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Atrioventricular Block-Induced Torsades de Pointes
With Clinical and Molecular Backgrounds Similar
to Congenital Long QT Syndrome

Yuko Oka, MD; Hideki Itoh, MD, PhD; Wei-Guang Ding, MD, PhD;
Wataru Shimizu, MD, PhD; Takeru Makiyama, MD, PhD; Seiko Ohno, MD, PhD;
Yukiko Nishio, MD; Tomoko Sakaguchi, MD, PhD; Akashi Miyamoto, MD;
Mihoko Kawamura, MD; Hiroshi Matsuura, MD, PhD; Minoru Horie, MD, PhD

Background: Atrioventricular block (AVB) sometimes complicates QT prolongation and torsades de pointes
(TdP).

Methods and Results: The clinical and genetic background of 14 AVB patients (57121 years, 13 females) who
developed QT prolongation and TdP was analyzed. Electrophysiological characteristics of mutations were ana-
lyzed using heterologous expression in Chinese hamster ovary cells, together with computer simulation models.
Every patient received a pacemaker or implantable cardioverter defibrillator; 3 patients had recurrence of TdP
during follow-up because of pacing failure. Among the ECG parameters, QTc interval was prolonged to 561+76 ms
in the presence of AVB, but shortened to 495+42ms in the absence of AVB. Genetic screening for KCNQ1,
KCNH2, SCN5A, KCNE1, and KCNEZ2 revealed four heterozygous missense mutations of KCNQ1 or KCNH2 in 4
patients (28.6%). Functional analyses showed that all mutations had loss of functions and various gating dysfunc-
tions of ks or k. Finally, action potential simulation based on the Luo-Rudy model demonstrated that most mutant
channels induced bradycardia-related early afterdepolarizations.

Conclusions: Incidental AVB, as a trigger of TdP, can manifest as clinical phenotypes of long QT syndrome
(LQTS), and that some patients with AVB-induced TdP share a genetic background with those with congenital
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major cause of torsades de pointes (TdP),'? which

results from various factors, including drugs, brady-
cardia or hypokalemia. Regarding bradycardia, Kurita et al
demonstrated that patients with bradycardia-induced TdP dis-
play abnormally prolonged QT intervals at slower heart rates
(<60beats/min) than those without TdP.> Some groups have
reported the genetic background of bradycardia-induced TdP,
as well as of congenital LQTS. In 2001, we reported a female
with 2:1 atrioventricular block (AVB) and TdP, in whom the
KCNH2 A490T mutant was identified as heterozygous.* Sub-
sequently, Lupoglazoff et al demonstrated that, in neonates,
LQTS with 2:1 AVB is associated with KCNH2 mutations
whereas sinus bradycardia-related LQTS is associated with

T he acquired form of long QT syndrome (LQTS) is a

KCNQI mutations.’ Chevalier et al reported that among 29
patients with complete AVB and a QT interval >600ms, 5
(17%) had mutations on genes encoding K+ channels, and the
expression test of these mutations showed functional changes
compared with the wild-type (WT) K* current.®

Editorial p 2546

In Japan, some papers on congenital LQTS have been
published,2” but the molecular pathogenesis of AVB-
related TdP has not been fully examined, particularly with
respect to the relationship between genotype and cellular
electrophysiology. The aim of this study was to investigate
gene mutations and clarify their functional outcome in con-
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secutive AVB patients complicated with TdP.

Methods

Study Population

The study cohort contained 14 consecutive probands, from
unrelated families, who showed a prolonged QT interval and
TdP associated with AVB. They were referred to 3 institutes
in Japan; Shiga University of Medical Science (Otsu),
National Cardiovascular Center (Suita), and Kyoto Univer-
sity Graduate School of Medicine (Kyoto) for LQTS genetic
testing between 1996 and 2008.

Clinical Characterization

In each case, we recorded 12-lead electrocardiograms (ECGs)
before and after AVB episodes, as well as gathering the
results from other cardiovascular examinations and detailed
clinical evaluations. Prolonged QT interval was diagnosed
by the presence of prolongation of ventricular repolarization
(corrected QT interval [QTc] >460ms in lead Vs, according
to Bazett’s formula).!® We excluded cases of TdP caused by
AVB with drugs associated with QT prolongation, as well as
those with active ischemia detected by noninvasive or inva-
sive tests, including coronary angiography. We also investi-
gated cardiac events in all 14 probands and their family
members. Cardiac events were syncope, TdP, ventricular
fibrillation (VF), aborted cardiac arrest (requiring defibrilla-
tion) or sudden cardiac death. We also followed the therapies
and clinical prognoses of these patients.

Genetic Analysis

Genomic DNA was isolated from venous blood by QIAamp
DNA blood midikit (Qiagen, Hilden, Germany). Established
primer settings were used to amplify the entire coding
regions of the known LQTS genes (KCNQI, KCNH2,
SCN5A, KCNEI, and KCNE?2). Denaturing high-perfor-
mance liquid chromatography (WAVE system Model 3500,
Transgenomic, Omaha, NE, USA) was performed as
described elsewhere, and abnormal conformers were ampli-
fied by polymerase chain reaction (PCR), and sequenced
with an ABI PRISM-3130 sequencer (Perkin-Elmer Applied
Biosystems, Wellesley, MA, USA). If we detected mutations
in these genes, family members associated with the probands
were also genetically analyzed. Formal informed consent
was obtained from each patient or their guardians according
to standards approved by local institutional review boards.

Expression Plasmids

The expression plasmids, pIRES2-EGFP/KCNQI (wild-type;
WT/KCNQI) and pRc-CMV/KCNH2 (WT/KCNH2) were
kindly provided by Dr Barhanin (Université de Nice, Sophia
Antipolis, Valbonne, France) and Dr Sanguinetti (University
of Utah, Salt Lake City, UT, USA), respectively. The muta-
tions were introduced using overlap PCR. The mutant plas-
mids were constructed by substituting the 838-bp Xhol-Bgl/Il
for the G272V mutant, 464-bp HindIll-BstXI for the D111V
mutant, 1458-bp BstXI-BgllI for the A490T mutant, or 592-
bp Fsel-Sbfl fragments for the P846T mutant for the corre-
sponding fragments of WT/KCNQI or WT/KCNH2. The
nucleotide sequence of the construct was confirmed prior to
the expression studies.

Expression in Chinese Hamster Ovary (CHO) Cells
CHO cells were maintained in Dulbecco’s modified Eagle’s
medium and Ham’s F12 nutritional mixture (Gibco-BRL,

Rockville, MD, USA) supplemented with 10% fetal bovine
serum (Gibco-BRL) and antibiotics (100 U/ml penicillin and
100 «g/ml streptomycin) in a humidified incubator gassed
with 5% CO2 and 95% air at 37°C. CHO cells were tran-
siently transfected using 1uxg of WT/KCNQI or mutant/
KCNQI, and 1ug of pIRES-CD8/KCNEI per 35-mm dish,
using the LipofectAMINE method according to the manu-
facturer’s instructions (Invitrogen, Carlsbad, CA, USA). In
some experiments, 0.5xg of WI/KCNQI was transfected
with or without mutant/KCNQI, instead of 1ug of WT/
KCNQI. Cells successfully transfected with both KCNQI
and KCNEI cDNA were selected by green fluorescent pro-
tein (GFP) and decoration with anti-CD8 antibody-coated
beads (Dynabeads CD8; Dynal Biotech, Oslo, Norway). The
cells were transiently transfected with either WT/KCNH2 or
mutant/KCNH2, using the Lipofect AMINE method accord-
ing to the manufacturer’s instructions. For a 35-mm dish the
amount of plasmid was 2ug and 0.175ug of GFP; only
GFP-positive cells were used for the patch-clamp study.

Electrophysiological Experiments

Whole-cell patch-clamp recordings were conducted at
37.0£1.0°C using an EPC-8 patch-clamp amplifier (HEKA,
Lambrecht, Germany) 48-72h after transfection. No leak
subtraction was used. The normal Tyrode solution contained
(in mmol/L): NaCl 140, KCl1 5.4, CaCl> 1.8, MgClz 0.5,
NaH2POa4 0.33, glucose 5.5, and HEPES 5 (pH adjusted to
7.4 with NaOH). The pipette solution contained (in mmol/L):
potassium aspartate 70, KCl 40, KH:POs 10, EGTA 5,
MgSOs 1, Naz-ATP (Sigma, St Louis, MO, USA) 3, Liz-
GTP 0.1, and HEPES 5 (pH adjusted to 7.4 with KOH). A
coverslip with adherent CHO cells was placed on the bottom
of a glass recording chamber (0.5 ml in volume) mounted on
the stage of an inverted microscope (TE2000-U, Nikon,
Tokyo, Japan). Pipette resistance was 3—5MQ when filled
with internal solution. Currents and voltages were digitized
and voltage commands were generated through an LIH-1600
AD/DA interface (HEKA) controlled by PatchMaster soft-
ware (HEKA). Current amplitude was divided by membrane
capacitance (Cm) to obtain current densities (pA/pF) in each
cell. The voltage-dependence of current activation was deter-
mined by fitting the normalized tail current (Jail) vs test
potential (Viest) to a Boltzmann function:

Tait=1/(1+exp[(Vos—V)/k]),

where Vos indicates the voltage at which the current is half-
maximally activated and % is the slope factor.

Computer Simulation of Action Potential Duration (APD)

Ventricular action potentials were simulated by using the
dynamic Luo-Rudy model with recent modifications.!12
The ratio of Ix- and Jks conductance was set at 23:1, 17:1,
and 19:1 in the epicardium, endocardium, and M cell layer,
respectively. Based on the experimental data of voltage-
clamp recordings of KCNH2 channels heterologously
expressed in CHO cells, we constructed Markov or Hodg-
kin-Huxley models for simulated mutant channels as com-
pared with mutants associated with congenital LQTS. In
order to construct mutant channel models, we decreased the
conductance of each channel as appropriate for the decreased
current density, and looked for adequate changes in mutant
channels by changing each coefficient value, in turn, for gat-
ing states associated with impaired gating defects. The simu-
lation for voltage-clamp experiments was calculated using
the 4th-order Runge-Kutta method with a fixed-time step of
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Figure 1. Molecular discovery and clinical data associated with KCNQ1 and KCNH2 mutations, and the initiation of atrioven-
tricular block -related torsades de pointes (TdP). (A) Denaturing high-performance liquid chromatography patterns and DNA
sequence data in normal controls and patients with G272V for KCNQ1 (Left), D111V for KCNH2 (Middle), and P846T for
KCNHZ (Right). (B) Schemes showing the topology of cardiac ion channel proteins for KCNQ1 and KCNHZ2 and the location of
mutations identified in this study. (C) Two pedigrees of G272V and D111V families. Circles and squares represent female and
male family members, respectively; probands are indicated by arrows. Heterozygous carriers are represented as half-filled
symbols, family members in whom no genetic data were available are shown by open symbols, and non-carriers by open sym-
bols with N. QTc intervals corrected by Bazzet's formula in lead V5 are given for each available family member. (D) Represen-
tative ECG recordings from case 7 (76-year-old female with G272V-KCNQ1 mutation). TdP during 2:1 AV block started with
so-called “short (!)-long (*)-short (#) pattern” which resulted in a long pause (x).13
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Figure 2. G272V KCNQ1 mutant channel shows loss of function associated with decreased density on /ks. Functional analyses
on wild-type (WT) and G272V mutant channels expressed in Chinese Hamster ovary cells. (A) Representative current record-
ings for each channel. Currents were elicited from a holding potential of -80mV, by depolarizing pulses (4-s duration) from -50
to +50mV (with a 10-mV step increment) and subsequent repolarization to -50mV for a 4-s duration (inset). Concentrations of
cDNAs used for transfection are indicated near each graph. (B) Tail current-voltage relationships for 1ug WT (closed circles;
n=18), 0.5u.g WT (indicated by dotted line; n=14), 0.5ug WT plus 0.5xg G272V (green squares; n=19), 1ug G272V (red
squares; n=11). (C) Normalized activation curves by fitting to Boltzmann function.
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tion was identified in a 76-year-old female who did not have
a particularly relevant family history (Figure 1A Left
panel). For approximately 10 years, she had taken nilvadip-
ine and gliclazide because of hypertension and diabetes mel-
litus. Approximately 1 year before hospitalization, her QTc
interval was within normal range (424 ms). When she was
admitted to hospital because of syncope, her monitoring
ECGs displayed 2:1 AVB (50beats/min), prolonged QTc
interval (578 ms), and repetitive TdP (Figure 1D). Her serum
K+ level was low (2.5mEg/L). Because AVB persisted, she
underwent DDD PM implantation. After correction of the
serum K* level and PM therapy, her QTc interval shortened
and TdP disappeared. She was free from cardiac events for
the following 59 months. The genetic analysis revealed 3
children as non-mutation carriers (Figure 1C Left panel).
D111V in KCNH2 (Case 4 in Table 1) The D111V muta-
tion was identified in a 57-year-old female who did not have
a particularly relevant family history (Figure 1A Middle
panel). She experienced syncope after eating breakfast, and
the monitoring ECG in the ambulance documented complete
AVB (43 beats/min), prolonged QTc interval (525ms) and
TdP. After external PM therapy was initiated, TdP disap-
peared. She then underwent ICD implantation and started
oral mexiletine hydrochloride (300 mg/day) and propranolol
hydrochloride (30mg/day); she has had no cardiac events
over a follow-up period of 96 months. However, her QTc

interval has remained prolonged even in the absence of AVB
(545ms, 4 years later). The genetic tests in her 3 relatives
showed 2 mutation carriers (Figure 1C Right panel): a 51-
year-old sister and 29-year-old daughter. Both these rela-
tives were asymptomatic. Her daughter’s QTc interval was
within normal range (414 ms), but the sister’s was prolonged
(461 ms).

P846T in KCNH2 (Case 8 in Table 1) The P846T muta-
tion was found in a 71-year-old female who did not have a
particularly relevant family history (Figure LA Right panel).
She experienced syncope after breakfast, and the monitoring
ECG in the ambulance displayed complete AVB (45 beats/min)
and repetitive TdP with prolonged QT interval. On admission,
her AV conduction resumed at 57 beats/min, but her QTc
interval remained prolonged (729ms). After ICD implanta-
tion, she was free from cardiac events for 46 months, but her
QTec interval remained prolonged (489 ms). We did not con-
duct a genetic analysis in this family.

A490T in KCNH2 (Case 1 in Table 1)  We have previously
reported the clinical features of a A490T mutation identified
in a 27-year-old female.® Briefly, her 12-lead ECG showed
severe bradycardia because of 2:1 AVB (50beats/min) with
complete left bundle branch block and remarkable prolonga-
tion of QTc interval (600ms). She fainted and collapsed
while talking on the telephone, and the Holter ECG showed
TdP associated with 2:1 AVB.
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Table 2. Parameters of Inactivation in WT and Mutant KCNH2
WT WT/D111V D111V WT/A490T A490T WT/P846T P846T
(n=16) (n=16) (n=15) (n=17) (n=15) (n=15) (n=16)
Vos (mV) —-58.3+4.7 -40.1x4.1** -47.4+7.0 -32.5+3.9* —44.2+3.3 -38.7+2.4** -555+3.5
Slope factor 29.2+1.4 33.9+1.3 35.3+1.7" 30.6+1.41 34.9+1.1**  33.0+0.67 37.5+1.7*
*P<0.001 vs WT, **P<0.01 vs WT, TP<0.05 vs WT.
WT, wild-type.

Expression Study
In order to clarify the functional consequences of the G272V
mutation of KCNQI and the D111V, A490T, and P846T
mutations of KCNH2, we assessed the electrophysiological
properties of the WT and mutant clones by using CHO cells.

Biophysical Assay of KCNQ1 Mutant Channel Figure 2A
shows representative examples of whole-cell currents
recorded from CHO cells transfected with WT/KCNQI,
G272V/KCNQ] alone or WT co-expressed G272V/KCNQ1
(WT/G272V) plus KCNEI. CHO cells transfected with WT/
KCNQI (1 or 0.5ug) displayed outward currents with slow
activation/deactivation kinetics on depolarization, which are
typical of Jks currents, as previously reported.'*!s In contrast,
a cell transfected with G272V/KCNQ1 (1pg) displayed
smaller Jks currents compared with that of the WT (1 ug).
WT/G272V at an equimolar ratio (0.5ug) also showed
smaller /s currents.

In Figure 2B, the tail current densities at —50mV mea-

sured in multiple cells are plotted as a function of test pulse
voltages (between —50 and +50mV). The tail current densi-
ties at =50 mV after depolarizing test pulses to +40mV were
77.0£11 pA/pF for 1ug WT (n=18), 49.5+7.9 pA/pF for
0.54g WT (n=14), 25.4+4.5 pA/pF for 0.5 ug WT/G272V
(n=19) (vs WT 1ug, P<0.001), 26.7+4.9 pA/pF for 1ug
G272V (n=11) (vs WT 1 ug, P<0.01). Thus, compared with
the WT Ixs current, co-transfection of the mutant affected the
expressed current densities.

Figure 2C represents the voltage-dependence of current
activation. Tail current densities after each test potential
were fitted to a Boltzmann function (see Methods). The
parameters were Vos=—5.243.0mV, k=11.1£0.6 for 1ug
WT, Vos=—1.0+3.7mV, k=11.7£1.1 for 0.5 ug WT/G272V,
Vo5=5.74£5.4mV, k=14.3%£1.6 (vs WT 1 ug; P<0.05) for 1 ug
G272V. Regarding half-activation voltages, WT plus G272V
and G272V tended to shift to the depolarization side com-
pared with WT but there was no statistical significance. In
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Figure 4. KCNHZ2 mutant channels show a faster deactivation. (A) Representative tail currents elicited after depolarization to
+40mV (inset protocol). (B) Deactivation process was fitted to 2 components having different time constants, tau-fast and tau-
slow. They were calculated in a pooled data from multiple cells transfected by 3 mutants (from top of panel B, D111V, A490T
and P846T, respectively) and are plotted against membrane potentials (=70 to —40), for 2ug WT (closed circles; n=15), 1 g
WT plus 1xg mutant (green squares; n=7-14 for each channel), 2 4g mutant (red squares; n=6-8).
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slope factors, G272V alone channel was larger than WT
(P<0.05). Overall, the most important finding was the domi-
nant-negative effect for the G272V channel.

Biophysical Assay of 3 KCNH2 Mutant Channels Figure 3A
shows representative examples of whole-cell currents re-
corded from CHO cells transfected with WI/KCNH2 (2 and
1 1g), mutant/KCNH2 (2pg), or WT co-expressed mutant/
KCNH2 (WT/mutant) (1 g each). CHO cells transfected with
WT/KCNH2 (2 or 1 g, Figure 3A Upper 2 panels) displayed
outward currents with inward rectifying properties, which
are typical of Ik currents.'S In contrast, the magnitude of
currents from cells expressing all of the WT/mutants and
mutant only were remarkably reduced (Figure 3A Lower
6 panels).

In Figure 3B, the tail current densities at -60mV are plot-
ted as a function of test pulse voltages (between —60 and
+50mV). The mean current densities after depolarizing test
pulse to +20mV in WT channels were 66.2+11 pA/pF for
2 pug (n=20) and 45.0+9.3 pA/pF for 1 xg (n=14). In contrast,
those in the WT/mutant and mutant channels were 25.1+2.9
pA/pF in WT/D111V (n=13), 15.8%6.0 pA/pF in WT/A490T
(n=10), 20.5£3.9 pA/pF in WT/P846T (n=12), 18.8%3.6 pA/
pF for D111V (n=9), 15.2+3.4 pA/pF for A490T (n=12),
6.1+2.3 pA/pF for P846T (n=8), respectively. They were all
significantly smaller than those of the 2-xg WT channels (vs
WT 2 ug; P<0.01). Figure 3C shows that all WT/mutant and
mutant channels tended to shift to the depolarization side

compared with the WT. Overall, all mutant channels showed
loss of function associated with a dominant-negative effect
and shift of the activation curve to depolarization.

We then examined whether the mutations affected the
inactivation kinetics of mutant channels using a double-pulse
protocol. Vos and the slope factor of steady-state inactiva-
tion differed between WT and WT plus mutant or mutant.
All mutant KCNH2 channels showed the shift of inactivation
curves to depolarizing direction, and the differences were
statistically significant (Table 2). Therefore, we also changed
the parameters associated with inactivation states in the fol-
lowing simulation study.

Figure 4A depicts original current traces showing deacti-
vation at 4 different repolarization potentials (from —70 to
—40mV) of WT and/or mutant/KCNH2. Deactivating currents
were best fit with a double-exponential function, and are sum-
marized in Figure 4B. At 4 different potentials, both time
constants (Tau-fast and Tau-slow) for D111V and WT/D111V
were smaller than those of the WT. Tau-slow of WT/P846T
was also smaller than those of the WT. We could not assess
that of P846T (2 1g), because it was too small to measure. In
contrast, there were no significant changes between the WT
and WT/A490T or A490T in the deactivation process.

Computer Simulation of APD
In order to compare how functional changes caused by muta-
tions affect ventricular action potentials, a simulation study
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Figure 5. Computer simulations with Luo-Rudy myocardial model show bradycardia-induced early afterdepolarization (EAD).
Each figure presents (A) action potential duration (APD) at basic cycle length (BCL) of 600ms, (B) APD at BCL of 1,000 ms, and
(C) APD at BCL of 2,000ms. The longer the BCL in each model was, the more the APD was prolonged. EADs appeared in the
models of D111V/WT, A490T/WT, and P846T/WT only at BCL of 2,000ms, but appeared at all BCLs in the case of G272V/WT.

Table 3. Parameters of Simulation Data in Bradycardia-Induced Long QT Syndrome

Gene
KCNQ1

KCNH2

KCNH2

KCNH2

Mutation
G272v

D111V

A490T

P846T

WT basal parameters
gsk=0.202*(1+0.6/(1+pow(0.000038/cai), 1.4)))
xs1ss=1/(1+exp(-(v-1.5)/16.7))
gherg=0.0135*pow(Kout,0.59)
aa=65.5e-3"exp(0.05547153*(v-36))
«i=0.439"exp(—0.02352*(v+25))*4.5/Kout
3=2.9375e-3*exp(—0.02158"v)
gherg=0.0135"pow(Kout,0.59)
2i=0.439*exp(~0.02352*(v+25))*4.5/Kout
gherg=0.0135"pow(Kout,0.59)
aa=65.5e-3*exp(0.05547153*(v-36))
«i=0.439%exp(—0.02352*(v+25))*4.5/Kout

Mutant changed parameters
gsk=0.067*(1+0.6/(1+pow(0.000038/cai),1.4)))
xs1ss=1/(1+exp(-(v-6.5)/16.7))
gherg=0.331"0.0135pow(Kout,0.59)
aa=65.5e-3"exp(0.05547153*(v-69))
ai=0.439*exp(—0.02352* (v+3))*4.5/Kout
B3=2"2.9375e-3*exp(-0.02158*v)
gherg=0.1887*0.0135pow(Kout,0.59)
i=0.439*exp(-0.02352*(v-6))*4.5/Kout
gherg=0.265"0.0135pow(Kout,0.59)
aa=65.5e-3*exp(0.05547153*(v-80))
ai=0.439*exp(-0.02352*(v+3))*4.5/Kout

33=2.9375e-3"exp(—0.02158*v)

33=1.3*2.9375e-3*exp(—0.02158"V)

was conducted using the Luo-Rudy model, which incorpo-
rated the Markov'® or Hodgkin-Huxley'” process gating for
the mutant channels (Figure 5). Table 3 shows the parame-
ters of simulation that were changed to fit to experimental
results. We simulated action potentials in all myocardial
layers at 3 different basic cycle lengths (BCL 600, 1,000,
2,000ms) (Figures SA-C). In the endocardium and epicar-
dium, APD of all mutant models was prolonged, but did not
produce early afterdepolarizations (EAD) (data not shown in
Figure 5). In contrast, in the simulated M cell layer, APD
was lengthened significantly at a slower heart rate. In the
lower half of Figure 5, below each simulated action poten-
tial, the corresponding bar graphs show APDs at 90% repo-
larization. Three APD models with D111V, A490T, and
P846T displayed EADs at BCL of 2,000 ms, whereas G272V
displayed it at all BCLs.

Discussion

There are 3 major findings in the present study. (1) In 4 of 14
consecutive AVB-associated TdP patients, 3 KCNH2 and 1
KCNQI heterozygous missense mutations were identified.
(2) Electrophysiological analyses revealed loss of function
associated with decreased current densities and various dys-
functions on Jks or Jx: in 4 mutants. (3) Functional changes
reconstituted by the computer simulation resulted in a pro-
longed APD and EAD under condition of bradycardia.
During AVB, our 14 patients showed a prolonged QT
interval and TdP. Based on a comparison of ECGs available
before and after AVB, we found the QT intervals were
lengthened even in the absence of AVB. These clinical char-
acteristics indicate that AVB-related TdP might share a simi-
lar genetic background with congenital LQTS: mutations on
cardiac ion channel genes could be partially causative. Lupo-
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glazoff et al® demonstrated that in neonates that, while LQTS
with 2:1 AVB is associated with KCNH2 mutations, sinus
bradycardia-related LQTS is associated with KCNQ!I muta-
tions. In 9 of 10 cases, 2:1 AVB-induced LQTS could be
caused by LQTS-related gene mutations. In contrast, Cheva-
lier et al found 4 K* channel gene mutations in 5 of 29 adult
patients with AVB-induced LQTS (17.3%).¢ Our cohort also
consisted of adult LQTS patients, with a mutation rate of
28.6%. This prevalence rate was similar to Chevalier’s
report, but lower than that in the 2:1 AVB-related LQTS in
neonates. These studies have shown that AVB-induced
LQTS in neonates has a stronger genetic association than
AVB-induced LQTS in adults. Regarding the diagnostic rate
of genetic testing in general, no candidate mutations could be
detected in 30-40% of congenital LQTS cases. In contrast, it
has been shown recently that genetic polymorphisms modify
the QT interval.'®-2* Although we did not check polymor-
phisms in the present study, it is possible that our subjects
might have some modifier-gene mutations. Thus, it remains
possible that the remaining 10 patients in our study without
apparent genetic variants may have as yet unknown variants.

In our cohort, it was difficult to prove the efficacy of /-
blockers because very few patients were taking these drugs.
In order to investigate the efficacy of j3-blockers it will be
necessary to study more cases with AVB-induced TdP. The
first step in the treatment of all patients with AVB-induced
TdP is the implantation of a device. Although PM implanta-
tion as first-line therapy for AVB-induced TdP is not dis-
puted, 3 of our patients had a recurrence of TdP after the
device was implanted, because of inadequate ventricular
pacing, suggesting that AVB patients with TdP require strict
PM management. In cases of persistent QT prolongation,
even after PM therapy, it might become necessary to con-
sider ICD implantation.

Several AVB-related gene mutations have been function-
ally assayed:® 3 KCNH2 mutations, R328C, R696C and
R1047L, were shown to have no strong dominant-negative
effects on Ix.. Another KCNE2 mutation (R77 W), which was
identified in an AVB patient while taking flecainide, exerted
no effects on Ikr. Overall, previous analyses of mutations
have shown them to cause only mild functional change. Our
study showed similar results; all 4 mutants displayed loss of
function associated with decreased densities on Iks or Ikr,
which were basically similar to those in congenital LQTS.
On average, our patients experienced TdP at 57 years of age,
which is older than the mean age of onset reported for those
with congenital LQTS. Mutation carriers, who remain asymp-
tomatic well into adulthood, may incidentally have fatal
events in the presence of additional triggers, such as AVB.?

Several mutations of SCN5A, coding the a-subunit of Na*
channels, have been found in newborn and infant cases of
long QT.26-28 They showed functional 2:1 AVB caused by
profound QT prolongation. Therefore, the pathological basis
differs between those cases and ours. Irrespective of genetic
testing results, our patients who developed TdP in the pres-
ence of AVB showed QT prolongation, even in sinus rhythm.
Thus, AVB may not be directly associated with QT prolon-
gation, but the bradycardia caused by AVB enhances it and
eventually leads to TdP. Our computer simulation study
showed that, at a slower heart rate, APD lengthened signifi-
cantly, suggesting that AVB-related bradycardia could exac-
erbate QT prolongation.

Study Limitation
Female sex is a predisposing factor for the development of

cardiac arrhythmic events in patients with congenital and
acquired LQTS, as previous reports have demonstrated.?-*!
In our study, almost all patients (93%) were also female, and
therefore it would be possible that not only AVB but female
sex affected cardiac repolarization and ventricular irritability
in our cohort.

Conclusion

This study showed that incidental AVB as a trigger of TdP
could manifest as clinical phenotypes of LQTS, and that
some patients with AVB-induced TdP could have genetic
backgrounds associated with congenital LQTS-related genes.
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This study was designed to assess the clinical course and to identify risk factors for life-threatening events in

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 muitinationat LQTS registries, catego-
rized as LQTS with normal-range QTc (=440 ms [n = 469]), LQTS with prolonged QTc interval (>>440 ms
fn = 1,392]), and unaffected family members (genotyped negative with <440 ms [n = 1,525]).

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 QT¢ 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).

Objectives

patients with long-QT syndrome (LQTS) with normal corrected QT (QTc) intervals.
Background Cumrent data regarding the outcome of patients with concealed LQTS are limited.
Methods
Results
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.
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Phenotype-Negative Long-QT Syndrome

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
(QTc) at rest that is associated
with an increased predisposition
for polymorphic ventricular ar-
rhythmias and sudden cardiac

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

type 1 . .
Lor2 o death (SCD) in young subjects
= | “g-‘l . .
t:pez © syndrame without structural heart disease

(1). To date, more than 500 mu-

LQT3 = long-QT syndrome N . . .
e tations have been identified in 12

type 3
- LQTS-susceptibility genes, with
:II:rvaIc erectea the long-QT syndrome type 1

(LQT1), long-QT syndrome
type 2 (LQT2), and long-QT
syndrome type 3 (LQT3) geno-
types constituting more than
95% of genotype-positive LQT'S 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.

SCD = sudden cardiac
death

See page 60

In the present study we used combined data from 7’

national LQT'S registries to: 1) compare the clinical courses
of patients with LQTS and normal-range QT¢ intervals to
those of patients with prolonged QT¢ 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 LQT'S 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-
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plained, diagnostic QTc prolongation or experienced
LQTS-related symptoms. Patients were excluded from the
study if they had: 1) >1 LQTS identified mutation (n =
70); 2) Jervell and Lange-Nielsen syndrome with deafness
and 2 KCNQ1 mutations or 1 known KCNQJI 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 QTc 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'c subgroups: 1) LQT'S with normal-range
QTe¢ interval (n = 469), comprising patients identified to
have LQT1 to LQT3 mutations with QT¢ intervals <440
ms; 2) LQTS with prolonged QTc interval (n = 1,392),
comprising patients with LQT1 to LQT3 mutations with
QT¢ 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 Kvl1l.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.c., 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 LQTS. 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: QT c 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 QT¢ category (i.e., 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.

Results

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 KCNQ7-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 QTc
intervals, constituting 25% of identified cases.
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Fisure 1 Distribution of QTc Interval Duration
= In Genotype-Positive Patients With LQTS
Distribution of corrected QT (QTc) interva! durations
in genctype-positive study patients. LQTS = long-QT syndrome.
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Table 1 Baseline and Follow-Up Characteristics of
the Study Population by Genotype-Phenotype
} Unaffected Patlents With LQTS Patients With LQTS
Family Members With Normal-Range QTc Intervals With Prolonged QTc Intervals
Characteristlc {n =1,525) {n = 469) {n =1,392)
Female 52% 48% 61%*t
Family history of SCD 8% 12% 19%*t
QTc interval (ms)
Mean : SD 412 - 22 419 - 20 501 + 48
Medlan (IQR) 420 (400-430) 420 (410-440) 490 (470-520)
Proband 8% 8% 29%*t
RR Interval (ms)
Mean +5D 793+ 221 888 * 236 848 = 214*t
Median (IQR) 800 (640-930) 900 (740-1,040) 840 (700-1,000)*+
Genotype
LQT1 NA 40% 39%
LQr2 NA 45% 47%
LQT3 NA 16% 14%
Mutation: TM-MS
Overall NA 35% 43%
Ko} 5 § NA 45% 61%
LQT2 NA 16% 29%t
LQT3 NA 64% 31%t
Therapies
Beta-blockers 6.2% 38% 54%*+
Pacemaker 0.3% 0.6% 5%*1
LCSD 0.1% 0.2% 14%*+
€0 0.6% 6% 14%*t
Events
Syncope 10% 21% 40%*t
ACA 0.2% 1.3% 8.4%*t
SCD 0.1% 1.5% 4.4%*t
ACA/SCD1§ 0.3% 2.8% 11.3%*
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*p << 0.06 for the comparison among the 3 genotyped categories, tp < 0.05 for the comparison between genotype-positive patients with QTc
intervals <440 ms and genotype-positive patients with QTc intervals >440 ms. $Appropriate ICD shocks constituted 0.04% of ACAs in

genotype-positive patients with QTc intervals <440 ms and 1.4% of ACAs in positive with QTc >440 ms. §Only the first
event for each patient was considered.
ACA = aborted cardiac arrest; ICD = impl ble cardi fil QR = quartile 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 — missense; NA = not applicable; QTc - corrected QT; SCD — sudden cardiac death; TM = transmembrane.

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 registrty as the first
person in a family, living or deceased, identified to have LQT'S
by the enrollment center) was highest in patients with pro-
longed QTc intervals, whereas most patients with normal-
range QT¢ intervals (92%) were asymptomatic at the time of
genetic testing. The frequency of female subjects was similar
between the unaffected subjects and patients with LQT'S with
normal-range QT¢ intervals and higher in patients with
prolonged QTc intervals. In mutation carriers, the frequency of
the 3 main LQT'S 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 QTc intervals, LQTS-related therapies were adminis-
tered to a significantly higher frequency of patients with

prolonged QTc 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 QTc 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 QT¢ 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 QT¢ 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 QTc¢ 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 t0 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 QTc 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
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LQT1 genotype was associated with one-half the risk of the
LQT2 genotype (p = 0.002), with a statistically significant
genotype—by-QTc¢ 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—QT¢ 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 QT¢ 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 QT¢ 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 LQT'S subgroups (normal-range QTc inter-
val, HR: 1.71; 95% CI: 1.16 to 2.34; prolonged QTc
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 QT'¢ 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 QTc¢ 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'c 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 QT ¢ 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 QT¢ dura-
tion, were shown to be associated with a significant increase
in the risk for ACA or SCD only in patients with prolonged
QTc intervals (Table 3, rows 4 to 6). In contrast, in patients

Table 2 Muitivarlate Analysis: Risk for ACA or SCD
‘ Among the 3 Genotype and QTc Categorles*

Genotype and QTc Subgroup HR 95% CI p Value
LQTS with prolonged QTc interval vs. unaffected famlly members 36.53 13.35-99.95 <0.001
LQTS with normal-range QTc interval vs. unaffected family members 10.25 3.34-31.46 <0.001
LQTS with normal-range QTc interval vs. LQTS with prolonged QTc Interval 0.28 0.16-0.49 <0.001

*Model also adjusted for sex (female age >13 years) and time-dependent beta-biocker therapy.
Cl = confidence interval; HR = hazard ratio; other abbreviations as in Table 1.
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Table 3

LQTS and Normal-Range QTc Interval

Risk Factors for ACA or SCD In Patlents With LQTS by QTc Interval Category*

JACC Val. 57, No. 1, 2011
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LQTS and Prolonged QTc Interval

Varlable HR (95% CI) p Value HR (95% CI) p Value p Value for Interaction
Genotype
LQT1 vs, LQT2 9.88 (1.26-37.63) 0.03 0.53 (0.35-0.79) 0.002 0.006
LQT3 vs. LQT2 8.04 (0.85-36.03) 0.07 1.07(0.70-1.63) 0.77 0.08
Mutation location and type
TM-MS vs. non-TM-MS 6.32 (1.71-23.33) 0.006 1.24(0.88-1.76) 0.22 0.02
Sex
Female age >13 yrs vs. male age >13 yrs 1.32 (0.42-4.17) 0.64 1.90(1.26-2.86) 0.002 0.53
QTc interval (ms)
Per 10-ms increase 1.20(0.81-1.78) 0.35 1.08 (1.05-1.10) <0.001 0.58
=>Maedian vs. <mediant 1.03(0.36-2.98) 0.95 2.96 (2.06-4.26) <0.001 NA
*Cox proportional hazards regression madeling was cartied out in models that included all p with positive LQTS (n = 1,861). Covariates in the models included QTc category (<440 ms vs.

>440 ms), genotype, mutation location and type, sex, QTc interval § dasa [per 10-ms increase]), time-dependent beta-blocker therapy, and a family history of SCD; the effect
of each in pati with I-range (=440 ms) and those with prolonged (>-440 ms) QTc was by i jon-term with tested 1 at a time. Estimates
of predictor hazard ratios in the I-range and p QTc interval groups were obtained using these interactions. Virtually identical results for all pre-specified risk factors were also obtained

from the modeis that did not include appropriate ICD shocks as part of the composite end point. tResults were obtained from separate models that assessed the risk associated with QT¢ values greater

than or equat to the median in patlents with LQTS with normal-range QTc intervals (median 420 ms) and prolonged QT¢ intervals (median 500 ms).

Abbreviations as in Tables 1 and 2.
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Rate of ACA or SCD in Patlents
With Normal-Range and Prolonged QTc
Intervals by Mutation Location and Type

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

with normal-range QT'c 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 QTc 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 QT'c
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 c 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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Characteristics of ACA and SCD Cases With Normal-Range QTc Intervals

Event Age QTc Interval Mutation Location
Case Event {yrs} Female {ms) BBt LCSD¥ PM+ 1CD¥ Qr PD Trigger* Genotype and Type
1 SCD 0S5 - 390 — - - - - NA LQT3 Non-TM-MS
2 ACA 10 430 - - - - - Exercise LQT1 ™-MS
3 ACA/shock 11 + 400 - - - + - Non-E/A LQT1 T™-MS
4 SCD 13 - 440 1 - - - NA NA LQr1 T™-MS
5 ACA 14 - 410 - - - - - Exercise LQT1 Non-TM-MS
] SCD 16 + 420 - - - - - Non-E/A LQT3 T™-MS
7 ACA 16 + 440 - - - - - Arousal LGT1 ™-MS
8 SCD 18 - 430 - - - - Non-E/A LQT1 T™M-MS
9 ACA 18 + 410 - - - - - Exercise QT ™-MS
10 SCD 21 + 380 - - - - - Arousal LQr2 Non-TM-MS
11 SCD 22 - 440 - - - - NA NA LQT1 TM-MS
12 SCD 28 - 410 - - - - - Exercise LQT1 ™-MS
13 ACA 35 + 420 - - - - - Non-E/A QT3 T™-MS
14 ACA 46 + 440 - - - NA NA LQT2 T™M-MS
15 SCD 48 - 430 - - - - Non-E/A LQT2 Non-TM-MS
16 ACA 54 + 420 - - - - - Non-E/A LQT3 NonTM-MS
17 SCD 69 - 380 - - - - NA NA LQri T™M-MS

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

who were

ging were

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

ilable for study fled in the U.S. portion of the International LQTS Registry.

PM = p

BB = beta-blacker therapy; £/A = exercise/arousal trigger for event; NA = not

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 discasc’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 c 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 LQT'S 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 LQTS 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 QT¢ 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 LQTS have consistently demonstrated

QT PD = QT interval-prol drug; other asin 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 QTc intervals =
450 ms. Thus, the effect of genetic data on outcomes in these
studies was not statistically significant after adjustment for the
ECG and dlinical 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 QTc prolongation. Consistent
with prior studies, we have shown that in patients with LQTS
who exhibit prolonged QTc¢ 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 QT¢ 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 QTc intervals. Further-
more, patients with normal-range QTc 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 QT'¢ 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 LQT'S 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 QT¢ 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 QTc¢ 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 LQT'S are not clear. In the present
study, none of the patients with normal-range QTc 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 arrhythmic 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
QTc 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 QTc¢ 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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Polymorphic Ventricular Tachycardia
in a Patient With a Normal-Range QTc Interval

Figure 4

Spontaneous 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¢c 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 LQTS 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 LQTS 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 QTc intervals who have an
increased risk for ACA or SCD. In contrast, increments in
QTc 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¢
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 LQTS 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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I APPENDIX
For a table about KCNQ1, KCNH2, and SCN5A mutations by amino acid

coding, frequency, location, and type, please see the online version of this
article.
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