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1 | INTRODUCTION

Background: A comprehensive report on the clinical course of the three major geno-
types of the long QT syndrome (LQTS) in a large U.S. patient cohort is lacking.
Methods: Our study consisted of 1,923 U.S. subjects from the Rochester-based
LQTS Registry with genotype-positive LQT1 (n = 879), LQT2 (nh = 807), and LQT3
(n = 237). We evaluated the risk of a first cardiac event (syncope, aborted cardiac ar-
rest, or sudden cardiac death, whichever occurred first) from birth through age
50 years. Cox proportional hazards regression models incorporating clinical covari-
ates were used to assess genotype-specific risk of cardiac events.

Results: For all three genotypes, the cumulative probability of a first cardiac event
increased most markedly during adolescence. Multivariate analysis identified
proband status and QTc > 500 ms as predictors of cardiac events in all three geno-
types, and males <14 years and females >14 years as predictors of cardiac events in
LQT1 and LQT2 only. Beta-blockers significantly reduced the risk of cardiac events in
LQT1 (HR: 0.49, p =.002) and LQT2 patients (HR: 0.48, p = .001). A trend toward
beta-blocker benefit in reducing cardiac events was found in LQT3 females (HR:
0.32, p = .078), but not in LQT3 males (HR: 1.37, p = .611).

Conclusion: Risk factors and outcomes in LQTS patients varied by genotype. In all
three genotypes, proband status and prolonged QTc were risk factors for cardiac
events. Younger males and older females experienced increased risk in LQT1 and
LQT2 only. Beta-blockers were most effective in reducing cardiac events in LQT1 and
LQT2, with a potential benefit in LQT3 females.
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(Levine & Woodworth, 1958). A few years later, QT prolongation in
children with syncope and sudden death but without deafness was re-

The long QT syndrome was first described by Jervell and Lange-Nielsen
in 1957 and involved family members with congenital deafness, QT
prolongation on the ECG, and sudden death (Jervell & Lange-Nielsen,
1957). In 1958, Levine and Woodworth reported a similar family

*Equal co-first authors.

ported (Romano, Gemme, & Pongiglione, 1963; Ward, 1964). Several
isolated case reports of LQTS without deafness were published in the
next few years.

In 1968, the University of Rochester cardiology and neuro-
surgical groups developed the first effective treatment for re-
fractory long QT syndrome (LQTS) with the introduction of left
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cervicothoracic sympathetic ganglionectomy to prevent recurrent
ventricular tachycardia and ventricular fibrillation in a 39-year-old
female with marked QTc prolongation. After a 3-year asymptom-
atic follow-up following the sympathectomy, the clinical results in
this individual patient were reported (Moss & McDonald, 1971).
The patient is still alive and doing well at age 85 years. Following
the publication in 1971 (Moss & McDonald, 1971), the University of
Rochester received numerous referrals of patients with LQTS, and
in 1975 a Rochester-based LQTS Registry was established. With the
introduction of beta-blockers for the treatment of LQTS later in the
1970s, the LQTS Registry expanded and involved patient referrals
from more centers in the United States as well as from clinical cen-
ters in Europe (Moss, Schwartz, Crampton, Locati, & Carleen, 1985;
Moss et al., 1991).

The published clinical literature on LQTS expanded during the
next 20 years, (Ackerman, 1998; Priori et al., 1997; Schwartz, Moss,
Vincent, & Crampton, 1993) and in the early 1990s the genetic muta-
tions associated with several forms of LQTS were identified (Keating
et al, 1991; Wang et al., 1996). Subsequently, clinical, genetic, and
basic science aspects of LQTS expanded dramatically with increasing
focus on the molecular genetics of this disorder (Moss et al., 2007;
Shimizu et al., 2009; Wilde et al., 2016; Zareba et al., 1998). During
this period of time, our Rochester-based LQTS Registry involving
exclusively U.S. patients progressively enrolled almost 2,000 genet-
ically confirmed LQT1, LQT2, and LQT3 patients who have been fol-
lowed on a regular basis for their clinical course, their cardiac events,
and for their time-dependent therapies related to beta-blockers,
pacemakers, implantable defibrillators, and sympathectomy that
were prescribed. The findings from this updated LQTS Registry are
the subject of this report.

2 | METHODS

2.1 | Study population

Our Rochester-based LQTS Registry involving exclusively U.S. sub-
jects progressively enrolled 879 genetically confirmed LQT1 patients
(due to mutational reduction of function in the KCNQ1 channel gene
that encodes for the IKs current), 807 genetically confirmed LQT2
patients (due to mutational reduction of function in the KCNH2
channel gene that encodes for the IKr current), and 237 genetically
confirmed LQT3 patients (due to mutational gain of function in the
SCN5A alpha subunit of the Na channel gene that encodes for the
INa current). Patients with more than one LQTS mutation and those
having the Jervell and Lange-Nielsen syndrome were not included in
this study. Only a limited number of patients were tested for LQT4-
LQT14 genotypes; they make up only a very small fraction of the
LQTS syndrome in the Registry, and patients with these mutations
were also excluded from this study. Patients were enrolled in the
Registry from birth through age 50 years when they were clinically
identified with LQTS, with genotype determined at experienced
academic laboratories or from professional commercial laboratories.

This research study was approved by the University of Rochester

Medical Center Research Subject Review Board, and all subjects
gave written informed consent.

Once a patient with a positive LQT1, LQT2, or LQT3 genotype
was enrolled in the Registry, the clinical history dating back to birth
was obtained with specific information on date and type of cardiac
events (syncope, aborted cardiac arrest, or sudden cardiac death)
and on therapy rendered including beta-blockers, and other rel-
evant drug therapies involving pacemakers, sympathectomy, and
implanted cardioverter defibrillators. After formal enrollment in the
LQTS Registry, similar information was also collected every 2 years
on all the patients in the Registry, with a few patients having incom-
plete clinical data. If a family member had died suddenly up to age 50
who was not initially in the LQTS Registry, the patient was included
in this study if the pre- or postmortem testing was positive for LQT1,
LQT2, or LQT3 genotype.

2.2 | ECG parameters

The first recorded ECG was used to determine the heart rate, the
QT interval, and the Bazett-corrected QTc interval. For infants who
survived the first year of life, we used ECGs during subsequent
years, usually beginning at age 3-5 years of age for baseline QT
measurements.

2.3 | Cardiac events

Cardiac events were defined as syncope, aborted cardiac arrest (re-
quiring defibrillation), or sudden cardiac death. Cardiac events were
identified by history before initiation of any therapy and after start
of relevant LQTS-related therapies.

To limit the potential confounding effect of coronary artery dis-
ease on the outcome of studied patients, only cardiac events oc-
curring until age 50 years were considered. We also analyzed the
frequency by genotype of recurrent cardiac events including atrial
fibrillation and syncope. An independent end point committee cate-
gorized all identified cardiac events in the LQTS registry.

2.4 | Statistical analysis

The clinical characteristics of study patients were compared by
genotype using the chi-square test for categorical variables and the
nonparametric Wilcoxon rank-sum test for continuous variables.

The cumulative probability of first cardiac event stratified
by genotype was estimated using the Kaplan-Meier method.
Stratified Cox multivariable proportional hazards regression mod-
els were used to estimate hazard ratios of the standard risk factors
potentially associated with time to first cardiac event within each
genotype.

All models were stratified by the decade in which study pa-
tients were born to account for changes in the baseline hazard
function for different calendar time periods. To account for the
lack of proportionality of the sex covariate, the models estimated
separate hazard ratios for sex before and after 14 years of age.
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TABLE 1 Clinical characteristics of the
study population

Clinical characteristics

# of patients

Male, # (%)

Proband # (%)

Age at 1st ECG, years

Median duration of
follow-up, years

ECG, mean + SD
RR, ms
QRS, ms
QTc, ms
Treatment, # (%)

Beta-blocker use
during follow-up

LCSD during
follow-up

Pacemaker during
follow-up

ICD during follow-up
Syncope: pts. with 1 or

more episodes, # (%)

Cardiac events, # (%)
ACA during
follow-up

Sudden cardiac
death during
follow-up

Appropriate ICD
shock during
follow-up

WILEY-27

LQT1 LQT2 LQT3 p-value
879 807 237

378 (43) 362 (45) 99 (42) 617
136 (15) 163 (20) 33(14) .013
26 +21 25+21 26 20 727
40.6+15.8 39.0+16.1 40.1+16.4 .749
831216 820 + 247 840 + 248 .625
80+ 15 81+16 82+ 14 .043
480 = 48 480+ 53 474 £ 54 164
478 (54) 518 (64) 124 (52) <.001
8(1) 14 (2) 1(0) .209
20(2) 64 (8) 14 (6) <.001
95 (11) 171 (21) 67 (28) <.001
318 (3¢) 299 (37) 54 (23) <.001
26 (3) 40 (5) 13 (5) .062
19 (2) 28(3) 15 (6) .005
13(1) 31(4) 8(3) .009

ACA, aborted cardiac arrest; AF, atrial fibrillation; ICD, implantable cardioverter defibrillator; LCSD,
left cardiac sympathetic denervation.

Beta-blocker use was modeled as a time-dependent variable in the
regression models.

The statistical software used for the analyses involved SAS ver-
sion 9.4 (SAS Institute Inc., Cary, NC, USA). All tests were two-sided,
and a p-value <.05 was taken as statistically significant.

3 | RESULTS

3.1 | Study population

The clinical characteristics of the study population involving the
LQT1, LQT2, and LQT3 genotypes are presented in Table 1. LQT1
made up 46% (879/1,923), LQT2 42% (807/1,923), and LQT3 12%
(237/1,923) of the study population. There were many similarities in
the clinical makeup of the three genotypes including age at enroll-
ment into the Registry, median duration of follow-up, and QTc dura-
tion. However, there were more beta-blocker prescriptions in LQT1
and LQT2 patients, and more ICDs for treatment of LQT3 patients.

3.2 | Kaplan-Meier graphs of cardiac events

The time dependence of a first cardiac event (syncope, aborted car-
diac arrest, or sudden cardiac death), aborted cardiac arrest or sud-
den death, and sudden cardiac death by genotype are presented in
Figure 1la-c.

In each genotype, the rate of increase in cardiac events was
most marked during adolescence, but the distribution among the
genotypes was variable depending on the end point. The cumu-
lative probability of a first cardiac event was initially greatest
for LQT1, but highest for LQT2 patients in the latter years. The
probability of aborted cardiac arrest or sudden cardiac death was
somewhat more frequent in LQT2 and LQT3 relative to LQT1
patients.

The probability of a first cardiac event for three levels of QTc
(<480, 480-500, and >500 ms) for each genotype is presented
in Figure 2a-c. In LQT1 and LQT2, QTc > 500 ms is associated
with a higher cumulative frequency of cardiac events, but no QTc



KUTYIFA ET AL.

7 | wiLEY

dominance was observed in LQT3 for these levels of QTc. Similar
findings were revealed for aborted cardiac arrest or sudden cardiac
death (data not shown).

The cumulative probability of a first cardiac event by gender for
each genotype is presented in Figure 3a-c. Females had significantly
more frequent events than males in LQT2 and LQT3. A similar pat-
tern was evident when the end point was limited to aborted car-
diac arrest or sudden cardiac death, whichever came first (data not
shown).

3.3 | Risk factors for cardiac events by
LQTS genotype

The relevant factors together with hazard ratios associated with
first cardiac events for syncope, aborted cardiac arrest, or sudden
cardiac death, whichever came first, by genotype are presented
in Table 2. In multivariable analyses, probands and subjects with
QTc > 500 ms had significantly greater risk of cardiac events for all
three genotypes. Young males and older females were also at sig-
nificant risk for cardiac events in LQT1 and LQT2, but not for LQT3.
Beta-blockers reduced the risk for cardiac events in LQT1 and LQT2,
but not in LQT3. For female LQT3 patients, however, beta-blockers
were associated with a trend toward reduction in cardiac events, an
effect not found in male LQT3 subjects.

4 | DISCUSSION

In the present study, we report the clinical course of the three major
genotypes of LQTS syndrome from the U.S. Rochester-based LQTS
Registry, the largest database with genotyped LQTS probands and
family members who were followed on a regular basis over the
course of several decades. Risk factors and outcomes in LQTS pa-
tients varied by genotype, and probands were at significantly greater
risk in all three genotypes. In LQT1 and LQT2 patients, prolonged
QTc, younger males, and older females experienced an increased risk
for cardiac events. Beta-blockers were most effective in reducing
cardiac events in LQT1 and LQT2. Among patients with LQT3, who
made up only 13% of the LQTS study population, beta-blockers were
potentially beneficial for females but not males.

Our findings have several important clinical implications.
Patients with LQT1 may need greater attention and advanced treat-
ment early on during their lifetime, since they exhibited an increased
probability of cardiac events during the first 20 years of life. On
the contrary, LQT2 patients exhibited a high probability of cardiac
events primarily following adolescence, predominantly in females.
Such differences in the development of risk over time can be useful
in clinically managing LQTS patients.

InLQT1, LQT2, and LQT3 genotypes, proband status consistently
predicted increased cardiac events and aborted cardiac arrest/

(a) (b) (c)
e O — 0.5 Lam logrank p<.001 0.5 Lam logrank p =.005
< a |- wrel 0 e LaT2
o 3] ———Lam ——— LaT3
@ 041 o 04
F] o
3 < 7]
g 2 s
] < 034 S 03+
5 3
) a
z Y g
= © [
K= a o
g £ TR
g a
o
0.0

Follow-up Years
Number of Patients at Risk
466(.32)  369(.38)  301(.42)
447(.29) 319(.42) 250(.46)
146(.23)  114(.29) 94(.37)

8719
807
237

700(.15)
664(.09)
203(.07)

217(.44)
179(.49)
89(41)

879
807
237

817(.00)
72701)
213(01)

Follow-up Years

Number of Patients at Risk
661(.02)
601(.04)
174(.05)

Follow-up Years

Number of Patients at Risk
536(.04)  433(08)  309(.07) 879 819(.00)  B71(01)  552(.01)  450(02)  322(.03)
484(08)  376(10)  278(.11) 807 731(00)  B18(01)  507(.03)  393(05)  285(.05)
142(09)  114(14) 83(.17) 237 214(01)  177(02)  147(05)  119(.07) 84(.09)

FIGURE 1 Frequency of (a) first cardiac event (syncope, aborted cardiac arrest, or sudden cardiac death), (b) first aborted cardiac arrest
or sudden cardiac death (ACA/SCD), and (c) sudden cardiac death (SCD) by genotype
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FIGURE 2 Frequency of a first cardiac event for three levels of QTc (<480, 480-500, and >500) for (a) LQT1, (b) LQT2, (c) LQT3 patients
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sudden cardiac death, likely due to the fact that the clinical pheno-
type is most striking in probands. The presence of QTc > 500 ms also
predicted cardiac events in all three genotypes.

In LQT1 and LQT2 patients, there were a number of additional
simple clinical predictors identifying risk for cardiac events, includ-
ing younger males and older females. A greater risk of cardiac events
in older females has been shown in prior studies (Locati et al., 1998;
Zareba et al., 2003). History of syncope was related to increased
risk of aborted cardiac arrest/syncope in LQT1 and LQT2 patients,
and serves as an added marker of poor outcomes for these two
genotypes.

Beta-blocker treatment modalities are basic therapy in LQT1 and
LQT2 patients (Abu-Zeitone, Peterson, Polonsky, McNitt, & Moss,
2014; Priori et al., 2004), and this study provides further evidence
from a large aggregate database on LQTS patients that beta-blocker
treatment reduces the risk of cardiac events with hazard ratios of
0.49 and 0.48 in LQT1 and LQT2, and dramatically reduced the risk
of aborted cardiac arrest/sudden cardiac death even further in these

—_—
")
~—
—_
(=3
~

genotypes. In our study, this beneficial effect of beta-blockers was
not evident in the total cohort of LQT3 patients. Similar to the Wilde
analysis of 391 LQT3 patients, (Wilde et al., 2016) a trend toward
reduction of cardiac events with beta-blockers occurred in females,
but not in males with LQT3. In LQT3 males, Wilde et al. showed a HR
of 0.51 with a p-value .308 for beta-blocker effect to reduce ACA/
SCD events, while in our study the HR was 1.37 for LQT3 males, with
a p-value of .611. Both studies however might be underpowered to
detect the effects of beta-blockers on survival in LQT3, due to the
small number of patients and events. Therefore, further studies are
warranted investigating beta-blocker therapy in LQT3 patients, es-
pecially males.

What are the indications for ICD therapy in LQTS? As stated in
the 2012 ACCF/AHA/HRS Guidelines for Device-based Therapy,
(Epstein et al., 2013) ICD implantation is recommended for se-
lected LQTS patients with recurrent syncope despite beta-blocker
therapy and may be considered when there is a strong family
history of SCD or when compliance or intolerance to drugs is a

—_
(1)
—
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FIGURE 3 Frequency of a first cardiac event by gender for (a) LQT1, (b) LQT2, (c) LQT3 patients

TABLE 2 Hazard ratios for factors associated with a first cardiac event (syncope, aborted cardiac arrest, or sudden cardiac death)

LQT1: Hazard ratio 95% confidence

LQT2: Hazard ratio 95% confidence

LQT3: Hazard ratio 95% confidence

Risk factor int. (p-value) int. (p-value) int. (p-value)
Proband vs. family 3.21 2.48 2.83
member 2.47-4.16 1.91-3.22 1.62-4.95
(b <.001) (p <.001) (b <.001)
QTc > 500 ms vs. 1.90 2.02 1.93
<500 ms 1.44-2.50 1.50-2.71 1.05-3.52
(p <.001) (p <.001) (p =.033)
Male <age 14 years 2.15 1.69 0.54
1.59-2.90 1.15-2.48 0.23-1.28
(b <.001) (p =.007) (p=.161)
Female zage 1.76 3.15 1.68
14 years 1.08-2.84 2.14-4.64 0.85-3.31
(p =.023) (p <.001) (p=.137)
Beta-blockersvs.no  0.49 0.48 0.63%
beta-blockers 0.31-0.76 0.31-0.74 0.30-1.32
(b =.002) (p =.001) (p=.219)

Hazard ratios were adjusted for decade of birth.

Number of cardiac events utilized in each genotype analysis: LQT1 = 303; LQT2 = 297; LQT3 = 69. Significant hazard ratios are highlighted in bold.
2LQT3 gender-specific effects were: females HR = 0.32, p = .078, males HR = 1.37, p = .611.
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concern (Chatrath, Porter, & Ackerman, 2002; Goel, Berger,
Pelech, & Dhala, 2004; Monnig et al., 2005; Zareba et al., 2003).
In the present study, ICDs were implanted in 10% of LQT1, 21% of
LQT2, and 26% of LQT3 patients. While these percentages seem
high, and there is a concern about ICD overutilization in LQTS pa-
tients with potentially high frequency of adverse events with ICD
therapy, (Schwartz et al., 2010) those at high risk for SCD should
nevertheless be protected by the ICD. Furthermore, sympathec-
tomy remains a therapeutic option for LQTS patients with refrac-
tory arrhythmia events.

This LQTS study has the inherent limitations of a registry da-
tabase with lack of randomization. Randomized studies in rare ge-
netic diseases are often not feasible. Since this is an observational
study, there might have been unmeasured confounders influencing
our study. However, we adjusted the models for major known risk
factors. Specific genetic mutations within each genotype were not
utilized for risk stratification or as the basis for therapy in this study
since the field continues to change rapidly with new LQTS mutations

being reported frequently with limited follow-up.

5 | CONCLUSIONS

In conclusion, we report from the Rochester-based U.S. LQTS
Registry a varying clinical course across the three major LQTS geno-
types, and present specific risk models applicable to LQT1, LQT2,
and LQT3 patients to predict major cardiac events including syn-
cope, aborted cardiac arrest, and sudden cardiac death. Our report
should help clinicians improve risk stratification of their LQTS pa-
tients and optimize treatment modalities that can improve outcome
in high-risk patients.
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