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Abstract
Background—Cardiac events in long-QT syndrome type-2 (LQT2) patients are predominately
associated with sudden arousal. However, exercise-induced events also occur in this population.

Objectives—We hypothesized that risk factors show a trigger-specific association with cardiac
events in LQT2 patients.

Methods—The study population comprised 634 genetically-confirmed LQT2 patients from the
US portion of the International LQTS Registry. Multivariate Cox proportional hazards regression
analysis was used to determine the independent contribution of clinical and genetic risk factors to
the first occurrence of trigger-specific cardiac events, categorized as arousal, exercise-induced,
and non-arousal/non-exercise, from birth through age 40 years.

Results—Study patients experienced 204 cardiac events during follow-up, of which 44% were
associated with arousal-triggers, 13% with exercise activity, and 43% with non-exercise/non-
arousal triggers. Risk factors for arousal triggered cardiac events included gender (female:male
>13 years: HR=9.10 [p<0.001]), and the presence of pore-loop mutations (HR=2.19 [p=0.009]). In
contrast, non pore-loop transmembrane mutations were the predominant risk factor for exercise-
triggered events (HR=6.84 [p<0.001]), whereas gender was not a significant risk factor for this
end point. Non-exercise/non-arousal events were associated with heterogeneous causes. Risk
factors for this end point included gender, mutation-location and type, and a prolonged QTc (≥500
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msec) Beta-blocker therapy was associated with a pronounced reduction in the risk of exercise-
triggered events (HR=0.29 [p<0.01]), but had a non-significant effect on the risk of arousal- and
non-exercise/non-arousal events.

Conclusions—Our findings suggest that management of patients with the LQT2 genotype
should employ a trigger-specific approach to risk-assessment and medical therapy.
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The congenital Long-QT Syndrome (LQTS) is an inherited channelopathy in which most
affected individuals have prolonged ventricular repolarization manifest on the
electrocardiogram (ECG) as QT prolongation.1 To date, more than 500 mutations have been
identified in 13 LQTS-susceptibility genes, with the LQT1-3 genotypes comprising more
than 95% of genotype positive LQTS and approximately 75% of all LQTS patients.2 Type 1
LQTS (LQT1) results from a mutation in the KCNQ1 gene that encodes the slowly
activating delayed rectifier K+ channel, IKs. Mutations in the KCNH2 gene, which codes for
the rapidly activating delayed rectifier K+ channel (IKr), result in type 2 LQTS (LQT2).
Type 3 LQTS (LQT3) is associated with mutations in the SCN5A gene, which codes for the
Na+ voltage-gated channel.2

In each of the most common LQTS genotypes, LQT1-3, cardiac events have been shown to
be strongly associated with specific triggers.3,4 In patients with LQT2, the majority of
cardiac event stimuli are sudden arousal triggers, whereas a lower proportion of events are
associated with exercise activity.3,4 In addition to these phenotype-genotype associations,
specific KCNH2 mutation locations, such as the ion conduction pathway (in the pore-loop
region of the KCNH2 channel), have been shown to be associated with increased risk for
arrhythmic events.5,6 Gender has also been identified as an important independent
contributor to event risk in LQT2, as adolescent and adult women were shown to have
higher risk for cardiac events than the corresponding men in this population.7–10

Previous studies have focused on the identification of genotype-specific risk factors for
cardiac events in LQTS patients.1–10 However, it is possible that risk factors show different
associations with triggers for arrhythmic events within each genotype. Specifically, we
hypothesized that clinical and genetic risk factors exhibit a trigger-specific association with
arousal- and exercise- induced cardiac events in carriers of the LQT2 genotype.

Methods
Study Population

The study population of 634 subjects was derived from 158 proband-identified families with
genetically confirmed KCNH2 mutations drawn from the US portion of the International
LQTS Registry. The proband in each family had corrected QT (QTc) prolongation not due
to a known cause. Patients with evidence of 2 or more LQTS mutations were excluded from
the study. All subjects or their guardians provided informed consent for the genetic and
clinical studies.

Phenotype characterization
Routine clinical and electrocardiographic (ECG) parameters were acquired at the time of
enrollment. Measured parameters on the first recorded ECG included QT and R-R intervals
in milliseconds, with QT corrected for heart rate by Bazett’s formula.11 Clinical data were
recorded on prospectively designed forms and included patient and family history and
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demographic, ECG, therapeutic, and cardiac event information. Data regarding triggers for
cardiac events were collected for each patient (as reported by the patient [if alive], family
members, or primary care physician) after the occurrence of an event through a specific
questionnaire, and further corroborated by the study coordinators through the patient’s
medical files and oral history from individuals about themselves or about family members.
Subsequently, the study specialists categorized each reported trigger using pre-specified
codes. Follow-up data regarding beta-blocker therapy included the starting date, type of
beta-blocker, and discontinuation date in case it occurred. Among subjects who died, the
usage of a beta-blocker before death was determined retrospectively.

Genotype characterization
KCNH2 mutations were identified with the use of standard genetic tests performed in
academic molecular genetic research laboratories and/or in commercial laboratories. Genetic
alterations of the amino acid sequence were characterized by location in the channel protein
and by the type of mutation (missense, splice site, in-frame insertions/deletions, nonsense
[stop codon], and frameshift).12,13 The transmembrane (TM) region of the KCNH2 encoded
protein was defined 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
(Per-Arnt-Sim [PAS] region: 41–144), and the C-terminus region after residue 659.

The location of the mutations in the channel protein was categorized in the present study as
follows (Fig. 1): 1) TM region which includes 6 membrane-spanning segments (S1–S6)
including the linkers, but excluding the pore-loop region, 2) the pore-loop region between
S5 and S6; 3) PAS region (categorized separately from the N-terminus region since
mutations in this region may result in a more severe clinical course)14–16; and 4) the N-
terminus (excluding the PAS region) and C-terminus regions, as a single covariate.
Mutation-type was categorized as missense vs. non-missense. The specific mutations
included in the present study, by location, type, and number of patients, are detailed in the
Supplementary Appendix Table. The distribution of study mutations in the KCNH2 channel,
by the relative number of patients, is shown in Figure 1.

End points
The primary end point of the study was the first occurrence of a cardiac event, comprising
syncope (defined as transient loss of consciousness that was abrupt in onset and offset),
aborted cardiac arrest ([ACA] requiring external defibrillation as part of the resuscitation),
or LQTS-related sudden cardiac death ([SCD] death abrupt in onset without evident cause, if
witnessed, or death that was not explained by any other cause if it occurred in an non-
witnessed setting such as sleep), whichever occurred first, from birth through age 40 years.
The composite cardiac event end point was further categorized into 3 subgroups by the
trigger reported to be associated with the event, including 1) arousal triggers (defined as
loud noise and acute emotional arousal); 2) exercise triggers (defined as vigorous physical
activity and swimming or pool activity); and 3) non-arousal/non-exercise triggers
(comprising 90 patients with a heterogeneous group of the remaining identified triggers,
including bathing or showering [n=10]; surgery or anesthesia [n=4]; fever or illness [n=12];
a missed dose of β-blocker [n=9]; antihistamine use (n=6); other medications [n=18];
extreme heat [n=3]; and sleeping [n=28]).

Statistical Analysis
The clinical characteristics of study patients were compared by the occurrence of trigger-
specific cardiac events using the chi-square test for categorical variables, and the t-test and
the Mann-Whitney-Wilcoxon test for continuous variables. The Kaplan-Meier estimator was
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used to assess the time to a first life-threatening event and the cumulative event rates by risk
factors, and groups were compared using the log-rank test.

Multivariate Cox proportional hazards regression analysis was carried out to evaluate the
independent contribution of clinical and genetic factors to the first occurrence of each the 3
trigger-specific endpoints. Competitive risk models were carried out separately for the first
occurrence of each of the 3 endpoints. Prespecified covariates in the multivariate models
included gender, mutation location, QTc ≥500 msec, and time-dependent beta-blocker
therapy. To avoid violation of the proportional hazards assumption due to gender-risk
crossover during adolescence,7–10 we included an age-gender interaction-term in the
multivariate models.

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

Results
Of the 634 LQT2 patients involved in this study, 204 had a first cardiac event associated
with an acute arousal trigger (n=90 [44% of first cardiac events]), exercise trigger (n=24
[12%]), or non-arousal/non-exercise trigger (n=90 [44%]). The clinical characteristics of
study subjects without events and by the type of triggered event are presented in Table 1.
Compared to the non-event group, all 3 trigger-associated event groups displayed a
significantly longer QTc, and a higher frequency of LQTS-related therapies. Notably,
patients who experienced cardiac events had slower heart rates, possibly due the higher
frequency of beta-blocker usage in this population. Within the cardiac events subgroups, the
proportion of women who experienced arousal-triggered events was significantly higher
than those who experienced exercise or non-arousal/non-exercise-related events (Table 1).

Recurrent events with the same type of trigger occurred in 84% of the patients who
experienced a first arousal-triggered cardiac event, 71% of the patients who experienced a
first exercise-triggered cardiac event, and 54% of the patients who experienced a first non-
arousal/non-exercise event. The respective rates of subsequent events that were not
associated with the same type of trigger were 13%, 12%, and 17% (Table 1).

Gender and the risk of arousal- and exercise- triggered cardiac events in LQT2 patients
Kaplan-Meier survival analysis showed that the rate of arousal-triggered events was similar
in males and females during childhood, whereas after the onset of adolescence the rate of
arousal triggered events was significantly higher in women than in men (Fig. 2A).
Accordingly, at age 40 years the rate of cardiac event triggered by acute arousal was 26%
among women as compared with only 6% among men (log-rank p-value for the overall
difference during follow-up <0.001). Consistent with the univariate survival data,
multivariate analysis showed that gender was not significantly associated with increased risk
for arousal-triggered cardiac events among patients ≤13 years of age, whereas in the older
age-groups women had >9-fold (p<0.001) increase in the risk of arousal-triggered cardiac
events as compared with men (Table 2; first row).

In contrast to the significant association of female gender with arousal-triggered cardiac
events, Kaplan-Meier survival analysis showed that the rate of exercise-triggered cardiac
events among men and women was virtually the same throughout follow-up (Fig. 2B).
Similarly, multivariate analysis did not demonstrate a statistically significant difference in
the risk of exercise-triggered cardiac events between men and women in either age-group
(Table 2; first row).
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Mutation location and the risk of arousal- and exercise- triggered cardiac events in LQT2
patients

Kaplan-Meier survival analysis showed that the rates of arousal-triggered cardiac events
from birth through age 40 years were highest among patients who harbored mutations in the
pore-loop and TM regions; intermediate among patients who harbored mutations in the PAS
region; and lowest among patients with mutations in the C-term and N-term (non-PAS)
region (log-rank p-value for the overall difference = 0.026; Fig. 3A). Consistently,
multivariate analysis showed that patients with mutations in the pore-loop region exhibited a
>2-fold (p=0.009) increase in the risk for arousal induced triggers as compared with patients
with C-term/N-term (non-PAS) mutations (Table 2; second row).

In contrast, when the rates of exercise-triggered events were assessed in the study
population, event rates at age 40 years were highest among patients with mutations in the
non pore-loop TM region (26%); intermediate among patients with mutations in the pore-
loop region (6%); and lowest among patients in the C-term/N-term (including PAS) regions
(4%; log-rank p-value for the overall difference <0.001). Similarly, multivariate analysis
showed that patients with mutations in the non pore-loop TM region exhibited nearly a 7-
fold (p<0.001) increase in the risk of exercise-triggered cardiac event, and patients with
mutations in the pore-loop region exhibited an intermediate risk (HR=2.93 [p=0.05] as
compared with patients with mutations in the C-term/N-term (non-PAS) regions [Table 2;
third row]).

Missense mutations were not associated with a statistically significant increase in the risk for
either arousal- or exercise-triggered cardiac events (Table 2; third row).

Non-arousal/non-exercise triggers for cardiac events in LQT2 patients
A heterogeneous group of triggers (see Methods section for definition) were evident in
patients with non-arousal/non-exercise cardiac end points. Patients who experienced non-
arousal/no-exercise triggered events did not exhibit significant differences in the clinical
characteristics, with the exception of a somewhat faster heart rate, from the other 2 triggered
groups. The frequency of cardiac events during follow-up among the 3 groups was similar
(Table 1). Risk factors for non-arousal/no-exercise triggered events included males ≤ 13
years age-group, females >13 years age-group, mutation-location and type, and a prolonged
QTc (≥500 msec) (Table 2).

Beta-blocker therapy
Multivariate analysis showed that time-dependent beta-blocker therapy was associated with
a 21% (p=0.04) reduction in the risk of a first cardiac event in the total study population
(Table 3). Risk-reduction associated with beta-blocker therapy was pronounced for cardiac
events associated with exercise triggers (71% risk-reduction [p=0.01]) and statistically non-
significant for arousal- and non-arousal/non-exercise triggered events (Table 3). Consistent
with these findings, the rate of cardiac events during medical therapy with beta-blockers was
lowest for those associated with exercise triggers; intermediate for those associated with
arousal triggers; and highest for non-arousal/non-exercise-triggered cardiac events (Fig. 4A).
Notably, when the rate of trigger-specific life-threatening events (comprising ACA or SCD)
during beta-blocker therapy was assessed (Fig. 4B), exercise- and arousal- triggered life-
threatening events were shown to occur at a very low rate during medical therapy (0 and
0.03 events per 100 patient-years, respectively), whereas non-exercise/non-arousal-triggered
life-threatening events during beta-blocker therapy occurred at higher rate (0.40 per 100
patient-years).
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Discussion
The present study provides several important implications relating to the importance of
trigger-specific risk-assessment and management of LQTS patients (summarized in Fig. 5).
We have shown in the LQT2 population, women after the onset of adolescence and patients
with mutations in the pore-loop region of the KCNH2 channel experience a significant
increase in the risk for arousal-triggered cardiac events. In contrast, non pore-loop TM
mutations were the predominant risk factor for exercise-triggered events, whereas gender
was not a significant risk factor for this end point. Furthermore, our finding suggest that
there is a trigger-specific response to medical therapy with beta-blockers, which were shown
to be associated with a pronounced reduction in the risk of events associated with exercise-
triggers, but had a non-significant effect on the risk of arousal- and non-exercise/non-
arousal- triggered events. These findings suggest that risk assessment in LQT2 patients
should include trigger-specific recommendations for lifestyle modifications and medical
therapy that relate to the age, gender, and the location of the mutation of an affected patient.

Gender-specific risk for cardiac events in LQT2 patients
The association between female gender and arousal-stimulated cardiac events in LQTS has
been previously described.4 However, due to sample size limitations prior studies did not
assess a genotype-specific association of gender and age with triggers for cardiac events in
LQTS patients. The present study demonstrates a powerful independent association between
gender and arousal-triggered events among carriers of the LQT2 genotype. We have shown
that after the onset of adolescence LQT2 women experience >9-fold increase in the risk for
arousal-triggered cardiac events as compared with men in the same age-group. In contrast,
gender was not a significant risk factor for exercise-triggered events among carriers of the
same genotype. These findings suggest a possible effect of sex hormones on the ion-channel
mechanisms that predispose to arousal events in LQT2 women. Observations made through
animal models showed that the female myocardium has decreased IKr current density
compared to males, thus resulting in slower repolarization times and longer baseline QTc
intervals.17 Estrogen was shown to directly inhibit IKr currents, thus further prolonging QT
interval in females,18 and possibly contributing to susceptibility of LQT2 women to cardiac
events. Furthermore, it has been suggested that arousal stimuli, particularly sudden arousal
from sleep, produce a sympathetic surge in the midst of high vagal tone, which is more
pronounced among women than men.19 The abruptness of the sympathetic surge prevents
appropriate vagal withdrawal, and thus impairs necessary QT shortening. Thus, the
increased risk for arousal triggered events among post-adolescence LQT2 women may be
influenced by the effect of estrogen on ion-channel function as well as gender differences in
baseline autonomic tone.

Mutation-specific risk for cardiac events in LQT2 patients
Recent studies have shown that subjects harboring pore mutations, defined as mutations
between S5 and S6, including the pore-loop of the KCNH2 channel exhibit a more severe
clinical course as compared with carriers of other mutations in the same channel.5,6 The
present study extends these observations and shows that non pore-loop TM mutations (S1 to
S5 and S6 membrane spanning domains) are the most powerful risk factor for exercise-
triggered cardiac events in LQT2 patients. Mutations in the outer pore helix (S5) domain
have been recently shown to affect channel activation, steady state inactivation and
interaction with the voltage sensor domain (S1–S4),20 suggesting that these mutations may
have a stronger contribution to phase 2 repolarization of the action potential. IKr current
contribution to phase 2 repolarization is generally thought to be small, but our results
suggest these mutations may contribute to an increase of adrenergic induced early
afterdepolarization (EADs) during exercise.
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Mutations in the N terminus PAS region were shown in the present study to be associated
with a significant increase in the risk of non-exercise/non-arousal-triggered events (that
comprised 44% of events among study patients) and with an intermediate risk for arousal-
triggered events. PAS domain mutations have been shown to accelerate the inactivation rate
of the channel, thereby reducing the outward current during the phase 3 repolarization phase,
but generally show a milder effect in the overall channel current than mutations in the pore-
loop region, and therefore are not expected to affect phase 2 repolarization.16,21 Such
disturbances in the PAS function may underlie our finding that patients with mutations
within this region are significantly predisposed to an increased risk for cardiac events that
are not related to exercise activity.

In contrast, mutations that are located in the pore-loop region were specifically associated
with the highest risk for arousal-triggered cardiac events but also shown to have a high risk
of exercise triggered events. Pore-loop mutations have been shown to affect current density
and channel inactivation, in addition to having potent dominant negative effects.22–25 These
mutations are therefore expected to contribute to an overall decrease in IKr function both in
phase 3 and phase 2 repolarization, consistent with an increase in the risk for events
associated with both abrupt increase in heart rates and exercise.

Trigger-specific response to beta-blocker therapy
Beta-blockers are considered first-line prophylactic therapy in LQTS.26 Their mechanism of
action is probably related to the attenuation of adrenergic-mediated triggers in this disorder,
especially in individuals with the LQT1 and LQT2 genotypes.3 Despite this, general
recommendation for empiric beta-blocker therapy in LQTS, the protective effect of this
mode of medical therapy in the LQTS population is not uniform. Priori et al.27 have shown
that LQT2 and LQT3 patients experience a significantly higher rate of cardiac events during
beta-blocker treatment than LQT1 patients. Our findings suggest that within the LQT2
population there is a trigger-specific response to beta-blocker therapy. We have shown that
LQT2 patients experience a very low rate of exercise-triggered events during beta-blocker
therapy, but have a higher rate of arousal- and non-exercise/non-arousal- triggered cardiac
events despite medical suggest therapy. These finding suggest that medical therapy with
beta-blockers may not fully protect against arousal-triggered arrhythmic events (that are
associated with a more abrupt change in heart rate than exercise triggered events) or from
non-arousal/non-exercise events (that are not associated with sympathetic activation). Thus,
the relatively high rate of LQT2-related cardiac events during beta-blocker therapy, shown
by Priori et al.27 may be due to the fact that the events in this population are predominantly
associated with non-exercise triggers. It should be noted, however, that 13% and 17% of the
patients who experienced a first arousal- and non-exercise/non-arousal- triggered event,
respectively, experienced a subsequent triggered event that was not of the same type. Thus,
beta-blockers should also be administered to patients who experience a cardiac event that is
not associated with exercise activity since subsequent exercise-triggered events may still
occur in this population.

Study limitations
Data regarding triggers for cardiac events were obtained through pre-specified
questionnaires from patients, family members, or primary care physicians. Despite the fact
this information was further corroborated by the study coordinators through oral interviews,
it remains subjective and possibly inaccurate in some cases.

It should also be noted that cardiac events that were categorized in the present study as being
associated with non-exercise/non-arousal triggers comprised a heterogeneous group, relating
to multiple triggers (detailed in the Methods section). Thus, the results relating to risk
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factors for this end point may reflect an “average” effect of the multiple different triggers,
but may not be directly related to one specific trigger that was included in this end point
(such as sleep, fever, or menses).

Conclusions and clinical implications
Current management of LQT2 patients relies mostly on general recommendations for
lifestyle modifications that include removal of startling, loud noise stimuli in the home and
at work with elimination alarm clocks, door bells, and telephone and cell-phone ringing.
These recommendations are appropriate for all patients with LQT2, but especially for post-
adolescent women with pore mutations. Both men and women who harbor TM mutations
should be specifically advised to avoid vigorous physical activity. Beta-blockers are
indicated in all LQT2 patients.25 However, our findings suggest that LQT2 patients with
clinical and genetic risk factors for non-exercise events are not fully protected with medical
therapy. Notably, 84% of the patients who experienced a first cardiac event that was
triggered by acute arousal had a subsequent event of the same type. Thus, careful follow-up
is warranted in this population, with consideration of more aggressive management if
symptoms occur despite medical therapy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ACA aborted cardiac arrest

ECG electrocardiogram

LQTS long QT syndrome

LQT1,2,3 long QT syndrome types 1,2, and 3

QTc corrected QT

SCD sudden cardiac death
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Figure 1.
Distribution of mutations in the KCNH2 channel by the relative number of study patients.
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Figure 2.
Probability of (A) arousal triggered events; and (B) exercise-triggered events, by gender.
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Figure 3.
Probability of (A) arousal triggered events; and (B) exercise-triggered events, by mutation-
location.
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Figure 4.
Rate (per-100 patient-years of (A) cardiac events of any type; and (B) ACA or SCD during
beta-blocker therapy.
Event rates were analyzed in patients who were on β-blocker therapy at any time during
follow-up. Event rates per 100 person-years were calculated by dividing the number of
events during β-blocker therapy by the total follow-up time in years on β-blocker therapy,
and multiplying the result by 100.
ACA = aborted cardiac arrest; SCD = sudden cardiac death.
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Figure 5.
Schematic presentation of the main findings of the study regarding trigger-specific risk
factors and response to therapy in LQT2.
+-signs are approximate representation of the risk/response based on the hazard ratios and
associated p-values from the multivariate models.
BB = beta blockers; TM = transmembrane.
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