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ABSTRACT

BACKGROUND

Mutations in potassium-channel genes KCNQ1 (LQT1 locus) and KCNH2 (LQT2 locus)
and the sodium-channel gene SCN5A (LQT3 locus) are the most common causes of the
long-QT syndrome. We stratified risk according to the genotype, in conjunction with
other clinical variables such as sex and the length of the QT interval.

METHODS

We evaluated 647 patients (386 with a mutation at the LQT1 locus, 206 with a mutation
at the LQT2 locus, and 55 with a mutation at the LQT3 locus) from 193 consecutively
genotyped families with the long-QT syndrome. The cumulative probability of a first
cardiac event, defined as the occurrence of syncope, cardiac arrest, or sudden death be-
fore the age of 40 years and before the initiation of therapy, was determined according
to genotype, sex, and the QT interval corrected for heart rate (QTc). Within each geno-
type we also assessed risk in the four categories derived from the combination of sex
and QTc (<500 msec or >500 msec).

RESULTS

The incidence of a first cardiac event before the age of 40 years and before the initiation
of therapy was lower among patients with a mutation at the LQT1 locus (30 percent)
than among those with a mutation at the LQT2 locus (46 percent) or those with a mu-
tation at the LQT3 locus (42 percent) (P<0.001 by Fisher’s exact test). Multivariate anal-
ysis showed that the genetic locus and the QTc, but not sex, were independent predic-
tors of risk. The QTc was an independent predictor of risk among patients with a
mutation at the LQT1 locus and those with a mutation at the LQT2 locus but notamong
those with a mutation at the LQT3 locus, whereas sex was an independent predictor of
events only among those with a mutation at the LQT3 locus.

CONCLUSIONS
The locus of the causative mutation affects the clinical course of the long-QT syndrome
and modulates the effects of the QTc and sex on clinical manifestations. We propose an
approach to risk stratification based on these variables.
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HE ROMANO-WARD VARIANT OF THE

long-QT syndrome is a genetically trans-

mitted disorder characterized by prolonged
ventricular repolarization that predisposes carriers
to life-threatening arrhythmias.! Almost 40 years
after its initial description,23 the natural history of
the syndrome remains incompletely characterized
and approaches to risk stratification are not well de-
fined. These gaps in knowledge are largely due to
the fact that the long-QT syndrome is uncommon,
cardiac events may be separated by long periods
without symptoms, and the initial manifestation
may occur late in life. Five genes have been linked to
the long-QT syndrome,*> and studies of the geno-
type and phenotype have identified clinical profiles
that distinguish each genetic subgroup.°-1° Howev-
er, information on the occurrence of events in each
genetic subgroup is limited and thus insufficient for
risk stratification. Such information would be use-
ful in making decisions about treatment, particu-
larly for patients who are asymptomatic. The ob-
jectives of this study were to define the cumulative
probability of a first cardiac event (defined as syn-
cope, cardiac arrest, or sudden death) before ther-
apy (i.e., the natural history of the disease) and to
analyze the complex interplay among the genetic
locus, sex, and the duration of repolarization,
which determines the probability of cardiac events
in the long-QT syndrome. In addition, we examined
whether the available data might provide insights
into risk stratification.

METHODS

STUDY POPULATION

We report data from 193 consecutively genotyped
families with the long-QT syndrome owing to mu-
tations at the LQT1 locus of the KCNQ1 potassium-
channel gene in 104 families, the LQT2 locus of the
KCNH2 potassium-channel gene in 68 families, and
the LQT3 locus of the SCN5A sodium-channel gene
in 21 families. We examined a total of 647 patients,
of whom 580 were genotyped in our laboratories
and 67 died suddenly and unexpectedly before the
age of 40 years and were categorized as affected by
the long-QT syndrome.

Data on natural history were collected from the
overall population of 647 patients, and the cumu-
lative probability of cardiac events was calculated
from data from the 580 patients with an available
electrocardiogram. Cardiac events were defined
as syncope, cardiac arrest, and sudden death. All

probands and family members or their guardians
provided written informed consent for clinical and
genetic evaluation. Protocols were approved by the
institutional review board of the Fondazione Salva-
tore Maugeri.

CLINICAL PHENOTYPE

We either evaluated patients at our center or ex-
amined medical records (including electrocardio-
grams) submitted by referring physicians. The QT
interval corrected for heart rate (QTc) was measured
in lead IT (or lead I or 1T if it could not be measured
in lead I)8 from 12-lead electrocardiograms with
the use of Bazett’s formula. Quartiles of QTc were
determined in the overall population and in each
genetic subgroup. Clinical data were prospectively
collected at follow-up visits or by telephone contacts
and included demographic data, personal and fam-
ily history, symptoms, and therapy. Data were stored
in a computerized data base custom-made at the
Fondazione Salvatore Maugeri.

GENETIC ANALYSIS

Patients were consecutively genotyped at the mo-
lecular cardiology laboratories of the Maugeri Foun-
dation between June 1996 and December 2001 and
classified as carriers of a single mutation on KCNQ1,
KCNH2, or SCN5A. DNA was extracted from periph-
eral-blood lymphocytes according to standard pro-
cedures. Primer pairs for KCNQ1, KCNH2, and SCNSA
amplification were used.11:12 Single-strand confor-
mational polymorphism analysis, denaturing high-
performance liquid chromatography (Wave Trans-
genomics), or both were performed with amplified
genomic DNA. For samples with abnormal pat-
terns, both strands were sequenced with use of an
automated DNA analyzer (ABI Prism 310, ABI).
A panel of results from 400 healthy persons was
used as the control; a mutation was defined as a
DNA change that modified the encoded protein and
that was not present in any control.

STATISTICAL ANALYSIS

The clinical features and end points of the analysis
were assessed with the use of the SPSS software
(version 10.0): analysis of variance, paired and un-
paired t-tests, and cross-tabulations with Fisher’s
exact test were used as appropriate. The cumulative
probability of a first cardiac arrest or sudden death
before the age of 40 years and before therapy and
the cumulative probability of a first cardiac event
(syncope, cardiac arrest, or sudden death) before the
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age of 40 years and before therapy were determined
in the entire population and in each genetic sub-
group with the use of the life-table method of Kap-
lan and Meier, and the results were compared with
use of the log-rank test with Bonferroni’s correction
for multiplicity. Cox multivariate survivorship anal-
yses were performed to evaluate the statistical sig-
nificance and independence of predictors of a first
cardiac arrest or sudden death and of a first cardiac
eventalone.

RESULTS

The population under study included 647 patients
from 193 families with the long-QT syndrome: 386
with a mutation at the LQT1 locus, 206 with a muta-
tion at the LQT2 locus, and 55 with a mutation at
the LQT3 locus.

NATURAL HISTORY

Over a mean observation period of 28 years, 87 pa-
tients (13 percent) had cardiac arrest or died sud-
denly before the age of 40 years and before the ini-
tiation of any treatment related to the long-QT
syndrome (Table 1). The mean (+SD) observation
period was similar among the genetic subgroups
(29£20 years in the group with a mutation at the
LQT1 locus, 28+18 years in the group with a muta-
tion at the LQT2 locus, and 25+18 years in the
group with a mutation at the LQT3 locus). The cu-
mulative incidence of cardiac arrest or sudden death

was similar between the sexes: 14 percent among
women (53 0of 372) and 12 percent among men (34
of 275, P=0.56). The incidence of cardiac arrest or
sudden death was 20 percent among patients with
a mutation at the LQT2 locus (41 of 206), 16.4 per-
cent among patients with a mutation at the LQT3
locus (9 0f 55), and 10 percentamong patients with
a mutation at the LQT1 locus (37 of 386). Kaplan—
Meier analysis showed that the cumulative rate of
survival without cardiac arrest or sudden death dif-
fered among the subgroups (P=0.002 by the log-
rank test). Specifically, the cumulative survival rate
was lower among patients with a mutation at the
LQT2 locus than among those with a mutation at
the LQT1 locus (P<0.001 by the log-rank test), and
there was a trend toward a lower cumulative surviv-
al rate among those with a mutation at the LQT3
locus than among those with a mutation at the
LQT1 locus (P=0.07 by the log-rank test).

The same pattern was observed when the analy-
sis included all first cardiac events — syncope, car-
diac arrest, and sudden death — since there was no
significant sex-related difference, but there was a
significant difference related to the genetic locus
(P=0.002 by the log-rank test) in the overall pop-
ulation. Pairwise analysis showed a significantly
higher number of events among patients with a mu-
tation at the LQT2 locus than among those with a
mutation at the LQT1 locus (P<0.001 by the log-
rank test), and there was a trend toward more events
among patients with a mutation at the LQT3 locus
than among those with a mutation at the LQT1 lo-
cus (P=0.05 by the log-rank test) (Table 2).

Table 1. Incidence of a First Cardiac Arrest or Sudden Death before the Age The mean age at the time of the first cardiac
of 40 Years and before Therapy among Patients with the Long-QT Syndrome, event (before the age of 40 years) was not signifi-
According to the Genetic Locus of the Mutation. cantly different among the three subgroups: 1329
Patients with
Sudden Death
Locus and Sex All Patients or Cardiac Arrest Incidence Table 2. Incidence of a First Cardiac Event
number % fyr !)efort-f the Age of 40 Years and before Therapy
in Patients with the Long-QT Syndrome,

LQT1 According to the Genetic Locus of the Mutation.*

Female sex 217 20 0.28

Male sex 169 17 0.33 Locus  Total No. of Patients ~ No. with an Event (%)

Total 386 37 0.30
LQT2 LQT1 386 116 (30)

Female sex 125 30 0.82 LQT2 206 95 (46)

Male sex 81 11 0.46

Total 206 41 0.60 LQT3 55 23 (42)
LQT3 Total 647 234 (36)

Female sex 30 3 0.30

el g 2 6 D * Cardiac events include syncope, cardiac arrest, and sud-

Total 55 9 0.56

den death.
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years in the LQT1 subgroup, 18+10 years in the
LQT2 subgroup, and 1610 years in the LQT3 sub-
group. The age at the time of the first cardiac event
was younger in male patients than in female pa-
tients (13£9 vs. 20£14 years, P<0.001). Specifically,
itwas 119 years among male patients with a mu-
tation at the LQT1 locus and 1815 years among
female patients (P=0.006), 13£10 years among
male patients with a mutation at the LQT2 locus
and 22+12 years among female patients (P=0.003),
and 16+12 years among male patients with a muta-
tion at the LQT3 locus and 23+18 years among fe-
male patients (P=0.24).

RISK STRATIFICATION

We considered the association of genetic locus, sex,
and QTc with the risk of a first cardiac event before
the age of 40 years and before therapy in the 580
patients entered in the risk-stratification analysis:
355 patients with a mutation at the LQT1 locus, 176
with a mutation at the LQT?2 locus, and 49 with a
mutation at the LQT3 locus. Kaplan—Meier analysis
showed a differential cumulative event-free surviv-
al among the three genetic subgroups (P=0.007 by
the log-rank test) (Fig. 1). Kaplan—Meier analysis
showed that in the entire population, sex-related
differences were not statistically significant (P=0.06
by the log-rank test). When the analysis was repeat-
ed for each subgroup, sex had no influence among
patients with a mutation at the LQT1 locus (P=
0.18), whereas female patients with a mutation at
the LQT2 locus had a higher risk than male patients
(P=0.02 by the log-rank test), and there was a trend
toward a higher risk among male patients with a
mutation at the LQT3 locus than among female pa-
tients (P=0.048 by the log-rank test). This finding
supports the observation that the annual incidence
of a first cardiac arrest or sudden death was highest
among female patients with a mutation at the LQT2
locus (0.82 per year) and male patients with a mu-
tation at the LQT3 locus (0.96 per year) (Table 1).
Thus, the role of sex varies according to the genetic
locus.

When QTc was examined, significant differenc-
es were observed among the three subgroups. The
mean QTc was 46644 msec among patients with a
mutation at the LQT1 locus, 490+49 msec among
those with a mutation at the LQT2 locus, and 496+
49 msec among those with a mutation at the LQT3
locus (P<0.001 for the comparisons of the LQT1
group with the LQT2 group and the LQT1 group
with the LQT3 group, and P=0.22 for the compari-

Cumulative Cardiac-Event—free Survival (%)

30

207 P=0.007

104

0 T T T T T T T 1
0 10 20 30 40
Age (yr)

No. at Risk
LQT1 355 249 192 146 100
LQT2 176 130 187 57 34
LQT3 49 30 20 9 7

Figure 1. Kaplan—Meier Estimates of Survival Free of Cardiac Events
among the 580 Patients with the Long-QT Syndrome in the Risk-Stratification
Analysis, According to the Genetic Locus of the Mutation.

The difference among the groups was significant (P=0.007 by the log-rank test).

son of the LQT2 group with the LQT3 group). In
each subgroup the QTc of patients who had cardiac
events was significantly longer than that of asymp-
tomatic patients (488+47 msec vs. 459+40 msec in
the LQT1 group, P<0.001; 519+55 msec vs. 472+35
msec in the LQT2 group, P<0.001; and 52355 msec
vs. 481+38 msec in the LQT3 subgroup, P=0.003).
The percentage of genetically affected patients with
anormal QTc (silent mutation carriers) was signif-
icantly higher (P<0.001) in the LQT1 group (36 per-
cent) than in the LQT2 group (19 percent) or the
LQT3 group (10 percent).

When the cumulative event-free survival was an-
alyzed in the 580 patients in the risk-stratification
analysis according to the quartile of QTc, there was
a progressive decrease in survival at longer QTc val-
ues (Fig. 2). Since the QTc differed among the three
subgroups, we performed the analysis using both
quartiles of QTc derived from the entire population
under study and the quartiles in each subgroup (lo-
cus-specific quartiles). Both analyses demonstrat-
ed an increased probability of a first cardiac event
before the age of 40 years and before therapy among
patients with a QTc in the upper quartiles (P<0.001
by the log-rank test). Kaplan—Meier analysis showed
that the cumulative probability of a first cardiac
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Cumulative Cardiac-Event—free Survival (%)

No. at Risk
1st quartile
2nd quartile
3rd quartile
4th quartile

1st quartile
2nd quartile
—-
SN
3rd quartile
50 d
40+
307 ‘_\_|—|_\ § n
4th quartile
20 P<0.001
10
0 T T T T T T T 1
0 10 20 30 40
Age (yr)
148 112 96 76 45
150 104 80 62 45
140 103 78 49 33
142 92 45 28 18

Figure 2. Kaplan—Meier Estimates of Cumulative Survival Free of Cardiac
Events among the 580 Patients with the Long-QT Syndrome in the Risk-Strat-
ification Analysis, According to the Quartile of the QT Interval Corrected for
Heart Rate (QTc).
The four quartiles of QTc were as follows: first, 446 msec or less; second, 447
to 468 msec; third, 469 to 498 msec; and fourth, more than 498 msec. The dif-
ference among the quartiles was significant (P<0.001).
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eventwas higher among patients with a longer QTc
in the LQT1 group and the LQT2 group (P<0.001
for both comparisons), but notamong those in the
LQT3 group (P=0.23).

To assess the significance and independence of
the predictors of the occurrence of a first cardiac
event before the age of 40 years and before therapy,
we entered the genetic locus, sex, and QTc in a Cox
regression model. The analysis showed that both
QTc (P<0.001) and genetic locus (P=0.005), but not
sex, were independent predictors of a first cardiac
event.

Patients with a mutation at the LQT1 locus were
at the lowest risk for a first cardiac event before the
age of 40 years and before therapy; thus, a substan-
tial proportion of such patients remain asympto-
matic. As compared with patients with a mutation
at the LQT1 locus, patients with a mutation at the
LQT2 locus had a relative risk of a first cardiac event
0f 1.61 (95 percent confidence interval, 1.16 to 2.25)
and those with a mutation at the LQT3 locus had a
relative risk 0f 1.80 (95 percent confidence interval,
1.07 to 3.04). Among patients with a mutation at
the LQT1 locus and patients with a mutation at the

N ENGL J MED 348;19 WWW.NEJM.ORG

LQT2 locus, those with a QTc in the third quartile
(469 to 498 msec) had a risk of cardiac events that
was increased by a factor of 5.34 (95 percent confi-
dence interval, 2.82 to 10.13) and those with a QTc
in the highest quartile (more than 498 msec) had a
risk that was increased by a factor of 8.36 (95 per-
cent confidence interval, 2.53 to 27.21), as com-
pared with those with a QTc in the lowest quartile
(446 msec or less; these patients were silent mu-
tation carriers). By contrast, among patients with
a mutation at the LQT3 locus, the QTc did not dif-
ferentiate risk between the first and fourth quartiles,
whereas male sex was associated with a significant-
ly greater risk of such events than was female sex
(relative risk, 2.76; 95 percent confidence interval,
1.01to 7.51).

For a more detailed characterization of risk ac-
cording to genotype among patients with the long-
QT syndrome, we created 12 categories includ-
ing, for each genetic locus, the four combinations
of sex (male and female) and QTc (less than 500
msec and 500 msec or more). The cumulative rate
of survival free of a first cardiac event before the age
of 40 years and before therapy differed significantly
among these categories, thus making possible the
identification of a differential risk (Fig. 3). A QTc
of 500 msec or more, present in 24 percent of this
patient population, had the single most important
role in predicting events; however, this factor was
modulated by sex and genetic locus. Among pa-
tients with a mutation at the LQT1 locus and a QTc
of 500 msec or more, the risk of a first event was
not affected by increasing age among female pa-
tients, whereas for male patients the risk was ex-
tremely high during the first 10 years of life, when
symptoms developed in 70 percent, but subsequent-
ly declined. Among patients with a mutation at the
LQT2 locus, female sex carried an especially high
risk, since even female patients with a QTc of less
than 500 msec had a probability of becoming symp-
tomatic that was four times as high as that of male
patients with a similar QTc. Among patients with a
mutation at the LQT3 locus, male patients became
symptomatic much earlier than female patients
even when their QTc was below 500 msec (however,
caution is required in drawing conclusions from this
group given its relatively small size). Ranking the
cumulative probability of a first cardiac event before
the age of 40 years and before therapy yielded a
risk-stratification scheme that may guide therapeu-
tic strategies in patients with the long-QT syndrome
whose genotypes had been determined (Fig. 4).
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Figure 3. Kaplan—Meier Estimates of Cumulative Survival Free of Cardiac Events
among the 580 Patients with the Long-QT Syndrome in the Risk-Stratification
Analysis, According to Sex and the QT Interval Corrected for Heart Rate (QTc),
in the Group with a Mutation at the LQT1 Locus (Panel A), the Group with a
Mutation at the LQT2 Locus (Panel B), and the Group with a Mutation at the
LQT3 Locus (Panel C).

P values were calculated with use of the log-rank test.

DISCUSSION

This study provides two main insights relevant for
the management of the long-QT syndrome. By in-
vestigating our large data base of unselected, con-
secutively genotyped patients and by analyzing the
incidence of cardiac events before the initiation of
therapy, we were able to characterize the natural his-
tory of the syndrome according to the genetic locus.
By using two clinical features (sex and QTc) in addi-
tion to the genetic locus, we developed a tool for
gene-specific risk stratification with possible impli-
cations for disease management.

The efforts of the International Registry for
Long QT Syndrome?3 have proved the most suc-
cessful to date in defining the natural history of
the syndrome and identifying risk factors. In 1985,
Moss et al. suggested an association between phe-
notypic and demographic features (congenital deaf-
ness, female sex, and a history of syncope or ven-
tricular tachyarrhythmias) and cardiac events by
analyzing data from 196 patients, of whom only
25 percent had a history of syncope.1# In 1991,
Moss et al. used records from 328 families of un-
known genotype to demonstrate the link between
QTc and the risk of cardiac events.15 Zareba et al.
subsequently examined the influence of genotype
on the clinical course of the long-QT syndrome and
found that the risk of cardiac events was higher
among patients with a mutation at the LQT1 locus
and those with a mutation at the LQT2 locus than
among those with a mutation at the LQT3 locus,
whereas the percentage of lethal cardiac events was
highest among patients with a mutation at the LQT3
locus.8 However, this study was potentially biased,
since it included only 38 families (selected because
they were large enough to permit linkage analysis).
We have further analyzed risk in patients with the
long-QT syndrome by studying a large number of
patients of known genotype from consecutive and
unselected families.

The high potential of the long-QT syndrome to
cause lethal events is demonstrated by the 13 per-
cent incidence of cardiac arrest or sudden death
among untreated patients. At variance with earlier
observations,® we found that the incidence of life-
threatening events was lowest among patients with
amutation at the LQT1 locus. Sex affected the prob-
ability of a first cardiac event: the risk of becoming
symptomatic before the age of 40 years and before
therapy was higher among female than male pa-
tients with a mutation at the LQT2 locus and among
male than female patients with a mutation at the
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High Risk
(=50%)

Male sex, LQT3

Intermediate Risk
(30-49%)

QTc<500 msec
Female sex, LQT2
Female sex, LQT3
Male sex, LQT3

QTc=500 msec
Female sex, LQT3

Low Risk QTc<500 msec
(<30%) Male sex, LQT2
LQTL

Genotype and Sex.

Figure 4. Proposed Scheme for Risk Stratification among Patients with the Long-QT Syndrome According to

The risk groups have been defined on the basis of the probability of a first cardiac event (syncope, cardiac arrest, or sudden
death) before the age of 40 years and before therapy. A probability of 50 percent or higher defines the high-risk group, a risk
of 30 to 49 percent the intermediate-risk group, and a risk below 30 percent the low-risk group.

LQT3 locus, whereas there was no significant dif-
ference between the sexes among patients with a
mutation at the LQT1 locus. Interestingly, cardiac
events occurred earlier in male patients with a mu-
tation at the LQT1 locus or with a mutation at the
LQT2 locus than in female patients, whereas we
found no sex-based difference in the age at onset of
symptoms among patients with a mutation at the
LQT3 locus. However, caution is required in inter-
preting data in the LQT3 subgroup because of its
small size.

We found that the QT interval is influenced by
the genetic locus and correlates significantly
with the likelihood of cardiac events. The robust-
ness of the latter finding relied on the use of QTc
quartiles derived from both the entire population
and the specific genetic variants. The prevalence
of silent mutation carriers (carriers with a normal
QTc) varied according to the genetic locus and was
the highest among patients with a mutation at the
LQT1 locus (36 percent). Therefore, it could be haz-
ardous to assume that a member of a family with a

mutation at the LQT1 locus who has a normal QTc
is not affected.12 By contrast, this risk is small in a
member of a family with a mutation at the LQT3
locus, since only few carriers (10 percent) in this
group have a normal QTc.

We developed a risk-stratification model in or-
der to quantify, for each genetic variant, the risk of
symptoms before the age of 40 years and before
therapy on the basis of two simple clinical charac-
teristics: sex and QTc. Analysis of QTc revealed that
only the highest quartile (QTc more than 498 msec)
was associated with a markedly increased proba-
bility of cardiac events. Therefore, we used 500 msec
as the cutoff point for categorical risk stratification.
To quantify the probability of a first cardiac event
before the age of 40 years, we categorized patients
according to the genetic locus, and within each
genetic variant, we identified four groups: male
patients with a QTc of less than 500 msec, female
patients with a QTc of less than 500 msec, male pa-
tients with a QTc of 500 msec or more, and female
patients with a QTc of 500 msec or more.
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The risk of events among patients with a muta-
tion at the LQT1 locus was strongly dependent on
the duration of QTc: male patients with a QTc of
500 msec or more were at high risk for a first cardi-
ac event during childhood, whereas the risk of a first
eventamong female patients with a mutation at the
LQT1 locus who had a QTc of 500 msec or more
was unchanged over time. Patients of either sex with
amutation at the LQT1 locus who had a QTc of less
than 500 msec had a risk of a first cardiac event be-
fore the age of 40 years of less than 30 percent. Fe-
male patients with a mutation at the LQT2 locus had
amore severe prognosis irrespective of the duration
of the QTc, whereas in patients with a mutation at
the LQT3 locus, the prognosis was mainly influ-
enced by sex: male patients had a higher probability
of becoming symptomatic by the age of 40 years
than did female patients.

Our data make possible a revision of previous
recommendations for risk stratification® and the
management of asymptomatic long-QT syndrome
whenever information on genotype is available. Al-
though an assessment of the efficacy of prophylac-
tic therapy with beta-blockers'? is clearly beyond
the scope of our present study, it is reasonable to
assume, on the basis of our findings, that prophy-
lactic treatment is warranted in male and female pa-
tients with a mutation at the LQT1 locus who have a
QTc of 500 msec or more, male patients with a mu-
tation at the LQT2 locus who have a QTc of 500
msec or more, all female patients with a mutation
at the LQT?2 locus irrespective of the QTc, and all
patients with a mutation at the LQT3 locus. By con-
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