-
range QT¢ intervals. LQTS-related therapies were adminis-
tered to a significantly higher frequency of patients with

d QT; SCD = sudden cardlac death; TM = transmembrane.

prolonged QT¢ intervals than to subjects in the other 2
subgroups (Table 1).

Clinical course by genotype and QT¢ subgroup. Kaplan-
Meier survival analysis (Fig. 2) demonstrated a relatively
low rate of ACA or SCD in patients with LQTS with
normal-range QT¢ intervals (4% at age 40 years and 10% at
age 70 years). Event rates were significantly higher in
patients with prolonged QT¢ intervals (15% and 24% at age
70 years; log-rank p < 0.001 for the comparison with the
normal-range QTc subgroup) and significantly lower in
unaffected family members (0.4% and 1% at age 70 years;
log-rank p < 0.001 for the comparison with the normal-
range QTc subgroup and for the overall difference among
the 3 subgroups). Notably, life-threatening events in pa-
tients with normal-range QTc intervals occurred mostly
after age 10 years, whereas patients with prolonged QTc
intervals exhibited an earlier onset of life-threatening events
(Fig. 2).
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Kaplan-Meier cumulative probabilities of aborted cardiac arrest (ACA) and sud-
den cardiac death (SCD) by genotype and corrected QT (QTc) subgroup.
LQTS = long-QT syndrome.

After multivariate adjustment for sex, time-dependent
beta-blocker therapy, and a family history of SCD in a
first-degree relative, patients with LQTS with normal-
range QT¢ intervals were shown to have a significant 72%
(p < 0.001) lower risk for ACA or SCD compared with
patients with prolonged QTc intervals but also exhibited a
>10-fold increase in the risk for life-threatening events
compared with unaffected family members (Table 2). His-
tories of syncope were present in 62% of patients with
LQTS with normal-range QTc intervals who had life-
threatening events during follow-up. Accordingly, when the
composite secondary end point of a first cardiac event of any
type was assessed (comprising mainly non-life-threatening
syncopal episodes), patients with normal-range QT¢ inter-
vals were consistently shown to be at a lower risk compared
with those with prolonged QTc intervals (hazard ratio
[HR]: 0.47; 95% confidence interval [CI]: 0.33 to 0.59; p <
0.001) and at a higher risk compared with unaffected family
members (HR: 5.20; 95% CI: 4.19 to 6.44; p < 0.001).
Risk factors for ACA or SCD in patients with LQTS
with and without prolonged QT¢ intervals. Interaction-
term analysis demonstrated significant differences in risk
factors for life-threatening events between the 2 LQTS
subgroups (Table 3). In patients with normal-range QTc
intervals, the LQT1 and LQT3 genotypes were associated
with respective 10- and 8-fold increases in the risk for
life-threatening events compared with the LQT?2 genotype.
In contrast, in patients with prolonged QTc intervals, the

Table 2

Genotype and QTc Subgroup
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LQT1 genotype was associated with one-half the risk of the
LQT?2 genotype (p = 0.002), with a statistically significant
genotype—by—QTec subgroup interaction (p = 0.006)
(Table 3, first row), and the LQT3 genotype showed a
similar risk to the LQT2 genotype, without a statistically
significant genotype—by-QTc subgroup interaction (Table 3,
second row).

The location and type of the LQTS mutation were
shown to be significant risk factors for ACA or SCD in
patients with normal-range QTc intervals. In this LQTS
subset, transmembrane-missense mutations were associated
with a pronounced >6-fold (p = 0.006) increase in the risk
for ACA or SCD compared with nontransmembrane or
nonmissense mutations. In contrast, in patients with pro-
longed QTc intervals, transmembrane-missense mutations
were not independently associated with outcomes (Table 3,
third row). Notably, when the secondary end point of
cardiac events of any type was assessed, transmembrane-
missense mutations were shown to be an independent risk
factor in both LQTS subgroups (normal-range QT'¢ inter-
val, HR: 1.71; 95% CI: 1.16 to 2.34; prolonged QT¢
interval, HR: 1.39; 95% CI: 1.17 to 1.65).

Consistent results demonstrating an association between
transmembrane-missense mutations and the risk for ACA
or SCD in patients with normal-range QTc intervals were
shown when the reference group (comprising nontrans-
membrane or nonmissense mutations) was further divided
into 3 subcategories, including nonmissense mutations in
the transmembrane region, missense mutations in the non-
transmembrane region, and nonmissense mutations in the
nontransmembrane region (HR >4.0 for all 3 compari-
sons). Accordingly, patients with normal-range QT¢ inter-
vals with transmembrane-missense mutations experienced a
relatively high rate of ACA or SCD during follow-up (9%
at age 40 years and 21% at age 70 years), whereas patients
with normal-range QT¢ intervals with other mutations had
a very low event rate (1% at age 40 years and 5% at age 70
years; log-rank p for overall difference = 0.005) (Fig. 3A).
In contrast, in patients with prolonged QTc intervals, there
was no statistically significant difference in the rate of ACA
or SCD between the 2 mutation categories (16% and 14% at
40 years, respectively, p = 0.18) (Fig. 3B).

Clinical and ECG factors, including sex and QTc dura-
tion, were shown to be associated with a significant increase
in the risk for ACA or SCD only in patients with prolonged
QT intervals (Table 3, rows 4 to 6). In contrast, in patients

HR 95% CI p Value

LQTS with normal-vange QTc interval vs. unaffected family members

10.25 3.34-31.46 <0.001

*Model also adjusted for sex (female age >13 years) and time-dependent beta-blocker therapy.
Cl = confidence interval; HR = hazard ratio; other abbreviations as In Table 1.
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LOTS ‘and Normal-Range QTc Interval
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LQTS and Prolonged QTc Interval

HR (95% CI)

Value HR (95% Cl) Value

Vaiue ﬁr Interaction

Mutation location and type

TM-MS vs. non-TM-MS 6.32(1.714~23.33)

0.008

QTc interval (ms)

" Per 10-ms increase
=Median vs. <mediant

1.20(0.81-1.78)
1,03 (0.36-2.98)

0.35 1.08 (1.05-1.10) <0.001 0.58
0.95 : 2.96 (2.06-4.26)

<0.001 NA

*Cox proportional hazards regression modeling was carried out in models that inciuded all patients with genotype-positive LQTS (n = 1,861). Covarlates in the models included QTc category (<440 msvs.

>440 ms), genotype, mutation focation and type, sex, QTc interval asa

[per 10-ms D, ti

beta-blocker therapy, and a family history of SCD; the effect

of each covariate in patients with normalrange (=440 ms) and those with prolonged (>440 ms) QTc intervals was by i analysis, with tested 1 at a time. Estimates
of predictor hazard ratios in the I-range and pi QTc interval groups were using these Virtually results for all pi risk factors were also obtained
from the models that did not include appropriate ICD shocks as part of the composite end point. TResults were from models that the risk with QTc values greater
than or equal to the medlan in patients with LQTS with l-range QTc Intervals dian 420 ms) and pi ged QTc Intervals (median 500 ms).

Abbreviations as in Tables 1 and 2.

. 0304
8 ] Unadjusted P=0,005
& 0259
a . .
@ 0209 i
< 1
PR XLE '
= ; Transmembrane-Missense i
2 o0 ‘I"”é“’d«m o 0 0
z; 5 o e
2 . :
& 0604 = — " . . T T
o 10 20 30 40 50 $0 n
Age
Patients at Risk
Other 297 -258 {0) 153 0.0 60 (0.03) 15.40.05)
TMM 163 1410} 780.08} 35 (0.1 5@.21
= 0.30 1
° Unadjusted P=0,675
& 0254 s
a
g 0263 ﬁmsmembnnef@f.e‘riji —
g 0157 i
k-3 ‘ .- Other
£ 0403
g 0.05 -
[
a'oo T T L T T T T T
0 10 20 30 40 50 60 7
Age
Patients at Risk
Other 794  713.(0.01) 430 0.11) 208 (0.17) €0 (0.25)
TMM 586 511(0.03) 294.0.11) 123 (0.19) 3440.23)
Figure 3

! _
Kaplan-Meier cumulative probabilities of aborted cardiac arrest (ACA) and sud-
den cardiac death (SCD) by mutation location and type in patients with iong-QT
syndrome (LQTS) with (A) corrected QT (QTc) intervals =440 ms and (B) QTc
intervals >440 ms.

with normal-range QTc intervals, sex was not a significant
risk factor, and QTc duration was not independently asso-
ciated with a significant increase in the risk for ACA or
SCD when assessed as a continuous measure or when
dichotomized at the median value (=420 ms).

As suggested previously (15), the presence of a family
history of SCD in any first-degree relative was not shown to
be an independent predictor of ACA or SCD in patients
with either normal-range QT¢ intervals (HR: 0.89; 95% CI:
0.63 to 1.25; p = 0.50) or prolonged QT¢ intervals (HR:
1.40; 95% CI: 0.32 to 6.17; p = 0.65) after adjustment for
genetic and clinical factors.

Beta-blocker therapy was administered to 38% of patients
who had normal-range QT¢ intervals compared with 54% of
the patients who had prolonged QT¢ intervals (p < 0.001)
(Table 1). Treatment with beta-blockers was associated with
an overall significant 25% reduction in the risk for ACA or
SCD in the total study population (95% CI: 0.70 to 0.80; p <
0.001), with similar effects in patients with normal-range QTc
intervals and those with prolonged QTc¢ intervals (p for
beta-blocker—by-LQTS subset interaction = 0.45).
Characteristics of fatal or near-fatal cases with a normal-
range QTc intervals. The characteristics of patients with
normal-range QT intervals who experienced ACA or SCD
during follow-up are shown in Table 4. The mean age at
occurrence of the lethal or near-lethal event in this popu-
lation was 25.9 = 4.5 years. Nine of the patients (53%) who
experienced events were women, and 4 (24%) were treated
with beta-blockers are the time of the events. In patients
with normal-range QT ¢ intervals with available data regard-
ing therapies and triggers at the time of the events, none
were reported as being treated with a QT interval-
prolonging drugs at the time of ACA or SCD, and the
majority of the lethal or near-lethal events were not associ-
ated with exercise or arousal triggers (Table 4).
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Table 4
Event Age

Case Event (yrs)

QTc Interval
Female (ms) BBt

2 ACA 10 430 -
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- w%’

Mutation Location

Genotype and Type

Exercise LQTi

6 SCD 16 + 420 -

10 SCD 21 + 380 -

*Data regarding triggers for cardiac events and treatment with QT interval.

Non-E/A LQT3 ™-MS

Arousal LQr2 Non-TM-MS

Exercise

Non-TM-MS

1At time of event. $implanted or performed before event.

BB = beta-blocker therapy; E/A = exercise/arousal trigger for event; NA = not available; PM = pacemaker; QT PD = QT intervai-p,

Discussion

In this study, we assessed the clinical courses and risk factors
for life-threatening events in LQTS patients with genetically-
confirmed LQTS who do not exhibit the disease’s phenotypic
hallmark of QT interval prolongation, otherwise referred to as
concealed LQTS, normal~QT interval LQTS, or genotype-
positive/ECG phenotype-negative LQTS. Similar to prior
studies (16), we have shown that patients with LQT1 to
LQT3 exhibit a wide QTc distribution, with approximately
25% having QT intervals well within the normal range. The
rate of ACA or SCD in patients with LQTS with normal-
range QT¢ intervals was shown to be very low (4% from birth
through age 40 years, corresponding to an approximate event
rate of 0.13% per year). Comparatively, however, this very low
risk subset of the LQTS population still exhibited a >10-fold
increase in the risk for life-threatening events compared with
genetically and phenotypically unaffected family members.
Importantly, predictors of life-threatening events were shown
to be significantly different between LQT'S patients with and
without prolonged QT¢ intervals. In the latter LQTS sub-
group, genetic data, including knowledge of genotype and
mutation characteristics, were shown to identify the risk for
ACA or SCD, whereas in the former LQT'S subgroup, female
sex in the post-adolescence period and QTc duration were
identified as the predominant risk factors for life-threatening
events.

The clinical courses of patients with LQTS are variable
because of incomplete penetrance (17). They are influenced by
age, genotype, sex, environmental factors, therapy, and possibly
other modifier genes (1-10). Recent studies from the Interna-
tional LQT'S Registry that assessed the risk for life-threatening
events in patients with LQT'S have consistently demonstrated

for study patients who were enrolled in the U.S. portion of the International LQTS Registry.

drug; other abbr as In Tables 1 and 2.

that ECG and clinical risk factors, including the QT¢ interval
and age-sex interactions, identify increased risk in the LQTS
population (3-5). These studies, however, included mainly
phenotype-positive patients with LQTS with QT¢ intervals =
450 ms. Thus, the effect of genetic data on outcomes in these
studies was not statistically significant after adjustment for the
ECG and dinical factors. The present study population,
comprising 1,861 genetically confirmed patients with the
LQT1 to LQT3 genotypes, extends the data derived from
prior studies and demonstrates that risk factors for life-
threatening events are significantly different between patients
with LQTS with and without QT¢ prolongation. Consistent
with prior studies, we have shown that in patients with LQTS
who exhibit prolonged QT'c durations, ECG information and
clinical factors can be used to identify the risk for life-
threatening events. In contrast, in mutation-positive subjects
with normal-range QTc intervals, genetic factors, including
knowledge of the LQT'S genotypes and the mutation location
and type, identified patients who were at an increased risk for
ACA or SCD after adjustment for ECG and clinical data.
Sex was not a significant risk factor for cardiac events
in patients with normal-range QT¢ intervals. Further-
more, patients with normal-range QT¢ intervals dis-
played a similar frequency of women as unaffected family
members, whereas the frequency of women was signifi-
cantly higher among patients with prolonged QTc¢ inter-
vals. These findings are in accordance with earlier evi-
dence of longer QT¢ intervals in LQTS women than in
men (18), resulting in a marked female predominance in
phenotypically affected patients (3-5). The biologic basis
for this sex difference might be the down-regulation of
expression of cardiac potassium-channel genes by female
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sex hormones, which have been shown to prolong the QT
interval in both congenital and drug-induced LQTS
(19,20). These hormonal effects may explain the present
findings of a lower frequency of LQTS women with
normal-range QTc¢ intervals.

Recent genotype-phenotype studies have shown that mis-
sense mutations located in the transmembrane region, which is
responsible for forming the ion conduction pathway of the
channel, are associated with a significantly higher risk for
cardiac events compared with mutations that are located in
other regions of the LQTS channel (9,10). The present study
also shows that transmembrane-missense mutations are asso-
ciated with a significantly higher risk for cardiac events of any
type (predominated by syncopal episodes) in patients with
LQTS with both normal-range and prolonged QTec intervals.
However, our findings suggest that data regarding mutation
characteristics are important for the assessment of life-
threatening events (comprising ACA and SCD) mainly in
patients with normal-range QT¢ intervals, in whom informa-
tion derived from ECG and clinical data is more limited. In
this LQTS subset, missense mutations located in the trans-
membrane region were shown to be associated with a >6-fold
increase in the risk for life-threatening events and with a
clinically meaningful rate of ACA or SCD (9%) from birth
through age 40 years.

The mechanisms relating to the occurrence of life-
threatening ventricular tachyarrhythmias in phenotype-
negative patients with LQTS are not clear. In the present
study, none of the patients with normal-range QT¢ intervals
who experienced ACA or SCD took QT interval-prolonging
medications at the time of the events. Furthermore, most
events in patients with normal-range QT¢ intervals were not
related to exercise or arousal triggers (Table 4). An ECG
tracing from a patient with the LQT1 genotype who devel-
oped arthythmic events despite a normal-range QT¢ interval
showed spontaneous generation of polymorphic ventricular
tachycardia without preceding extrasystolic pauses or sudden
sinus rate acceleration (Fig. 4), possibly explaining the occur-
rence of ACA or SCD in study patients with normal-range
QTec intervals who were treated with beta-blockers at the time
of the events.

Study limitations. Most study patients did not undergo
comprehensive genetic testing for all currently known mu-
tations that may predispose to arrhythmic risk. Thus, it is
possible that the coexistence of modifier genes affected the
outcomes of patients with LQTS with normal-range QT¢c
intervals who experienced life-threatening cardiac events. In
addition, to provide an estimation of event rates among
unaffected family members, we included in the control
group subjects who were both genotype negative and also
had normal-range QT¢ intervals (and excluded genotype-
negative subjects with prolonged QTc intervals due to
possible unidentified mutations in this subset). Therefore,
the overall frequency of genotype-positive subjects in the
total population may not represent the true penetrance of

LQTS in affected families.
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rmal-Range QTc Interva

Spbntaneous generation of polymorphic ventricular tachycardia in a patient with
long-QT syndrome type 1 with a normal-range corrected QT (QTc)-interval.

(A) The patient had a QTc duration of 410 ms on baseline electrocardiography.
(B) Electrocardiographic tracing at the time of arrhythmic event demonstrates
sinus rate with an RR interval of 1,000 ms without significant QT prolongation
before the arrhythmia. (C) The patient was treated with nadolol and received
an implantable cardioverter-defibrillator but continued to exhibit arrhythmic epi-
sodes that were recorded on implantable cardioverter-defibrillator interrogation.
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The threshold value of 440 ms for the definition of a
normal-range QT¢ in the present study was based on the
diagnostic criteria for LQTS proposed by Schwartz et al.
(12), which define a prolonged QT'¢ interval as =450 ms in
male patients and =460 ms in female patients. We chose to
use a uniform approach by selecting 440 ms as the upper
limit of normal rather than having separate phenotypic
definitions for male and female patients. It should also be
noted that 2.5% of infants and 10% to 20% of adults exceed
this cutoff (21). Thus, the 440-ms value is not meant to
suggest an LQT'S diagnosis on its own.

Conclusions

The present study shows that patients with LQTS who
exhibit normal-range QTc intervals constitute approxi-
mately 25% of the LQT'S population and have a signifi-
cantly lower risk for life-threatening events compared with
phenotypically affected patients but also exhibit a significant
increase in the risk of ACA or SCD compared with
unaffected family members. Missense mutations in the
transmembrane regions of the ion channels, mainly in
patients with LQT1 and LQT3, were shown to identify
patients with normal-range QT¢ intervals who have an
increased risk for ACA or SCD. In contrast, increments in
QT¢ duration were not shown to be significantly associated
with increased risk for life-threatening events in this pop-
ulation. These findings suggest that: 1) risk assessment in
phenotype-negative family members of LQTS probands
should include genetic testing, because a positive genetic
test result in a family member with a normal-range QT¢c
interval implies an overall >10-fold increase in the risk for
ACA or SCD compared with a negative test result in an
unaffected family member; 2) genetic data may be used to
identify phenotype-negative patients with LQT'S who are at
increased risk for fatal ventricular tachyarrhythmias inde-
pendently of QTc¢ duration; and 3) LQTS mutation—
positive patients with normal-range QT¢ intervals who are
identified as having increased risk for life-threatening events
on the basis of genotype and mutation characteristics (i.e.,
LQT1 and LQT3 with transmembrane-missense muta-
tions) should be carefully followed and receive a similar
management strategy as phenotype-positive patients with
LQTS, including avoidance of QT-prolonging medications
(22), routine therapy with beta-blockers, and possibly im-
plantable cardioverter-defibrillator therapy in those who
remain symptomatic despite medical therapy. Conversely,
patients with the lowest risk profile of already low risk,
concealed LQTS (i.e., concealed LQT2 and non-
transmembrane-missense LQT1 and LQT3) may represent
the nominally near zero risk subpopulation(s) of LQTS in
need of only preventative health recommendations such as

QT drug avoidance.
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BACKGROUND Men and women with type 2 long QT syndrome
(LQT2) exhibit time-dependent differences in the risk for cardiac
events. We hypothesized that data regarding the location of the
disease-causing mutation in the KCNH2 channel may affect gen-
der-specific risk in LQT2. :

OBJECTIVE This study sought to risk-stratify LQT2 patients for
life-threatening cardiac events based on clinical and genetic in-
formation.

METHODS The risk for life-threatening cardiac events from birth
through age 40 years (comprising aborted cardiac arrest [ACA] or
sudden cardiac death [SCD]) was assessed among 1,166 LQT2 male
(n = 490) and female (n = 676) patients by the location of the
LQTS-causing mutation in the KCNH2 channel (prespecified in the
primary analysis as pore-loop vs. non-pore-loop).

RESULTS During follow-up, the cumulative probability of life-
threatening cardiac events years was significantly higher among
LQT2 women (26%) as compared with men (14%; P <.001).
Multivariate analysis showed that the risk for life-threatening
cardiac events was not significantly different between women with
and without pore-loop mutations (hazard ratio 1.20; P =.33). In

contrast, men with pore-loop mutations displayed a significant
>2-fold higher risk of a first ACA or SCD as compared with those
with non-pore-loop mutations (hazard ratio 2.18; P = .01). Con-
sistently, women experienced a high rate of life-threatening
events regardless of mutation location (pore-loop: 35%, non-
pore-loop: 23%), whereas in men the rate of ACA or SCD was high
among those with pore-loop mutations (28%) and relatively low
among those with non-pore-loop mutations (8%).

CONCLUSION Combined assessment of clinical and mutation-spe-
cific data can be used for improved risk stratification for life-
threatening cardiac events in LQT2.

KEYWORDS Long QT syndrome; Pore-loop mutations; Sudden car-
diac death; Gender

ABBREVIATIONS ACA = aborted cardiac arrest; ECG = electrocar-
diogram; ICD = implantable cardioverter-defibrillator; LQTS = long
QT syndrome; LQT2 = long QT syndrome type 2; QTc = corrected
QT; SCD = sudden cardiac death
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Introduction

Long QT syndrome (LQTS) is an inherited arrhythmogenic
disorder caused by mutations in several cardiac ion channel
genes.! Clinically, LQTS is identified by abnormal QT
interval prolongation on the electrocardiogram (ECG) and is
associated with arrhythmogenic syncope and sudden ar-
rhythmic death (SCD).!? Type 2 long QT (LQT?2), the
second most common variant of LQTS, is characterized by
mutations in the « subunit of the KCNH2 channel, which
conducts the rapid delayed rectifier potassium current (Ix,)
in cardiac myocytes."** Recent data show that mutations
in the KCNH2 pore-loop region, which is responsible for
forming the ion conduction pathway of the channel, are
associated with a significantly higher risk of cardiac events
as compared with mutations that are located in other regions
of the channel.>® Furthermore, the clinical course of LQT2
patients was shown to be associated with major time-depen-
dent gender differences, wherein women display a signifi-
cantly higher risk for cardiac events than men after the onset
of adolescence.” Prior studies in LQT2 patients, however,
evaluated mainly the combined end point of any cardiac
event during follow-up (comprising mostly nonfatal synco-
pal episodes) and did not relate gender-specific risk to
mutation location in this population. Accordingly, the pres-
ent study was carried out in a population of 1,166 geneti-
cally confirmed LQT2 patients from Multinational LQTS
Registries and was designed to: (1) evaluate time-dependent
gender differences in the risk of life-threatening cardiac
events (comprising aborted cardiac arrest [ACA] or SCD) in
LQT2 patients; (2) relate gender-specific risk for life-threat-
ening events in this population to the location of the LQT2-
causing mutation in the KCNH2 channel; and (3) develop a
risk stratification scheme among LQT?2 patients that com-
bines clinical and mutation-specific data.

Methods

Study population

The study population was composed of 1,166 subjects de-
rived from (n = 263) proband-identified families with ge-
netically confirmed KCNH2 mutations. Patients were drawn
from the Rochester, New York, enrolling center (center 1)
of the International LQTS Registry (n = 761), the Nether-
lands LQTS Registry (n = 214), and the Japanese LQTS
Registry (n = 95), as well as from data submitted by other
investigators specifically for this collaborative mutation
analysis project: Denmark (n = 62), Israel (n = 24), and
Sweden (n = 10). The proband in each family had otherwise
unexplained diagnostic QTc prolongation or experienced
LQTS-related symptoms. Patients were excluded from the
study if they had >1 LQTS-causing mutation (n = 11).

Data collection and management

For each patient, personal history including cardiac events,
ECGs, and therapies, as well as family history, were ob-
tained at enrollment. Clinical data were then collected
yearly on prospectively designed forms with information on

demographic characteristics, personal and family medical
history, ECG findings, medical therapies, left cardiac sym-
pathetic denervation, implantation of a pacemaker or an
implantable cardioverter-defibrillator (ICD), and the occur-
rence of LQTS-related cardic events. The QT interval was
corrected for heart rate using the Bazett formula.? Data
common to all LQTS registries involving genetically tested
individuals were clectronically merged into a common da-
tabase for the present study.

Genotype characterization

KCNH?2 mutations were identified with the use of standard
genetic tests performed in academic molecular genetic re-
search laboratories and/or in commercial laboratories. Ge-
netic alterations of the amino acid sequence were charac-
terized by location in the channel protein and by the type of
mutation (missense, splice site, in-frame insertions/dele-
tions, nonsense [stop codon], and frameshift).” The trans-
membrane region of the KCNH2 encoded protein was de-
fined as the coding sequence involving amino acid residues
from 404 through 659 (pore-loop region: 548-659), with the
N-terminus region defined before residue 404, and the C-
terminus region after residue 659.

Pore-loop mutations disrupt normal channel gating'® and
were shown to be associated with a significantly higher risk
of cardiac events as compared with mutations in each of the
other regions of the KCNH2 channel.>® Accordingly, mu-
tation location was categorized in the primary analysis of
the present study as pore-loop vs. non—pore-loop. In a sec-
ondary analysis, non—pore-loop mutations were further
subcategorized into those located in the transmembrane
(non—pore-loop) region and in the C/N-terminus regions.
Mutation type was categorized as missense vs. nonmis-
sense. The specific mutations included in the present study,
by location, type, and number of patients, are detailed in
Supplementary Table 1. The distribution of study mutations
in the KCNH2 channel, by the relative number of patients,
is shown in Figure 1.

End point

The primary end point of the study was the occurrence of a
first life-threatening cardiac event, comprising ACA (re-
quiring defibrillation as part of resuscitation), or LQTS-
related SCD (abrupt in onset without evident cause, if wit-
nessed, or death that was not explained by any other cause
if it occurred in a nonwitnessed setting such as sleep). To
further validate the consistency of the results among pa-
tients who received an ICD during follow-up, we also as-
sessed a secondary end point comprising the first occurrence
of ACA, SCD, or appropriate ICD shock during follow-up.

Statistical analysis

The baseline and follow-up clinical characteristics of the
study population were evaluated using the x* test for cate-
gorical variables, and the ¢ test and the Mann-Whitney-
Wilcoxon test for continuous variables. The cumulative
probability of a first ACA or SCD by gender and by muta-
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tion location was assessed by the Kaplan-Meier method, and
significance was tested by the log-rank test. Follow-up data
were censored at age 40 to avoid confounding by acquired
cardiovascular disease. Multivariate Cox proportional haz-
ards regression models were used to evaluate the indepen-
dent contribution of clinical and genetic factors to the first
occurrence of ACA or SCD. Prespecified covariates in the
total population model included gender, QTc duration (cat-
egorized as =500 ms vs. <500 ms), mutation location and
type (as defined above), the occurrence of syncope during
follow-up, and medical therapy with blockers. Syncope and
B-blocker therapy were assessed as time-dependent covari-
ates in the multivariate models. The effect of each covariate
in male and female subjects was assessed by interaction-
term analysis (i.e., by including a gender-by-risk factor
interaction term in the multivariate models), with interac-
tions tested one at a time. To avoid violation of the propor-
tional hazards assumption due to gender-risk crossover dur-
ing adolescence, we used an age-gender interaction term in
the multivariate models. Patients without available bascline
QTc data (n = 150) were included as a separate (QTc-
missing) covariate in the multivariate models.

Using the Cox model that included interactions among
gender, mutation location, QTc duration, and time-depen-
dent syncope, covariate patterns with similar estimated haz-
ard ratios were united to form time-dependent risk groups.

Because almost all the subjects were first- and second-
degree relatives of probands, the effect of lack of indepen-
dence between subjects was evaluated in the Cox model
with grouped jackknife estimates for family membership.'!
All grouped jackknife standard errors for the covariate risk
factors fell within 3% of those obtained from the unadjusted
Cox model, and therefore only the Cox model findings are

W1001X

Distribution of mutations in the KCNH2 potassium channel among study patients.

reported. The statistical software used for the analyses was
SAS version 9.20 (SAS Institute Inc, Cary, North Carolina).
A 2-sided 0.05 significance level was used for hypothesis
testing.

Results

The clinical characteristics of the study patients by gender
are shown in Table 1. Baseline QTc was somewhat higher
among women; however, the frequency of patients with
prolonged QTc (=500 ms) was similar in men and women.
In addition, the frequency of patients with pore-loop muta-
tions was the same in the 2 groups. During follow-up, there
was no statistically significant difference hbetween men and
women in the frequency of medical therapy with f-block-
ers, whereas the frequency of device therapy (including
pacemakers and ICDs) was significantly higher among
women. The frequency of both nonfatal syncopal episodes
and life-threatening cardiac events during follow-up was
significantly higher among women as compared with men
(Table 1).

Risk factors for ACA or SCD in the total LQT2
population

During follow-up, 179 (15%) study patients experienced the
primary end point of a first ACA or SCD. Event rates were
similar between men and women during childhood, whereas
after onset of adolescence and during adulthood, LQT2
women experienced a significantly higher rate of ACA or
SCD as compared with LQT2 men (Fig. 2). Accordingly,
the cumulative probability of a first ACA or SCD from birth
through age 40 years was significantly higher in women
(26%) as compared with men (14%; P <.001 [Fig. 2]).
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Table 2 Multivariate analysis: risk factors for ACA/SCD among
all LQT2 patients*

Table 1  Baseline and follow-up characteristics of the study
population by gender
Male Female P
Characteristics N = 490 N =676 value
QTc (ms)
Continuous, means = SD 478 = 57 484 * 52 .02
=500, % 32 34 KA

RR (s), means =+ SD
Location of mutation

860 = 250 856 * 216 91

Pore-loop, % 28 28 .93
Non-pore-loop:
™, % 4 4 .98
N-term/C-term, % 35 34 .98
Type of mutation
Missense, % 65 68 .33
Nonmissense, % 35 32
LQTS therapies
B-blockers, % 52 55 .22
Pacemaker, % 3 6 . .02
LSCD, % 0.6 2 12
ICD, % 8 16 <.001
Cardiac events during follow-up
Syncope, % 24 46 <.001
ACA, % 3 9 <.001
SCD, % 8 12 .02
Appropriate ICD shocks, % 1.5 1.9 .58
First SCD or ACA, %* 10 19 <.,001

ACA = aborted cardiac arrest; ICD = implantable cardioverter-defibril-
lator; LCSD = left cervical sympathetic denervation; LQTS = long QT
syndrome; SCD = sudden cardiac death; TM = transmembrane; QTc =
corrected QT; RR = relative risk.

*Only the first event for each patient was considered.

Multivariate analysis in the total study population (Table
2) showed that during childhood (ages 0 to 13 years), the
risk of ACA or SCD was similar between women and men
(hazard ratio [HR] 1.53; P = .33), whereas after the onset of
adolescence (age >13 years), women showed a signifi-
cantly higher risk for ACA or SCD as compared with men
(HR 2.23; P <.001). Mutations located in the pore-loop
region of the KCNH2 channel were shown to be associated
with a significant 39% (P =.04) increase in the risk for
ACA or SCD as compared with other ion channel mutations
(Table 2). Results were similar when the secondary end

0.35

3 030 4 Unadjusted P=0.001
3 @
33
< e
35
Z
29
&%
58
o

Patients at Risk

Male 490 411 io,oeg 300 20,073 235 50.11} 171 EO;%;

Female 676 613{0.01 488 (0.08] 366 (0.18 245 (0.

Figure 2  Kaplan-Meier estimates of the cumulative probability of

aborted cardiac arrest or sudden cardiac death in LQT?2 patients by gender.
ACA = aborted cardiac arrest; LQT2 = long QT syndrome type 2; SCD =
sudden cardiac death.

Relative risk

Hazard 95% confidence P

Risk factor ratio  interval value
Gender: female vs. male

Age group: 0 to 13 years 1.53  0.72-3.26 .33

Age group: 14 to 40 years  2.23  1.55-3.21 <.001
Mutation location

Pore-loop vs. non-pore-loop 1.39  1.02-1.91 .04

Pore-loop vs. C/N-term 1.44  1.06-1.97 .02

TM (nonpore) vs. C/N-term  0.91  0.45-1.87 .80
Mutation type

Missense vs. nonmissense ~ 0.87  0.62-1.23 43
QTc duration (ms)

=500 vs. <500 3.24 2.05-5.12 <.001
Time-dependent syncope

Syncope vs. no syncope 3.15  2.26-4.38 <.001

Abbreviations as in Table 1.
*Models were further adjusted for missing QTc values, time-dependent
B-blocker therapy, and the occurrence of syncope prior to the end point
(assessed as a time-dependent covariate).

point of a first ACA, SCD, or appropriate ICD shock was
assessed.

Gender-specific risk factors for life-
threatening cardiac events in LQT2 patients
Kaplan-Meier survival analysis showed that the cumula-
tive probablity of ACA or SCD by age 40 years was high
in women with or without pore-loop mutations (35% and
23%, respectively; P = .02 [Fig. 3]). In contrast, in men
the rate of ACA or SCD was high among those with
pore-loop mutations (28%) and relatively low among
non-pore-loop mutations carriers (8%; P <.001 [Fig. 4]).
Consistent with these findings, gender-specific multivar-
iate analysis (Table 3) showed that the risk for ACA or
SCD was not significantly different among women with
or without pore-loop mutations (HR 1.20; P = .33),
whereas men with pore-loop mutations showed a signif-
icantly higher risk for ACA or SCD as compared with

0.35
8 0.30 Unadjusted P=0.023
g s 0.25 Pore-loop I
<5 0.20 s
2& 045
5
22 0104
E o059
0.00 4] T T T -T
0 10 20 30 40
Age
Patients at Risk
Pore 186 165 (0.02 120 (0.12 90 (0.22 46 (035
Non-pore 490 448 (6.01 368 {0.0 276 (0.17) 199(0.23)
Figure 3  Kaplan-Meier estimates of the cumulative probability of

aborted cardiac arrest or sudden cardiac death in LQT2 women by mutation
location. ACA = aborted cardiac arrest; LQT2 = long QT syndrome type
2; SCD = sudden cardiac death.
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Figure 4  Kaplan-Meier estimates of the cumulative probability of a first
aborted cardiac arrest or sudden cardiac death in LQT2 men by mutation
location. ACA = aborted cardiac arrest; LQT2 = long QT syndrome type

2; SCD = sudden cardiac death.
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men without pore-loop mutations (HR 2.18; P = .01).
Results for both men and women were consistent when
the reference group of non—pore-loop mutations was fur-
ther subcategorized into the transmembrane (non—pore-
foop) and C/N-terminus regions (Table 3).

QTc =500 ms was associated with >2-fold and >4-
fold risk increase in men and women, respectively,
whereas the mutation-type was not associated with a
statistically significant risk increase (Table 3). Similarly,
the occurrence of syncope during follow-up was associ-
ated with nearly a 3-fold increase in the risk of subse-
quent ACA or SCD in men, with a >3-fold risk increase
in women (Table 3).

Time-dependent medical therapy with B-blockers was
associated with a significant 61% reduction in the risk of
ACA or SCD in the total study population (HR 0.39 [95%
confidence interval 0.20 to 0.74]). The benefit of treatment
with B-blockers was not significantly different between
men and women (P value for B-blocker—by—gender inter-
action = 0.23).

Table 3

[ Proposed Risk Stratification Scheme for ACA or SCD in LQT2" l
Rigk Group/Event Rate _ Relative Risk

VERY HIGH RISK
5.3 100 pt-yrs

ERTT vxa

HR=17
(P<0.001)

HR=7

HIGH RISK (P<0.001}

3.5 1100 ptyrs

weassrranan -

INTERMEDIATE RIS] HR<=2
05 /100 pt-yrs 4 (P=0.005)

Figure 5  Proposed scheme for risk stratification for the end point of
ACA or SCD in LQT2 patients by gender, mutation location, QTc, and a
history of prior syncope. *Hazard ratios and score estimates were obtained
from a multivariate Cox model that included interactions among the iden-
tified risk factors (categorized by QTc duration, time-dependent syncope,
gender, and mutation location); decimal points in HRs are rounded to the
nearest whole number; event rates per 100 person-years were calculated by
dividing the number of life-threatening cardiac events (comprising ACA or
SCD) in each risk category by the total follow-up time in the category (with
follow-up censored after the occurrence of a ACA) and multiplying the
result by 100. ACA = aborted cardiac arrest; HR = hazard ratio; LQT2 =
long QT syndrome type 2; SCD = sudden cardiac death; QTc = corrected
QT.

Risk stratification for ACA or SCD in LQT2
patients

Using interaction terms among risk factors related to gen-
der, mutation location, QTc duration, and time-dependent
syncope in the time-dependent Cox models, we identified 4
risk groups with significantly different risk for the end point
of ACA or SCD (Fig. 5): (1) a low-risk group, comprising
LQT2 patients with no risk factors (i.e., QTc <500 ms, no
prior syncope, male subjects without pore-loop mutations or
female subjects =13 years of age); (2) an intermediate-risk

Multivariate analysis: risk factors for ACA/SCD among LQT2 patients by gender*t

LQT2 male subjects

LQT2 female subjects

Hazard ratio

Hazard ratio

(95% confidence interval) P value (95% confidence interval) P value

Mutation location

Pore-loop vs. non-pore-loop 2.18 (1.28-3.72) .01 1.20 (0.83-1.74) .33

Pore-loop vs. C/N-term 2.04 (1.15-3.61) .01 1.18 (0.81-1.70) .39

TM (nonpore) vs. C/N-term NAt 1.25 (0.60-2.58) .56
Mutation type

Missense vs. nonmissense 0.56 (0.29-1.06) .08 1.29 (0.82-1.74) .25
QTc duration (ms)

=500 vs. <500 2.16 (1.08-5.06) .03 4,05 (2.33-7.04) <.001
Time-dependent syncope

Syncope vs. no syncope 2.83 (1.36-5.58) .01 3.32 (2.19-4.87) <.001

Abbreviations as in Table 1.

*Findings were further adjusted for missing QTc values, time-dependent B-blocker therapy, and the occurrence of syncope prior to the end point (assessed

as a time-dependent covariate).

tModels were carried out in the total population using interaction-term analysis, with interactions tested one at a time; all interaction P values were >.05.
tHazard ratio was not computed due to a low event rate in male patients with TM mutations.
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group (HR vs. low-risk group = 2.14; P =.005), including
(a) male subjects with pore-loop mutations or women >13
years of age (regardless of mutation location) and no addi-
tional risk factors; and (b) patients with QTc =500 ms and
no additional risk factors; (3) a high-risk group (HR vs.
low-risk group = 7.22; P <.001), including (a) patients
with prior syncope and no additional risk factors, and (b)
male subjects with pore-loop mutations or female subjects
>13 years of age with QTc =500 ms, but without prior
syncope; and (4) a very-high-risk group (HR vs. low-risk
group = 17.01; P <.001), comprising paticnts who expe-
rienced prior syncope and also had 1 or more additional risk
factor (i.e., QTc =500 ms, male with a pore-loop mutation
or female >13 years old).

The nature of time-dependent covariates precludes as-
sessment of cumulative event rates based only on the cova-
riate pattern at the time origin. Therefore, to obtain an
estimate of event rates, we adjusted the number of events for
the follow-up time in each risk group. Thus, among very-
high-risk patients the rate of ACA or SCD was 5.3 per 100
patient-years; high-risk patients experienced 3.5 life-threat-
ening cardiac events per 100 patient-years; intermediate-
risk patients had an event rate of 0.5 per 100 patient-years,
whereas among low-risk patients the rate of ACA or SCD
was only 0.3 per 100 patient years (Fig. 5).

Discussion
The present study is the first to assess gender differences in
the risk of life-threatening cardiac events in LQT2, and to
relate gender-specific risk in this population to the location
of the disease-causing mutation. We have shown that among
patients with LQT2: (1) both men and women have a rela-
tively low rate of ACA or SCD during childhood, whereas
after the onset of adolescence and throughout adulthood
women show a significantly higher rate of life-threatening
events as compared with men; (2) the risk of ACA or SCD
in women is high regardless of the location of the disease-
causing mutation in the KCNH2 channel, whereas pore-loop
mutations identify increased risk for ACA or SCD in men;
and (3) combined assessment of clinical and mutation-spe-
cific risk factors can be used for improved risk stratification
for life-threatening cardiac events in patients with LQT2.
In a prior study, Zareba et al.” assessed age-dependent
gender differences in the risk of cardiac events (comprising
mostly nonfatal syncopal episodes) among 533 genotyped
patients from the International LQTS Registry. The study
included 209 LQT2 patients, and showed that in this pop-
ulation no significant gender-related differences in the risk
of cardiac events were present duirng childhood, whereas in
the age range of 16 through 40 years, LQT2 women had
>3-fold higher risk of cardiac events as compared with
men.” Possibly due to sample size limitations, the study did
not identify a significant gender-related risk difference
when the more severe end point of a first life-threatening
cardiac event was assessed. The present study comprises the
largest LQT?2 population reported to date of 1,166 patients.
We have shown that after the onset of adolescence there is

a pronounced increase in the risk of ACA or SCD among
LQT2 women (resulting in a cumulative event rate of 26%
by age 40 years), whereas the risk of ACA or SCD among
LQT2 men remains significantly lower throughout fol-
low-up (resulting in a cumulative event rate of 14% by age
40 years). These age-gender risk differences in the clinical
course of LQT2 patients may be mediated by the opposing
effects of male and female sex hormones on the potassium
channel. Testosterone was found to shorten the action po-
tential duration and the QT interval through enhancement of
the Iy, current,’*'® and thus may be associated with QT
shortening in male subjects after childhood. In contrast,
estrogen was shown lo exhibit both acute and genomic
effects on Iy, including reduction in channel function and
prolongation of ventricular repolarization.'*'> Thus, LQT2
women who harbor mutations impairing potassium channel
activity may be specifically sensitive to estrogen activity
that may result in an increase in the risk for arrhythmic
events after the onset of adolesence.

Recent data from the International LQTS Registry show
that the location of the mutation in the ion channel is an
important determinant of arrhythmic risk in LQTS patients.
In a study of 201 LQT2 subjects with a total of 44 different
KCNH?2 mutations, Moss et al.> showed that subjects har-
boring pore mutations exhibited a more severe clinical
course and experienced a higher frequency of cardiac
events, occurring at an carlier age, than did subjects with
nonpore mutations. Consistent with these findings, in a
more recent study, Shimizu et al.’ showed that mutations in
the pore region were associated with a greater risk of car-
diac events as compared with mutations located in other
regions in the KCNH2 channel. The pore region forms the
potassium conductance pathway, and most mutations pres-
ent in this region have a dominant-negative effects on I, *°
suggesting that the pore region is critical for channel func-
tion. The findings of the present study are consistent with
the previous link of high cardiac risk to pore-domain mu-
tations, and show that the presence of pore-loop mutations
was independently associated with a significant 39% in-
crease in the risk of ACA or SCD in the total LQT2
population. Our findings, however, extend prior data and
show a differential effect of mutation-related risk between
LQT2 men and women. Thus, among men the presence of
pore-loop mutations was associated with >2-fold (P = .01)
increase in the risk of ACA or SCD, whereas women with
pore-loop mutations did not display a significant increase in
risk as compared with those with non—pore-loop mutations.
Accordingly, by age 40 years the rate of life-threatening
cardiac events among men with pore-loop mutations was
>3-fold higher as compared with those with other muta-
tions (28% vs. 8%, respectively), whereas the correspond-
ing event rates among women were high regardless of
mutation location (35% and 23%, respectively). Possible
mechanisms that may explain the observed gender-related
differences include the fact that estrogen increases Iy, in-
dependently of mutation location, thereby increasing ar-
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