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Table 3. Multivariate Cox models. Channel activation time (tya/Tac-wr >
1.20) is dichotomized at median values. (A) Results from the entire popu-
lation. (B) Results on the 212 patients with QTc <500 ms. Cl, confidence
interval.

Parameter Hazard ratio 95% CI P

A. Cox model including all 387 patients*

Tact! Tacewr >1.20 202 1.44-2.82 <0.001
QTc =500 ms 1.86 1.32-2.62 <0.001
B. Cox model including only the 212 patients with QTc <500 ms*
Toct/Tactwr >1.20 222 1.35-3.63 0.002
QTc 2470 ms 0.89 0.56-141 0.62

*The models are adjusted for male gender ages 0 to 12 years and time-dependent B-blocker
therapy, which significantly contributed to all multivariate results.
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of KCNQI1(V254M), slow-activating channels remained a strong pre-
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patients with QTc <500 ms (Table 4 and Fig. 3C).

Ix; activation is faster after stimulation by protein kinase A (PKA)
and at higher temperatures (14). To determine whether the differences
in activation time course recorded at room temperature in unstimu-
lated cells (Table 1) are also observed at physiological temperatures
and after PKA stimulation, we measured changes in activation time
course caused by increasing temperature and after PKA activation
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Table 4. Multivariate Cox models with carriers of V254M modeled indi-
vidually. Channel activation time (Tact/Tacewr > 1.20) is dichotomized at
median values. (A) Results from the entire population. (B) Results on the
212 patients with QTc <500 ms.

Parameter Hazard ratio 95% Cli P
A. Cox model including all 387 patients*

Tact/ Tact-wr >1.20 1.55 1.08-2.23 0.016
QTc =500 ms 1.64 1.16-2.31 0.004
V254M mutation carrier 291 1.75-4.86 <0.001

B. Cox model including only the 212 patients with QTc <500 ms*

Tact! Tace-wr >1.20 1.80 1.06-3.03 0.029
QTc >470 ms 0.82 0.51-1.32 0.42
V254M mutation carrier 3.03 1.84-4.98 <0.001

*The models are adjusted for male gender ages 0 to 12 years and time-dependent B-blocker
therapy, which significantly contributed to all multivariate results.

for channels formed by wild type and wild type coexpressed with
mutant subunits (G168R, $225L, R243C, and V254M) in HEK293T
cells. We measured the activation time course when the tempera-
ture was raised from 22°C to 37°C (fig. S3) and before and after ap-
plication of the PKA activator forskolin (fig. S4). For all channels,
activation time course at 37°C and after PKA activation was faster,
consistent with the previously reported data for the wild-type channel.
Both temperature- and PKA-mediated changes were not significantly
different between wild-type and mutant channels, indicating that
channels with slow kinetics of activation will remain slower than
wild-type channels under both conditions.

Modeling of early after-depolarization in response

to premature beats

To investigate the potential role of altered channel kinetics to gener-
ate pro-arrhythmic events, we used a mathematical reconstruction of
a humanized model of the cardiac action potential based on the ca-
nine endocardium model of Flaim-Giles-McCulloch (FGM) (15) (for
details, see the Supplementary Material). We chose this model over
others, including some based on human data, because the model
formulation contains a more advanced representation of Ca®* release
mechanisms and reproduces large differences in epicardial, mid-
myocardial, and epicardial action potential shapes, including rate-
dependent changes in action potential duration.

First, we generated a train of endocardium action potentials paced
at 1 Hz and showed that slow channel activation in the range ob-
served in the mutants studied (Table 2) can cause prolongation of
action potential (Fig. 4A). Second, to investigate the mechanism of
arrhythmia generation in slow-activating channels, we compared ac-
tion potentials in cells with slow-activating Iy, channels and channels
with decreased conductance, which caused an equivalent prolonga-
tion of the action potential. We imposed high B-adrenergic stimula-
tion because arrhythmias are generally triggered during exercise for
LQT1 patients (16). Although the exact mechanism of arrhythmias is
not known, in experimental studies in canine drug-induced LQT1,
the ventricular arrhythmia Torsade de pointes (TdP) can be reproduc-
ibly triggered by B-adrenergic stimulation (17). Moreover, this study
showed that TdP is preceded by systolic after-contractions, presum-
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ably from early after-depolarizations that occurred predominantly in
the endocardium but not the epicardium.

In our simulation studies, endocardial cells with B-adrenergic
drive showed early after-depolarizations under the fast-pacing pro-
tocol with one premature beat. Both decreases in channel conductance
(Gmax = 0.65) and activation rate (1, = 1.75) prolonged action
potential duration (Fig. 4A). For channels where conductance alone
was decreased, premature beats caused an early after-depolarization.
For slowly activating channels, the premature beat caused early after-
depolarizations associated with a more prolonged depolarization and
incomplete depolarization following the early after-depolarization
(Fig. 4B). Our results suggest that the slow repolarization of the car-
diomyocytes caused by slow I, activation affects the ability of the cell
to recover from early after-depolarizations, potentially contributing to
arrhythmogenesis. These results are consistent with our clinical data
showing that slow activation of I, increases cardiac risk for patients
independent of QT¢ prolongation.

DISCUSSION

Here, we investigated the association between conventional measures
of ion channel function from expression studies and the clinical phe-
notype in LQT1 subjects with a verified KCNQ1 channel mutation.
Prolonged QTc in carriers of the mutation was highly correlated with
decreased magnitude of channel current. Despite this, channel cur-
rent amplitude correlated poorly with the risk of cardiac events in
the carriers (syncope, ACA, or sudden death). In contrast, mutations
causing a slow activation of the channel were strongly associated with
increased risk for cardiac events. In patients with modest QTc pro-
longation (<500 ms), slow channel activation remained a strong
independent predictor for cardiac events, whereas the QTc interval
carried no predictive value. Thus, knowledge of the effect of the muta-
tion on the channel rate of activation may help to identify individuals at
an increased risk of cardiac events independent of clinical risk factors,
and this may be especially important in the large group of LQT1 pa-
tients presenting with modest QTc prolongation. The appropriate
clinical care for LQT1 patients with modest QTc prolongation is not
well established, with many patients remaining untreated. Identifica-
tion of high-risk mutations in this population could lead to more ag-
gressive treatment in the population at risk and better patient care.

Mutations with a dominant-negative effect on channel function
are associated with an increase in cardiac risk (6). Nonetheless, several
previous studies have reported a poor correlation between current
magnitude and the observed QTc interval in patients harboring the
mutation (7-9). In particular, Wang and colleagues compared me-
dian QTc in patients to decrease in current for five LQT1 mutations,
three of which were studied in the present study (9). Despite a de-
crease in current similar to that reported here, QTc,, prolongation
for those patients did not significantly correlate to current decrease.
This difference may have been a result of the low number of LQT1
mutations and/or subjects. We found a high inverse correlation be-
tween the measured magnitude of the mutant current and the me-
dian value for the observed QTc in carriers. However, for almost
all mutations, carriers exhibited QTc durations over a broad range.
This is a common finding (18) that indicates substantial influence
of other modifiers on the QT interval and underscores the need for
large populations in this type of study.
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The V254M mutation prolonged T, excessively compared to 16
other mutations in this study. This is in agreement with previous
results (19) and reports that the $4-S5 linker is important for K*
channel gating (9, 19-21). However, as illustrated in Fig. 1, mutations
causing changes in T, >20% and arrhythmias were found at several
other locations in the subunit such as the $4, S5, and S6 transmembrane
domains, as well as the pore region. For instance, A341V, previously
associated with high cardiac risk (22, 23), also results in channels with
slower activation rate. Removal of each individual mutation from the
analysis did not significantly alter the results, indicating that slow
activation is a robust predictor of cardiac risk in the study population.

Although decrease in current and Gppay, slower activation, faster de-
activation, and shifts in voltage dependence of activation are expected
to contribute to loss of channel function, here we showed that only
slower activation predicts cardiac risk in this patient population inde-
pendently from patient QTc. To study the mechanism underlying the
pro-arthythmic state, we introduced slow-activating Iy channels into a
cardiomyocyte action potential model with simulated B-adrenergic
stimulation. In a rapid pacing protocol with a premature beat, cells
with channels having slow activation rate showed prolonged action

A

potentials, early after-depolarizations, and incomplete depolarization
on the subsequent beat. Our simulation shows that both slow activation
and decrease in conductance can similarly prolong action potential du-
ration. Nonetheless, impaired recovery from early after-depolarizations
is observed for slow-activating channels, suggesting that channel activa-
tion rate affects the ability to effectively repolarize the membrane. Both
early after-depolarizations and heterogeneity of action potential durations
are thought to foster TdP (24). However, the precise mechanism of gen-
eration of whole-heart arrhythmias is not yet clear.

We found that several mutations, with both severe and mild clinical
phenotype, significantly altered the rate of deactivation. In previous
studies, a faster rate of channe] deactivation was found to be asso-
ciated with channel dysfunction, leading to a severe form of LQT1
(25) and atrial fibrillation (26). During B-adrenergic stimulation,
Iy, channel deactivation is slowed (in addition to channel activation
being accelerated). This regulation is thought to be important for the
regulation of cardiac repolarization in response to increased heart rate
(27). Our study found that changes in the basal rate of deactivation
caused by LQT1 mutations did not correlate either with the median
resting QTc interval or with risk of cardiac arrhythmias, suggesting that

impairment of current accumulation at
high heart rates does not underlie the ar-
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Fig. 4. Effect of slow channel activation on modeled cardiac action potential. (A) Cardiac action potential model
with WT s channels (top graph). Fortieth action potential in the simulation incorporating ls channels with slower
activation as indicated (middle graph). Corresponding I current during the action potential for each of the
conditions (lower graph). (B) Effect of a premature beat on modeled action potential. Cardiac action potential
model with WT s channels, lxs channels with decreased conductance (Gmey = 0.65), and/or I, channels with
slow activation (t, = 1.75) as indicated. Note that before the premature beat, the action potentials for G =
0.65 and 1, = 1.75 virtually overlay. Cells with channels with slow activation show an increased prolongation
of the action potential during early after-depolarizations and incomplete depolarization after the premature
beat. Stimulation rate of 2 Hz was used to mimic the fast heart rates seen during B-adrenergic stimulation.
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oocyte system can be used to predict jon
channel cardiac risk. Our data suggest
that measurement of ion channel func-
tion in this system can be extended to as-
sess the cardiac risk of the hundreds of
known mutations associated with LQT1,
for which limited clinical data are available.

The occurrence of syncope and cardiac
arrest is variable in LQT1, and proper
risk stratification is needed to optimize
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patient treatment (6, 28-30). B-Adrenergic blockers are the treatment
of choice for preventing cardiac events for patients with LQT1. Implant-
able cardioverter defibrillator (ICD) therapy may be offered to patients
who remain symptomatic despite B-adrenergic blocker therapy (28-30).
However, this is an invasive procedure that may be associated with tech-
nical difficulties (especially in young children) and complications. Risk
stratification approaches to identify LQTS patients who have a high risk
for cardiac arrhythmias are currently based mainly on the phenotypic
expression of the disease (assessed the magnitude of prolongation of
QTcduration and clinical symptoms) and may therefore fail to identify
high-risk patients with a moderate-range QTc, who make up ~70% of
the LQTS population (13). Our results will allow improved risk stratifica-
tion for LQT1 patients. Specifically, B-blocker treatment may be indicated
for patients with slow-activating channels, despite the lack of clinical
symptoms and the presence of a moderately prolonged QTc. Further-
more, our findings suggest that patients who carry mutations that are
associated with slow-activating channels should be carefully followed,
regardless of additional risk factors, with more invasive interventions
(including ICD implantation or left cardiac sympathetic denervation)
if symptoms occur during medical therapy. In addition, our results
may prove useful in assessing drug-induced cardiac risk for drugs that
affect channel activation time course.

In conclusion, prolonged QTc values were correlated with de-
creases in ion channel current caused by the mutation. In addition,
a slower rate of channe] activation was significantly associated with
an increased risk of cardiac events, independent of clinical measures
such as gender, QTc, and B-adrenergic blocker treatment. These as-
sociations were significant in the large group of patients who have a
QTc less than 500 ms, a group that includes most LQT1 patients, for
which the QTc interval provides little prognostic information. Thus,
mutation-induced changes in the rate of Iy, activation may provide
an important tool for the risk assessment and management of LQTS
patients, and are the first step toward a mutation-specific risk strati-
fication for patients with LQTS. Our findings also suggest that devel-
opment of drugs that affect the kinetics of channel activation may be
beneficial for LQT1 patients.

MATERIALS AND METHODS

An expanded Materials and Methods section is available in the Sup-
plementary Material.

Population

The population involved patients with genetically confirmed LQT1
mutations or if they had died suddenly at a young age of suspected
LQTS and were from a family with a genetically confirmed mu-
tation. Patients were drawn from four LQTS registries: the U.S. part
of the International LQTS Registry (n = 319), the Netherlands LQTS
Registry (n = 44), the Japanese LQTS Registry (n = 29), and the
Danish LQTS Registry (n = 1). To evaluate the clinical course of
carriers with each mutation, we included mutations with at least
10 subjects. We identified patients with 17 different KCNQ1 mis-
sense mutations. For correlation with values for measures on the WT-
KCNQI1/KCNEI channel, we included 480 family members from the U.S.
part of the International LQTS registry who tested negative for LQT1
and not positive for any other LQTS genotype. All subjects or their guar-
dians provided informed consent for the genetic and clinical studies.
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The patients were enrolled during childhood, adolescence, or, for a
few individuals, during adulthood. The clinical course from birth up to
enrollment was then reconstructed, and the individual was followed
prospectively from that point. This method allows modeling the clin-
ical course from date of birth.

Genotype characterization

The KCNQI mutations were identified with genetic tests performed
in academic molecular-genetic laboratories including the Functional
Genomics Center, University of Rochester Medical Center, Rochester,
NY; Baylor College of Medicine, Houston, TX; Mayo Clinic College of
Medicine, Rochester, MN; Boston Children’s Hospital, Boston, MA;
Laboratory of Molecular Genetics, National Cardiovascular Center,
Suita, Japan; Department of Clinical Genetics, Academic Medical Cen-
ter, Amsterdam, Netherlands; and Statens Serum Institut, Copenhagen,
Denmark. For the proband in each family, the five most common LQTS
loci (KCNQI, KCNH2, SCN5A, KCNE1, and KCNE2) were fully se-
quenced to identify the mutation by comparing the sequence with
sequence of healthy individuals without LQTS. Once mutation was
identified, other family member gene was sequenced to confirm the
presence or absence of the mutation.

Phenotype characterization

The ECG parameters were obtained from the baseline ECG recorded
at the time of enrollment in each of the registries. The QT and R-R
intervals were measured in milliseconds, with QT corrected for heart
rate by Bazett’s formula (QTc). A small minority of individuals died
suddenly before an ECG was recorded. Follow-up was censored at
age 41 years to avoid the influence of coronary heart disease. In all
four registries, clinical data were collected on prospectively designed
forms for demographic characteristics, personal and family medical
history, ECG findings, therapy, and endpoints during long-term follow-
up. Data common to all four LQTS registries involving genetically iden-
tified patients with LQT1 were electronically merged into a common
database for the present study.

Endpoints

LQTS-related cardiac events included syncope (transient loss of
consciousness that is abrupt in onset and offset), ACA requiring de-
fibrillation, and SCD, whichever occurred first. Information on end-
point events was determined from the clinical history ascertained by
routine follow-up contact with the patient, family members, attend-
ing physician, or the medical records. Syncope has been shown to be
a major predictor and an excellent surrogate for cardiac death (31).
The number of events is as follows (176 total): syncope = 149, ACA =
9, SCD = 18. No ICD events were recorded in this population.

Plasmids and reagents
Human KCNQ1 and KCNE! in pcDNA3.1(+) plasmid were used as
described (32). All reagents were purchased from Sigma-Aldrich Corp.
unless otherwise indicated.

Molecular biology

Human KCNQ1 and KCNE1 were subcloned in the pGEMsh vector
(modified from PGEMHE vector) for oocyte expression (32, 33).
Polymerase chain reaction (PCR)-based site-directed mutagenesis
was performed with PfuUltra DNA polymerase. Construct sequences
were confirmed by DNA sequencing. Complementary RNAs (cCRNAs)
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were transcribed using the “message machine” kit (Ambion). RNA
concentration was estimated with RNA markers (Invitrogen).

Electrophysiology

Xenopus oocyte experiments. Xenopus oocytes were harvested,
dissociated, and defolliculated by collagenase type I treatment. Mutant
channel subunits were expressed in combination with WT subunits to
mimic heterozygous mutations. KCNQ1/KCNE1 cRNA was injected
at a molar ratio of either 1:1 (2 ng/0.4 ng) or 0.5:1 (1 ng/0.4 ng) to mimic
the haploinsufficient phenotype. Mutant KCNQ1 cRNA was injected at
a molar ratio of 1:1 (WT/mutant) or 1 ng of WT-KCNQ1/1 ng of mu-
tant KCNQ1/0.4 ng of KCNEL. Mutations with currents significantly
different from that of the haploinsufficient control were considered
dominant-negative mutations. Whole-oocyte currents were measured
with a GeneClamp 500 amplifier (Axon Instruments). Agarose-cushioned
microelectrodes were used with resistances between 0.1 and 1.0 megohm.
Oocytes were constantly superfused with the following: 91 mM NaCl,
2 mM KCl, 1 mM MgCl,, 1.8 mM CaCl,, and 5 mM NaOH/Hepes (pH
7.5). Currents of the mutant channels (I, were evaluated 1 min after
oocyte impailment. At least 10 oocytes of the same batch and 2 to 3
oocyte batches were used. One-way analysis of variance (ANOVA)
followed by Dunnett’s post hoc test was applied for the assessment of
statistical significance when comparing the channel expressing the
mutant subunits to WT channe] function. KCNE1 expressed by itself
at the concentrations used for these experiments yielded currents at least
10 times smaller than any of the mutant currents measured. This current
did not significantly affect our analysis of the expressed channels. Because
I does not reach a steady level even after long depolarizations at room
temperature, we constructed isochronal (¢ = 8 s) activation curves to de-
termine the voltage dependence of I. Experiments with longer depolar-
izing pulses (18 s compared to 2.7 s) showed that the length of the
depolarizing pulse affects the voltage dependence of Iy, but relative
shifts in the voltage dependence persist independent of the length of
the pulse (7). All experiments were performed at room temperature.

To assess the effect of the expression of the mutant channel sub-
unit on the current magnitude, we measured the current at +40 mV
after 4-s depolarization from —80 mV (I ). To determine the voltage
dependence of channel activation, we measured the Ix; tail current at
-40 mV after depolarization to a series of voltage steps from -50 to
+80 mV every 10 mV. A Boltzmann fit (G = G/ (1 + exp[-(V - Vi) V/k)
of the data was used to determine (i) the steepness or slope factor (k),
(ii) the voltage that elicits half of the maximal activation (V,) of acti-
vation, and (iii) the maximal conductance (G,.y). The V}, and k values
indicate channel sensitivity to activation by voltage. Time constant for
activation (t activation: 1,.) and for deactivation (t deactivation: Tgesct)
were determined by fitting the activation current and tail current with
a single exponential. Human I channels activated to +40 mV depo-
larizing voltage are well fit by a single exponential (R > 0.98 for all data
points), although double exponentials improve the fit (R > 0.99).
Nonetheless, for the purposes of this study, a single-exponential fit
was sufficient to capture the increase in cardiac risk, so we used the sim-
plest model. This is illustrated in detail in fig. S1.

HEK293T cell experiments. HEK293T cells were maintained in
high-glucose (4.5 g/liter) Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum and 1% i-glutamax in a hu-
midified incubator with 5% CO,. Each mutant KCNQ1 was expressed
in combination with WT-KCNQI1 to mimic heterozygous mutation.
Mutant KCNQ1 plasmid was transfected with WT-KCNQ1 and
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KCNEI plasmids at a ratio of 0.5 ng of mutant KCNQ1/0.5 ng of
WT-KCNQ1/1 ng of KCNEIL. Each mutant current was compared to
the current observed from haplosufficient control channel {0.5 pg of
WT-KCNQI/1 pug of KCNE1 cotransfected with 0.5 pg of pcDNA3.1(+)
vector] or WT control channel (1 pg of WT-KCNQ1/1 ug of KCNEL1)
from the same passage cells. Cells were also cotransfected with 0.2 pg of
PEGFP-N1 for positive identification of transfected cells by fluorescence.
All transfections were done by using Fugene HD transfection kit (Roche).
Cells were replated on glass cover slides coated with 0.02% gelatin 24
hours after transfection using Accutase (Innovative Cell Technologies)
and used for experiments 48 hours after transfection.

The composition of the extracellular solution for the Iy, measure-
ments was as follows: 145 mM NaCl, 54 mM KCl, 1 mM MgCl,,
1.8 mM CaCl,, 10 mM Hepes, and 10 glucose (pH 7.40 adjusted by
NaOH). The composition of the pipette solution was as follows: 130 mM
K-aspartate, 11 mM EGTA, 1 mM MgCl,, 1 mM CaCl,, 10 mM Hepes,
and 5 mM K-ATP (adenosine triphosphate) (pH 7.20 adjusted by KOH).
All experiments were performed at room temperature (22°C) unless
otherwise indicated. For investigating temperature-dependent changes
in channel functions, extracellular solution was heated up to 37°C and
applied by local ejection using In-line Solution Heater (Model SH-27R,
Warner Instruments) controlled by Automatic Temperature Controller
(Model TC-344B, Warner Instruments).

Action potential model

The cell model is adapted from the FGM reconstruction of the canine
cardiac cell (15). The I, current is described by a Hodgkin-Huxley-type
formulation with an infinity function (XKs_inf) and a time constant
function (XKs_tau). This is a typical type of formalism in cardiac models
and provides a compact and computationally efficient representation of
the complex behavior of channel gating kinetics [for a review, see (34)].
Two critical changes were made in our model: (i) I, current proportional
to XKs_inf to the first power instead of second power in the original for-
mulation. The change is made to match the electrophysiological data that
were collected in this study and fit with XKs_inf'to the first power. Hence,
there is an essentially one-to-one correspondence between the experi-
mental channel data and the modifications to the model parameters.
(ii) Ttol and Ito2 are reduced to 50 and 0%, respectively, of their original
values to match published human data (35, 36). These changes produce
an action potential shape that more resembles human than dog. (iii) Pa-
rameters for voltage dependence of I, conductance, activation time course,
and deactivation time course were changed to matched human I, channel
data (14, 37). Iy in human ventricles varies significantly in different studies
and has been suggested to be strongly dependent on cell isolation tech-
niques (37). We used Iy, densities measured in the canine myocardium,
which are consistent with the published reports in humans (37).

Formulation of I, for computer model
Ixs = Gis X xgs X (V — Exs)
xKs_inf = 1/(1 + exp (~(V—9.4)/11.8)
ay = 0.0000719 x V/(1+exp (-0.747))
a, = 0.000786 x . (¥ +40)/(exp (0.103(¥ +40) - 1)
xKs_tau = 1/(a; + a)

Because arrhythmias are generally triggered during exercise for LQT1
patients (16), we modeled a high state of B-adrenergic stimulation so
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that Ix current densities were effectively twice as large as the unstimulated
case suggested by experimental studies (14, 38). To simulate the rise in
the action potential plateau and the increased Ca®* load, we made two
changes to the Ca-handling mechanisms (39). First, the uptake of the
sarcoplasmic/endoplasmic reticulum Ca**-ATPase (SERCA) pumps is
increased by increasing the forward rate (vmaxf) by 60% (40). Second,
the influx via L-type channels is increased by decreasing the closure rate
(gL) by 60% (41). The rationale is to simulate the effects of B-adrenergic
stimulation that produces a gate mode with open times that are roughly
twice that of the unstimulated case (39, 42, 43).

Statistics
The values of L uts Tacts Tdeacts Y1s2> a0d Gpay measured for channels
expressing the mutant subunits (0.5 KCNQ1/0.5 mutant KCNQ1/1.0
KCNE1) were compared to the control mimicking the haploinsuffi-
cient phenotype (0.5 KCNQ1/1.0 KCNE1), and changes in these pa-
rameters are reported as mean + SE. The distributions of QTc intervals
measured in carriers of different mutations were not normally distrib-
uted and are expressed as median (range). Unpaired Student’s ¢ test was
performed to compare two data sets. For multiple comparisons, one-
way ANOVA followed by post hoc Tukey test or Dunnett’s test was
performed. Statistical significance was set as a P value of <0.05.
Several approaches were used to compare the characteristics of the
channels formed with the mutant subunits with the clinical observa-
tions in the study population. To obtain measures of correlation that
were independent of the varying population size of the carriers with
each mutation, we compared the average biophysical parameters with
median values of QTc and the 30-year Kaplan-Meier survival rates to
first cardiac event for the carriers of each mutation using linear regres-
sion. The 30-year Kaplan-Meier limit was chosen due to the low event
rate after this time point. Next, linear regression was used to test how
well each channel characteristic influenced the variability of the abso-
lute QTc measured at baseline in all carriers. Confidence intervals and
P values were adjusted for the sample size. Only parameters that were
significant in the linear regression models were included in the further
analysis. Cox proportional hazards survivorship model was used to
evaluate the independent contribution of the biophysical parameters
compared to clinical and genetic factors to the first occurrence of
time-dependent cardiac events from birth through end of follow-up
at age 40 years. Because the V254M mutation was found to have rad-
ically altered parameters compared to the 16 other mutations, we treated
carriers of V254M as an independent risk group. Because the slope
of voltage dependence of activation curve (k) was largely unchanged
by the mutations studied, this parameter was not included in the
analyses. The remaining ion channel parameters were dichotomized
at the median (50%) values according to the frequency distributions
in the carriers excluding V254M carriers. To account for the influence
of family membership between individuals, we fit all Cox models
using a jackknife approach, the covariance sandwich estimator (44)
that removes members of each family from the model one by one.
The genotype-negative family members were not included in the Cox
models. Patients who died suddenly at a young age from suspected
LQTS and who did not have an ECG for QTc measurement were iden-
tified in the Cox models as “QTc missing.”

Modeling
The cell model] is adapted from the FGM reconstruction of the canine
cardiac cell (15). The Iy, current is described by a Hodgkin-Huxley-
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type formulation (see the Supplementary Material for details of current
formulation). This is a typical type of formalism in cardiac models and
provides as compact and computationally efficient representation
of the complex behavior of channel gating kinetics (45). We modi-
fied the WT Ik, current parameters in the model to better correspond
to the electrophysiological data collected in this study. Specifically, the
formulation is changed so that the current is proportional to xk, the
infinity gating variable, to the first power. Other changes were made to
the time constants to make the channel properties more similar to ex-
perimental characterizations (see the Supplementary Material for de-
tails). These modifications allow the relative changes in Iy, as assessed
in the electrophysiology section to be mapped into model studies in a
straightforward fashion (for example, a 50% increase in 1, for a given
mutant in the experimental study was simulated by a 50% increase in
Toer in the model). B-Adrenergic stimulation simulates increases in Ix,
current densities and the increased Ca®* load observed experimentally
during B-adrenergic stimulation (for details, see the Supplementary
Material).

The pacing protocol consists of 40 beats at a 1000-ms interval and
30 beats at 500-ms interval to bring the model to steady state, followed
by one premature beat at after 350 ms and then return to the initial
rate. The premature beat produces a decreased Ca** transient that is
followed by a larger Ca®* transient on the subsequent beat.

SUPPLEMENTARY MATERIAL

www .sciencetranslationalmedicine.org/cgi/content/full/3/76/76ra28/DC1

Fig. S1. Determination of ion channel characteristics.

Fig. S2. Changes in ion channel parameters observed in LQT1-mutant channels expressed in
mammalian system.

Fig. 53. Effect of PKA activation on channel activation kinetics in LQT1-mutant channels
expressed in mammalian system.

Fig. S4. Effect of temperature on channel activation kinetics in LQT1-mutant channels
expressed in mammalian cells.

Table S1. Changes in voltage dependence parameters for channels expressing LQT1-mutant
subunits.

Table S2. Results from simple linear regression.

Code1: Code for Fig. 4A.

Code2: Code for Fig. 48,
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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 KCNHZ 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 (LQT2), the
second most common variant of LQTS, is characterized by
mutations in the o« subunit of the KCNH2 channel, which
conducts the rapid delayed rectifier potassium current (Ig,)
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 electronically 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 baseline
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-depern-
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

R752W
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Distribution of mutations in the KCNHZ2 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 between men and
women in the frequency of medical therapy with 8-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 1 Baseline and follow-up characteristics of the study Table 2  Multivariate analysis: risk factors for ACA/SCD amon
g
population by gender all LQT2 patients*
Male Female P Relative risk
Characteristics N=490 N=676 value Hazard 95% confidence P
QTc (ms) Risk factor ratio  interval value
Continuous, means *= SD 478 = 57 484 + 52 .02
=500, % 32 34 44 Gender: female vs. male
RR (s), means = SD 860 + 250 856 + 216 91 Age group: 0 to 13 years 1.53  0.72-3.26 .33
Location of mutation Age group: 14 to 40 years  2.23  1.55-3.21 <.001
Mutation location
- , 9 28 28 .93
NOEE;EOS?[ZO;’ Pore-loop vs. non-pore-loop 1.39  1.02-1.91 .04
™. % ' 4 4 98 Pore-loop vs. C/N-term 1.44  1.06-1.97 .02
N-t’erm/C-term % 35 34 .98 TM (nonpore) vs. C/N-term  0.91  0.45-1.87 .80
L ’ Mutation type
T . .
y[r);;;:;léta;:on 65 68 33 Missense vs. nonmissense 0.87  0.62-1.23 43
! ’ QTc duration (ms)
9 2
LQ?;’;?;?;S:‘:: to 3 3 =500 vs. <500 3.24  2.05-5.12 <.001
Time-dependent syncope
- , 5 55 .22
gagé?;:gi 0;: g 6 02 Syncope vs. no syncope 3.15  2.26-4.38 <.001
LSCD, % 0.6 2 12 Abbreviations as in Table 1.
ICD, % ) 8 16 <.001 *Models were further adjusted for missing QTc values, time-dependent
Cardiac events during follow-up B-blocker therapy, and the occurrence of syncope prior to the end point
Syncope, % 24 46 <.001 (assessed as a time-dependent covariate).
ACA, % 3 9 <.001
SCD, % 8 12 .02
3 0,
Fir?tp gz%pgft:cic%:r ocks, % 13'5 13'9 <'g(8n point of a first ACA, SCD, or appropriate ICD shock was

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 KCNH?2 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
8 0.30 4 Unadjusted P=0.001
‘3% 0.25 -
Q
<% 020
5 a
2 015
o .
25
£ 0051
0.00 1£= v
0 10 20 30 40
Age
Patlents at Risk
Male 490 an 20.023 3oo§o.0 235 0.11; 171 0.14;
Female 676 613 (0.01 483 (0.08 366 (0.18 245 (0.26
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.

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 4
0.30 7

Unadjusted P=0.023

Pore-loop
.
e -

0.20 §
0.15 §
0.10
0.05 7

0'00 h T T Y T Ll
0 10 20 30 40

P

-t Nonpore-loop
-

Probability of ACA/SCD
for Females

Patients at Risk
Pore 186 165 (0.02) 120 (0.12 90 (0.22
Non-pore 4390 448 (0.01 368 (0.07 276 (0.1

46 (0.
199((0.32?)
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.

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-
loop) 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 3-blocker—by—gender inter-
action = (0.23).

Table 3

{ Proposed Risk Stratification Scheme for ACA or SCD in LQT2* ]

Risk Group/Event Rate Relative Risk
Prior syncope
+One or more: R
VERY HIGH RISK HR=17

5.3/100 pt-yrs (P<0.001)

HR=7
(P<0.001)

HIGH RISK
3.5 /100 pt-yrs

INTERMEDIATE RISK
0.5 /100 pt-yrs

HR=2
(P=0.005)

LOW RISK
0.3/100 pt-yrs

HR=1
(reference)

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
LQT?2 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 NAZ 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 patients 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 LQT?2.
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 LQT?2 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 LQT?2 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 I, current,’>'® and thus may be associated with QT
shortening in male subjects after childhood. In contrast,
estrogen was shown to exhibit both acute and genomic
effects on Ig,, 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 LQT?2 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 earlier 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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rhythymic risk even among women who carry lower-risk
(nonpore) mutations in the KCNH2 channel. In contrast, the
protective effects of testosterone on Iy, and ventricular
repolarization in postadolescent male subjects result in a
reduction in the risk of arrhytmic events among carriers of
low-risk mutations, with a possible remaining residual risk
in men who harbor higher-risk mutations in the functionally
more important pore-loop region.

In a prior study, Priori et al.'® proposed a risk stratifica-
tion scheme for LQTS patients that is based on the LQTS
genotype, QTc, and gender. This study, however, assessed a
composite end point of cardiac events of any type, compris-
ing mostly nonfatal symcopal episodes,'® whereas the large
sample size of genotyped LQT2 patients in the present study
facilitated for the first time the development of a risk strat-
ification scheme for the end point of life-threatening cardiac
events within the LQT2 population. We show that com-
bined assessment of clinical and genetic data, related to
mutation location, can be used to identify risk groups of
LQT2 patients with a significantly different risk of ACA or
SCD and with a pronounced difference in the rate of ACA
or SCD during follow-up. These findings suggest that risk
stratification in LQTS should combine clinical and muta-
tion-related risk factors that are specific for each of the 3
main LQTS genotypes. ’

Prior data suggest that LQT2 patients expereince a rela-
tively high rate of cardiac events during (-blocker ther-
apy.'” In the present study, medical therapy with B-blockers
was associated with a pronounced 61% reduction in the risk
of ACA or SCD in the total LQT?2 population. However, the
present findings also suggest that careful follow-up, with
consideration of ICD therapy for primary prevention, is
warranted in high- and very-high-risk LQT?2 patients. These
patient subsets were shown to experience 3.5 to 5.3 events
per 100 patient years (which corresponds to a high rate of
1.5 to 2.1 life-threatening cardiac events per patient from
birth through age 40 years) despite frequent usage of
B-blocker therapy (>80%).

Study limitations

We did not carry out expression studies to assess the effects
of estrogen and testosterone on ion channel mutations by
their location. Therefore, further studies are necessary to
evaluate the mechanism related to the observed gender-
specific risk related to mutation location.

Because of sample size limitations, we did not carry out
comprehensive analysis of the relation between all function
regions of the KCNH2 channel (including the PAS, CNBD,
and other C-terminus and and N-terminus domains) and
gender-specific risk. However, the results from the second-
ary analysis in which non—pore-loop mutations were further
subcategorized into mutations in the transmembrane and

C/N-terminus regions support the consistency of our find-
ings.

Conclusions and clinical implications

The present study shows a distinct association between
mutation characteristics and time-dependent differences in
the clinical course of LQT2 patients. We have shown that
after the onset of adolescence, women with and without
high-risk mutations show increased risk for life-threatening
cardiac events, whereas the risk of ACA or SCD in men is
increased only among carriers of the higher-risk pore-loop
mutations. Thus, a comprehensive approach that combines
clinical and genetic data should be used for risk assessment
and management of LQTS patients.

Appendix

Supplementary data
Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.hrthm.2011.03.049.
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Objectives

This study evaluated the efficacy and safety of flecainide in addition to conventional drug therapy in patients

with catecholaminergic polymorphic ventricular tachycardia (CPVT).

Background

CPVT is an inherited arrhythmia syndrome caused by gene mutations that destabilize cardiac ryanodine receptor

Ca®* release channels. Sudden cardiac death is incompletely prevented by conventional drug therapy with
B-blockers with or without Ca®* channel blockers. The antiarrhythmic agent flecainide directly targets the molec-
ular defect in CPVT by inhibiting premature Ca®" release and triggered beats in vitro.

Methods

We collected data from every consecutive genotype-positive CPVT patient started on flecainide at 8 international

centers before December 2009. The primary outcome measure was the reduction of ventricular arrhythmias

during exercise testing.

Results

Thirty-three patients received flecainide because of exercise-induced ventricular arrhythmias despite conven-

tional (for different reasons, not always optimal) therapy (median age 25 years; range 7 to 68 years; 73% fe-
male). Exercise tests comparing flecainide in addition to conventional therapy with conventional therapy alone
were available for 29 patients. Twenty-two patients (76%) had either partial (n = 8) or complete (n = 14) sup-
pression of exercise-induced ventricular arrhythmias with flecainide (p < 0.001). No patient experienced worsen-
ing of exercise-induced ventricular arrhythmias. The median daily flecainide dose in responders was 150 mg
(range 100 to 300 mg). During a median follow-up of 20 months (range 12 to 40 months), 1 patient experi-
enced implantable cardioverter-defibrillator shocks for polymorphic ventricular arrhythmias, which were associ-
ated with a low serum flecainide level. In 1 patient, flecainide successfully suppressed exercise-induced ventricu-

lar arrhythmias for 29 years.

Conclusions
therapy.

Flecainide reduced exercise-induced ventricular arrhythmias in patients with CPVT not controlled by conventional drug
(J Am Coll Cardiol 2011;57:2244-54) © 2011 by the American College of Cardiology Foundation

Catecholaminergic polymorphic ventricular tachycardia

(CPVT) is a malignant inherited arrhythmia syndrome char-
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normal hearts, with a high fatal event rate in untreated
patients (1-3). Approximately 60% of CPVT patients have
mutations in genes encoding the cardiac ryanodine receptor
Ca?" release channel (RyR2) or cardiac calsequestrin (4—6),
and these cause spontaneous RyR2 channel openings (7,8).
The resulting increase in cytosolic Ca®* triggers delayed
afterdepolarizations, ventricular premature beats (VPBs),
and ventricular tachycardia, especially under conditions of
B-adrenergic stimulation (9,10).

Hence, B-blockers are considered first-line therapy, but
unfortunately they are not completely effective in preventing
life-threatening arrhythmias (1-3,11-16). An implantable
cardioverter-defibrillator (ICD) is often used in patients
who continue to have ventricular arrhythmias despite
B-blocker therapy. However, ICDs are not fully protective
and can be proarrhythmic in CPVT patients because both
appropriate and inappropriate ICD shocks can trigger
catecholamine release, subsequently resulting in multiple
shocks (arrhythmic storm), and death (17,18). Thus, addi-
tional therapy is desired for CPVT. Small case series show
that left cardiac sympathetic denervation is effective in
patients who are insufficiently protected by B-blocker ther-
apy and/or experiencing too many ICD shocks (19-22).

Recently, we discovered that the antiarrhythmic agent
flecainide directly blocks RyR2 channels, prevents RyR2-
mediated premature Ca®* release, and suppresses triggered
beats in myocytes isolated from mouse hearts lacking
calsequestrin, an animal model of CPVT (23). This effect is
not mediated by Na *-channel block, the conventional mode
of action thought to underlie flecainide activity, but rather
can be attributed to open state block of RyR2 channels (that
is, flecainide directly targets the molecular defect responsible
for the arrhythmogenic Ca®* waves that trigger CPVT in
vivo) (24). In preliminary work, flecainide also appeared to
be effective in 2 highly symptomatic CPVT patients (23).

Here we collate the data from every CPVT patient started
on flecainide at 8 international centers and report on the
efficacy and safety of flecainide treatment in CPVT.

Methods

Participants and study design. To better understand the
efficacy and safety of flecainide in CPVT, we reviewed the
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chart of each consecutive CPVT
patient in whom flecainide was
started at 8 tertiary referral cen-
ters in the Netherlands, Canada,
France, Isracl, Japan, and the
United States before December
2009. All patients had a clinical
diagnosis of CPVT (based on
exercise-induced bidirectional or
polymorphic VT in the absence
of structural cardiac disease) and
a putative pathogenic mutation
in the gene encoding RyR2 or
cardiac calsequestrin. Determi-
nation of flecainide starting dose
and dosing increases were made
by the treating physician as part
of specialized clinical care. Data collection and analysis were
done retrospectively by chart review and were approved by
the institutional review board at each participating
institution.
Primary and secondary outcome measures. Couplets or
VT during exercise are significantly associated with future
arrhythmic events in CPVT (2). Because all patients were
monitored by repeat exercise testing as part of routine
clinical care, we used the reduction of ventricular arrhyth-
mias during exercise testing as the primary outcome mea-
sure. The effect of flecainide was quantified by comparing
the ventricular arrhythmia score (see later text) of the last
exercise test on conventional therapy with the ventricular
arrhythmia score of the first exercise test after a minimum of
5 days on the stable flecainide dose. Only patients on an
unchanged or lower B-blocker dose during flecainide treat-
ment were included in the primary analysis. Depending on
the site, exercise testing was performed using a treadmill
(standard or modified Bruce protocols) or bicycle ergometer.
Secondary outcome measures were the incidence of ar-
rhythmic events (defined as syncope, aborted cardiac arrest,
appropriate ICD shocks, and sudden cardiac death), assess-
ment of well-being and side effects of flecainide, and
monitoring of proarrhythmic effects of flecainide, in partic-
ular QRS duration during exercise and increase in the
ventricular arrhythmia burden (25,26).
Definitions of ventricular arrhythmia. Exercise testing
was analyzed and scored using the following pre-defined
parameters (modified from Rosso et al. [27]): 1) ventricular
arrhythmia score, defined by the worst ventricular arrhyth-
mia (1, no or isolated VPBs; 2, bigeminal VPBs and/or
frequent VPBs [>10 per min]; 3, couplet; and 4, nonsus-
tained ventricular tachycardia [NSVT], =3 successive
VPBs); 2) the presence of either of the parameters of the
ventricular arrhythmia score or the presence of bidirectional
VT (>3 successive VPBs with a beat-to-beat alternating
right and left QRS axis); 3) sinus rate at the onset of
ventricular arrhythmias, most often an isolated VPB; 4)
maximum number of VPBs during a 10-s period; and 5)

ICD = implantable
cardioverter-defibrillator

NSVT = nonsustained
ventricular tachycardia

RyR2 = cardiac ryanodine
receptor Ca?”* release
channel

VPB = ventricular
premature beat

VT = ventricular
tachycardia
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Baseline Characteristics and Flecainide Therapy Parameters

Age at Drug Therapy at Daily Starting/Stable
First Age at Aborted Age at Baseline, Flecainide Dose, Response to Side
Patient Symptom, Proband or Pr ting Di i Cardiac Baseline, mg (mg/kg Indication for Starting mg (mg/kg Follow-Up,  Flecainide Effects of
# Sex Mutation* yrs Relative Symptom yrs Arrest icb yrs body weight) Flecainide Treatment body weight)t months Treatment Flecainide
it F A4091T 5 Proband Seizure 6 Yes Yes 13 Nadolol 160 (2.4), NSVT (on Holter 300 (4.5) 25 Complete None
verapamil recordings)
180(2.7)§
2 F R2401H 6 Proband Syncope [} No No 7 Nadolol 15 (0.9) NSVT (on Hoiter 96 (5.6)/120 (7.1) 22 None None
recordings)
3% M CASQ2: 532+ NA Relative None 3 No Yes 12 Metoprolol NSVT (on ICD 100 (1.9)/150 (2.8) 28 Complete None
1G>A 125(2.3), recordings) +
verapamil frequent ICD shocks
120(2.2)§
4% F E4076K 28 Relative Syncope 31 No No 37 Metoprolol Couplets + side effects 100 (1.6)/150 (2.4) 23 Partial None
100 (1.6)
5 F $4124G NA Relative None 31 No No 36 Bisoprolol NSVT + side effects 100 (1.5)/150 (2.3) 28 Partial None
5(0.08),
verapamil
240(3.7)§
6 F $4124G 45 Proband Syncope 50 No No 68 Bisoprolol NSVT + side effects 75(1.2)/150 (2.4) 13 Partial Sinus arrest
2.5(0.04) and dizziness
7 F $41246G 26 Relative Aborted cardiac 26 Yes No 41 Nonel| NSVT 150 (2.2) 22 Partial Dizziness
arrest
8% M $4124G 8 Relative Syncope 8 No No 10 Metoprolot Couplets 50 (1.9)/100 (3.7) 22 Partial None
50 (1.9)
9t M E4187Q NA Proband None (detected by 47 No No 53 Metoprolol NSVT -+ side effects 150 (1.7) 20 Partial None
cardiological 200 (2.4)
examination
after SCD of
his son)
10% M E4187Q NA Relative None 19 No Yes 25 Metoprolol NSVT 150(2.0) 20 None None
200(2.7) .
113 F E4187Q NA Relative None 14 No Yes 20 Metoprolol NSVT 100 (1.8) 20 Complete None
150 (2.8)
12% M E4187Q NA Relative None 11 No Yes 17 Metoprolol NSVT 100 (1.6)/300 (4.8) 20 Partial None
100 (1.8)
13 F E1724K 13 Relative Syncope 13 No No 25 Metoprolol Couplets 100 (1.3)9# NA# NA# Fatigue, dizziness,
25(0.4) chest pain
14 F E1724K 9 Proband Syncope 15 No No 50 Sotalol 160 (2.1)  Bigeminy/frequent VPBs 100 (1.3) 20 None None
: side effects
151 M R420W NA Relative None 38 No No 49 Metoprolol Couplets 150 (1.9)/300 (3.9) 19 Complete None
100 (1.3)
16% M R420W NA Relative None 12 No No 16 Metoprolol NSVT 100 (1.7) 19 Complete None
100 (1.7)
17 F Y4962C NA Relative None 41 No No 45 Atenolol 25 (0.4)  NSVT 150 (2.5) 12 Complete None
18% F M2605V, NA Proband None (detected 40 No No 40 Metoprolol Couplets 200 (2.9) 18 Partial None
A4510T, by exercise 100(1.4)
14757- testing at
6_7CT>TA pre-participation
screening)

Continued on next page
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«l 1 Continued

Age at Drug Therapy at Daily Starting/Stable
First Age at Aborted Age at Baseline, Fiecainide Dose, Response to
Patient Symptom, Proband or Presenting Diagnosis, Cardiac Baseline, mg (mg/kg Indication for Starting mg (mg/kg Follow-Up,  Flecainide Side Effects
# Sex Mutation* yrs Relative Symptom yrs Arrest )] yrs body weight) Flecainide Treatment body weight)t months Treat! t of Fl i
19 F R420W 33  Proband Syncope 33 No Yes 36 Bisoprolol 5 (0.08) Bigeminy/frequent VPBs 100 (1.5) i7 Complete None
20 M R420W NA Relative None 11 No No 12 Atenolol 25 (0.7)  Couplets 100 (2.6) 23 Complete None
213 F G3946S 14  Proband Syncope 15 No No 34 Nadolol 160 (2.7) Couplets 200(3.3) 18 Complete None
22 F R420Q 14  Proband Syncope 15 No Yes 20 Bisoprolol Couplets 200 (4.0) 17 None None
1.25 (0.03)
23% F R2474G 1 Proband Convulsion without 11 No Yes 18 Atenolol NSVT 150(3.2) 20 Complete None
fever 100 (2.4),
verapamil
120(2.6)
24 F R420W NA Relative None 20 Yes No 24 Metoprolol Bigeminy/frequent VPBs 100(1.8) 17 Complete None
25 (0.4)# + side effects
25 F E1724K 10  Proband Syncope 31 No No 39 Carvedilol NSVT 100 (2.2) 14 Partial None
2.5(0.05)
26% F F2215L 5  Proband Cardiac arrest 10 Yes No 24 Propranoiol NSVT (on Hoiter 100 (2.0) 13 None None
140 (2.8) recordings) -+
syncope +
palpitations
27 F R4157H 56 Relative Palpitations 57 No Yes 57 Bisoprolol NSVT 150 (2.3) 31 NA*®* None
5 (0.08)**
28 F mM3978I1 14 ° Relative Syncope 15 No Yes 25 Nadolol 40 (0.7) Frequent VPBs | 150 (2.5) 31 Complete Nausea and
syncope dizziness
29 F mM39781 14  Proband Syncope 14 No Yes 26 Bisoprolol Bigeminy/frequent VPBs 150 (3.1) 32 None None
5(0.06)tT
30 F m3978t 13  Relative Syncope 32 No No 45 Nonett Bigeminy/frequent VPBs 150 (2.3) NASS Partial Nausea and
dizziness
31 F mM3978! 13  Relative Syncope 38 No No 50 Bisoprolol 5 (0.08) VPBs + palpitations 100 (1.8) NA(f None Nausea and
dizziness
32 1% V47741 4 Proband Syncope with 18 No No 18 Sotalol 240 (3.2)  NSVT 200(2.7) 29 yrs99 Complete None
seizure
33% F R2401H 9  Proband Syncape 9 No Yes 17 Nadolol 160 (2.5) Syncope with VF and 150 (2.3) 40 Complete None
arrhythmic storm
(recorded on ICD log)
Total F: 24 RyR2: Median:  Probands: Symptoms: Median: Yes: Yes: Median: [-blocker: Severe ventricular Median: 100 (range  Median: Complete: Yes: 6 (18%)
(73%) 32 (97%) 13 15 (45%) 21.(64%) 18 4 12 25 31 (94%); arrhythmia: 26 (79%); 50-300)/150 20 14/31
{range (range (12%) (36%) (range Ca* channel symptoms: 5 (15%) (range 100-300) (range {45%);
1-56) 3-57) 7-68) blocker: 12-40) partial:
4 (12%) 10/31
(32%)

TE Aew
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*RYR2 mutations unless otherwise indicated. 1Stable dose was identical to starting dose when only 1 dose is displayed. $Patients who were treated with a first-line $-blocker at an optimal dose (n = 15). §Verapamil was discontinued when flecainide was started. |[This patient
discontinued f-blocker therapy during 3 consecutive pregnancies, and thereafter agreed with her treating cardiologist to permanently discontinue $-blocker therapy and avoid exercise. JFlecainide was discontinued within a few days and before exercise testing on flecainide
could be performed. #Metoprolol was discontinued and flecainide was started In this patient because of intolerable side effects. **This patient was not included in the primary analysis because the bisoprolol dose was also increased. 11This patient discontinued S-blocker
therapy on her own initiative after flecainide treatment was started and before an exercise test on combined therapy could be performed. The ventricular arrhythmia score on flecainide monotherapy did not change compared with that on the baseline exercise test while
taking a f-blocker. $£This patient discontinued $-blocker therapy because of side effects. §§This patient discontinued flecainide and restarted f-biocker therapy on her own initiative. || [This patient discontinued flecainide because of side effects after exercise testing while
taking a g-blocker and flecainide was performed. T9This patient was excluded from the follow-up calculation.

ICD = implantable cardioverter defibrillator; NA = not applicable; NSVT = nc d ventricular tachycardia; SCD = sudden cardiac death; VF = ventricular fibrillation; VPB = ventricular premature beat.
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ratio of VPBs to sinus beats during the 10-s period with the
maximum number of VPBs.

Reaching a ventricular arrhythmia score of 1 was consid-

ered complete suppression of ventricular arrhythmias. Other
ventricular arrhythmia score improvements were considered
partial suppression.
Statistical analysis. Continuous data are presented as
mean * SD or median (range), and categorical variables as
number (percentage). Related samples were compared using
the paired Wilcoxon signed-rank test for continuous and
ordinal variables and the McNemar test for dichotomous
variables. Independent continuous variables were compared
by means of the Mann-Whitney U test. A 2-tailed p value
<0.05 was considered statistically significant. Statistical
analysis was performed with SPSS software package, version
15.0 (SPSS, Inc., Chicago, Illinois).

Results

Patient characteristics. A total of 33 genotype-positive
CPVT patients from 21 families were started on flecainide
at 8 tertiary care centers (Table 1). All patients had
persistent physical or emotional stress-induced ventricular
arrhythmias documented by exercise testing, Holter record-
ings, or ICD interrogation and/or persistent symptoms of
palpitations, syncope, aborted cardiac arrest, or appropriate
ICD shocks, while taking B-blockers with or without
Ca®*-channel blockers. Twenty-four of the patients (73%)
were female. The median age at the start of flecainide
therapy was 25 years (range 7 to 68 years). Thirty-one
patients (94%) were treated with B-blockers, and 4 (12%) of
them also received Ca®"-channel blockers (Table 1).

In 1 patient (Patient #13), flecainide was stopped because
of side effects before exercise testing could be repeated; in
another patient (Patient #27) the p-blocker dose was
increased during flecainide treatment; and 2 patients (Pa-
tients #7 and #30) did not receive B-blocker therapy when
flecainide was started (Table 1). In the remaining 29
patients, exercise tests on combination therapy of flecainide
with conventional drugs at unchanged or lower doses were
available for analysis. In 17 patients (59%), baseline exercise
testing was performed <48 h before flecainide initiation.
Flecainide therapy reduces exercise-induced ventricular
arrhythmias. Flecainide treatment improved the ventric-
ular arrhythmia score in 22 patients (76%) (p < 0.001)
(Fig. 1A). Fourteen patients (48%) had complete suppres-
sion of ventricular arrhythmias (including 7 patients without
any VPBs), and 8 (28%) had partial suppression. None of
the patients experienced significant (i.e., couplet or VT)
worsening of the exercise-induced ventricular arrhythmia
score.

Flecainide treatment also significantly improved all other
predefined parameters of exercise-induced ventricular ar-
rhythmia (Table 2). For example, patients receiving flecain-
ide therapy achieved significantly higher heart rates before
ventricular arrhythmias occurred. Independently, flecainide
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caused a significant reduction in maximum sinus rate
during exercise, even though a higher mean workload was
achieved. As expected (28), flecainide prolonged the PR
interval (149 = 21 ms vs. 160 = 24 ms; p = 0.003), and the
QRS duration (83 = 9 ms vs. 89 £ 11 ms; p = 0.005), but
did not change the QTc interval (399 = 26 ms vs. 405 = 19
ms; p = 0.171) at rest. These parameters remained within
the normal range at rest and during peak exercise in all
patients, except for a slightly prolonged resting PR interval
(220 ms) in 1 patient (Patient #20).

We next assessed the reproducibility of exercise testing as
a measure of the ventricular arrhythmia burden in CPVT.
Although not available for all patients, a subset of patients
underwent repeated exercise testing either at the same dose
of conventional therapy (n = 14) or at the same flecainide
dose (n = 16). In both cases, the ventricular arrthythmia
score of the second exercise test was not statistically different
from that on the first exercise test (Fig. 2). Similarly, all
other predefined parameters of exercise-induced ventricular
arrhythmia also did not change significantly (e.g., the
maximum number of VPBs during a 10-s period was 5 + 5
on the first exercise test at the stable flecainide dose and 6 *
6 on the second exercise test at the same flecainide dose
[p = 0.556]), suggesting that ventricular arrhythmia scores
obtained from exercise testing are reproducible measures of
drug efficacy in CPVT and that tachyphylaxis was not
present.

We found that 14 of the 29 patients included in the
primary analysis received drug therapy that could be con-
sidered suboptimal (i.e., an unusual B-blocker for CPVT
[bisoprolol, carvedilol, or sotalol]) or a relatively low
B-blocker dose (atenolol, metoprolol, or nadolol <1 mg/kg
body weight daily) (2). These patients had either side effects
on other B-blockers and/or a higher B-blocker dose, or
nadolol was not available in their country. To assess whether
flecainide was also effective in CPVT patients on optimal
conventional therapy, we next analyzed the 15 patients who
were treated with a first-line B-blocker at an optimal dose
(Table 1). Flecainide significantly improved the ventricular
arrhythmia score (p = 0.003) (Fig. 1B), and all other
pre-defined arrhythmia parameters in this subgroup to a
similar extent as in the primary analysis.

The ventricular arrhythmia score in the 2 patients (Patients
#7 and #30) who did not receive B-blocker therapy when fle-
cainide was started improved from NSVT to couplet and from
NSVT to bigeminal VPBs and frequent VPBs, respectively.
Flecainide dose in CPVT. To estimate the optimal dosing
of flecainide in CPVT, we analyzed the relationship be-
tween starting dose and VT suppression during the first
exercise test on flecainide. Patients without suppression of
exercise-induced ventricular arrhythmias on the starting
flecainide dose received a significantly lower dose (113 *+ 39
mg, n = 13; p = 0.038) compared with patients with either
partial (142 * 38 mg, n = 6) or complete ventricular
arrhythmia suppression (150 = 60 mg, n = 12). Eight
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