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The long QT syndrome family of cardiac ion 
channelopathies: A HuGE review* 
Stephen M. Modell, MD, MS1, and Michael H. Lehmann, MD2 

Long QT syndrome (LQTS) refers to a group of “channelopathies”– disorders that affect cardiac ion channels. The 

“family” concept of syndromes has been applied to the multiple LQTS genotypes, LQT1-8, which exhibit converging 

mechanisms leading to QT prolongation and slowed ventricular repolarization. The 470� allelic mutations induce 

loss-of-function in the passage of mainly K� ions, and gain-of-function in the passage of Na� ions through their 

respective ion channels. Resultant early after depolarizations can lead to a polymorphic form of ventricular 

tachycardia known as torsade de pointes, resulting in syncope, sudden cardiac death, or near-death (i.e., cardiac 

arrest aborted either spontaneously or with external defibrillation). LQTS may be either congenital or acquired. The 

genetic epidemiology of both forms can vary with subpopulation depending on the allele, but as a whole, LQTS 

appears in every corner of the globe. Many polymorphisms, such as HERG P448R and A915V in Asians, and SCN5A 

S1102Y in African Americans, show racial-ethnic specificity. At least nine genetic polymorphisms may enhance 

susceptibility to drug-induced arrhythmia (an “acquired” form of LQTS). Studies have generally demonstrated 

greater QT prolongation and more severe outcomes among adult females. Gene-gene interactions, e.g., between 

SCN5A Q1077del mutations and the SCN5A H558B polymorphism, have been shown to seriously reduce ion 

channel current. While phenotypic ascertainment remains a mainstay in the clinical setting, SSCP and DHPLC-aided 

DNA sequencing are a standard part of mutational investigation, and direct sequencing on a limited basis is now 

commercially available for patient diagnosis. Genet Med 2006:8(3):143–155. 
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GENES AND CORRESPONDING ELECTROPHYSIOLOGY 

The congenital (also called “idiopathic”) form of long QT 
syndrome (LQTS) is mainly caused by mutations in genes that 
code for protein subunits of cardiac ion channels. As of May, 
2005, eight major genotypes, LQT1-8, 471 different mutations, 
and 124 polymorphisms were described in the European Soci
ety of Cardiology Working Group on Arrhythmias (WGA) 
LQTS gene database http://pc4.fsm.it:81/cardmoc/main.htm. 
Among the various LQTS genotypes, the most common fea
ture predisposing to arrhythmia is prolongation of the ventric
ular action potential duration during cardiac repolarization, 
measured as the QT interval on the electrocardiogram (Fig. 1), 
1 which can lead to early after-depolarizations and life-threat-
ening torsade de pointes (TdP)(Fig. 2).2 This converging 
mechanism has led some to ascribe the “family” concept to the 
various LQTS genotypes,3 though considerable heterogeneity ex-
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ists. Table 1 depicts the range of genes composing the idiopathic 
“long QT syndromes” and their corresponding 
electrophysiology.4–6  

Cellular electrophysiology 

The ventricular action potential proceeds through five 
phases (cardiac action potential; Fig. 3).3 The initial upstroke 
(phase 0 — depolarization) occurs through the opening and 
closing of Na� channels. The repolarization process begins 
with the rapid transient outflow of K� ions (phase 1—Ito cur
rent). This is followed by the flow of outward current through 
two delayed rectifier K� channels (IKs, IKr) and of inward cur
rent through Ca2� channels, constituting phase 2 or the pla
teau phase of repolarization. Increasing conductance of the 
rapid delayed rectifier (IKr) and inward rectifier (IK1) currents 
completes repolarization (phase 3). Phase 4 represents a return 
of the action potential to baseline. 

Specific LQTS genotypes 

The LQT1 gene (also known as KCNQ1 and KvLQT1) spans 
400 kb and encodes voltage-gated potassium channel alpha 
subunits. A tetramer of 4 KCNQ1 alpha subunits co-assembles 
with the minK gene product (beta regulatory subunit) to form 
the IKs slowly deactivating delayed rectifier potassium channel.4 

At least 179 KCNQ1, mostly missense, mutations have been 
reported in the WGA database. For potassium channel muta
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Fig. 1. Measurement of the QT interval from the electrocardiogram (ECG). Diagram de
picts the normal ECG with P-wave representing atrial activation, QRS complex representing 
ventricular activation and the start of ventricular contraction, and T-wave representing ven
tricular repolarization. The QT interval is defined as the distance from the beginning of the 
Q-wave to the end of the T-wave. Owing to heart rate sensitivity of the QT interval, this 
parameter is corrected (normalized) to heart rate (as reflected by the beat-to-beat “RR” inter
val), yielding the “QTc.” QT and QTc can both be expressed in msec or sec. Adapted from Liu 
BA, Juurlink DN. N Engl J Med 2004,1 with premission of the Massachusetts Medical Society. 
©2004. All rights reserved. 

Fig. 2. Arrhythmia onset in long QT syndrome. Three simultaneous (and distinct) 
ECG channel recordings in a patient with QT prolongation and runs of continuously 
varying polymorphic ventricular tachycardia (torsade de pointes [TdP]). TdP may resolve 
spontaneously or progress to ventricular fibrillation and cardiac arrest. Reproduced from 
Chiang C, Roden DM. J Am Coll Cardiol 2000,2 with permission of the American College 
of Cardiology Foundation. ©2000. All rights reserved. 

tions in general, mixed alpha subunit tetramers (wild-type plus 
mutated units) exhibit abnormal protein function, producing 
a dominant-negative effect on ion channel current. The net 
effect of LQT1 mutations is a decreased outward K� current 
during the plateau phase of the cardiac action potential, i.e., a 
loss-of-function of the ion channel. The channel remains open 
longer, ventricular repolarization is delayed, and the QT inter
val is lengthened. 

The gene for LQT2 (also known as the KCNH2 and human 
ether-a-go-go–related or HERG gene) spans 55 kb and also 
encodes potassium channel alpha subunits. Tetramers of these 
subunits form the IKr rapidly activating, rapidly deactivating 
delayed rectifier potassium channel, which associates with the 
minK-related peptide 1 (MiRP1) gene product.4 At least 198 
distinct HERG mutations have been identified. The majority of 
HERG pore region defects are missense mutations, while non
pore defects demonstrate a variety of missense, nonsense, and 
frameshift mutations. Mutations can result in either structural 
ion channel defects having dominant-negative effects or intra

cellular “trafficking” abnormalities causing a reduction in the 
number of functional ion channels, both leading to loss-of-
function. In terms of electrophysiology, HERG mutations 
cause potassium ion channels to deactivate (close) much faster, 
blunting the normal rise in current (IKr) that results from rapid 
recovery from channel inactivation/slow deactivation. The IKr 

current during the plateau phase is reduced and ventricular repo
larization delayed, leading to QT interval prolongation. 

The LQT3 gene, SCN5A, spans 80 kb. At least 56 LQTS 
SCN5A mutations have been identified. The SCN5A alpha 
subunit, comprised of four sequential domains that fold end-
to-end into a torus-like shape, can form a fully functional 
channel; beta subunits have a modifying influence. LQT3 mu
tations lead to the reopening of sodium channels (i.e., gain-of-
function), thereby enhancing the inward plateau current and 
prolonging repolarization. 

The gene responsible for LQT4, 220 kb in length, encodes 
the ankyrin-B (ANKB or ANK2) “adaptor” protein. The 5 re
ported AnkB mutations interfere with anchoring of Na, K-
ATPase and the Na/Ca exchanger, resulting in Na� build-up 
and a compensatory increase in intracellular Ca2� stores. 
Though fatal arrhythmias can occur, QTc (the heart-rate cor
rected QT interval1) is inconsistently prolonged. 

The relatively small minK gene, mutations in which cause 
LQT5, is 40 kb in length. The encoded KCNE1 protein con
tains a single transmembrane spanning domain with small in-
tra- and extracellular components. The product of the minK 
gene forms the beta subunit of the LQT1 assembly regulating 
the IKs potassium channel current. 

The LQT6 gene encoding MiRP1, or minK-related protein 
1, is located 70 kb from minK on the same chromosome. The 
two genes bear many similarities, suggesting a common evolu
tionary origin, possibly from a duplication event. The MiRP1 
gene product KCNE2 coassembles as the beta subunit with 
HERG alpha subunits to regulate IKr potassium currents. 

The LQT7 genotype has been mapped to the inward rectifying 
potassium channel gene KCNJ2 on chromosome 17. KCNJ2 en
codes the potassium channel protein Kir2.1. Kir2.1 plays an 
important role in the generation of inward repolarizing (IK1) 
currents during the terminal stages (phase 3) of the cardiac 
action potential. Patients generally exhibit relatively modest 
QTc prolongation, rarely degenerating into TdP and its sequel
lae, though more malignant, life-threatening mutations 
(R67W and C101R) have been observed. 

The most recent addition, LQT8, has been mapped to the cal
cium channel gene CACNA1C on chromosome 12. CACNA1C 
mutations cause nearly complete loss of voltage-dependent 
L-type Cav1.2 channel inactivation, affecting the inward (depolar
izing) Ca2� current during the plateau phase (phase 2). Marked 
QT interval prolongation (as high as 730 milliseconds) and fatal 
arrhythmias (often in the first three years) are characteristic. All 
individuals tested so far have had de novo mutations. 

LQT1, 3, and 4 genes have also been implicated as possible 
quantitative trait loci in non-LQTS study participants. Heritabil
ity estimates of genetic factors explaining QT interval variation in 
the freestanding population range between 25 and 60%. 
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Fig. 3. Ionic currents/LQT gene products and the ventricular action potential. Vertical 
axis represents voltage; horizontal axis represents time. The initial upstroke (phase 0), 
rapid depolarization, occurs through the rapid inflow of sodium (INa). The peak, rapid 
repolarization (phase 1), is mediated by a transient outward potassium current, Ito. The 
plateau (phase 2) reflects a balance between inward sodium and L-type calcium currents 
(ICa,L), and outward potassium (IKs, IKr) and chloride currents (not shown). Increasing 
conductance of rapid potassium current (IKr) completes repolarization (phase 3) together 
with contributions from the slow potassium current (IKs) and inward rectifying current 
(IK1). The cell then returns to its baseline resting potential (phase 4) until the next up
stroke. The LQT gene products depicted in parentheses encode most of the ion channel 
proteins mediating these currents. Modified from Roden DM, Spooner PM. J Cardiovasc 
Electrophysiol 1999,3 with permission of Blackwell. 

GENE VARIANTS 
Patterns in LQTS mutations 

We conducted a MedSearch of the LQTS literature from 
major regions of each continent for the period 1975–2004 and 
reviewed the mutation and polymorphism-related citations on 
the WGA and international Human Genome Organization 
(HUGO) web sites (tables and references can be viewed at 
www.geneticsinmedicine.org). We excluded mutations not ref
erenced in the last nine years, having incomplete tabular data, or 
representing nonfunctional intronic variants. The expanse of hu
man subject-related articles demonstrates the presence of LQTS 
in virtually every corner of the globe. 

Mutational site may affect severity of the LQTS phenotype. 
International Long QT Syndrome Registry patients and kin 
with LQT2 pore mutations appear to be at a higher risk for 
cardiac events than individuals with non-pore mutations. 
Though some studies have failed to demonstrate a consistent 
difference in phenotypic severity between pore versus non
pore mutational sites in LQT1, a five-center, 95 patient study 
in Japan indicated QTc may be prolonged to a greater extent in 
pore versus pre-pore mutations.7 A mutational screening sur
vey in the U.S. of 541 unrelated, consecutive LQTS patients 
performed by Tester et al. failed to corroborate the above 
LQT1 and 2 relationships.8 Additional research is needed to 
resolve the disparate findings. 

Cases and families bearing the same mutation may be sepa
rated by considerable distance, e.g., the HERG A614V missense 
mutation detected in Japanese families and multiple unrelated 
families of European descent and the HERG S818L missense 
mutation detected in unrelated families from Belgium and Ire
land. In many instances these recurrent genetic events are con
sidered sporadic. However, alternative explanations exist. 
Tranebjaerg et al., in identifying a JLNS R518X mutation on 
two different haplotypes in Norwegian families of Swedish and 

Scottish ancestry, considered it reflective of either recurrent 
mutational events or founder effects.9 Four alleles studied in 
the Finnish population—KCNQ1 G589D and IVS7-2A-�G 
(KCNQ1-FinA and B, respectively), and HERG L552S and 
R176W (HERG-FinA and B, respectively)—represent founder 
mutations enriched by geographic isolation.10,11 

Authors have also reported detecting mutational hotspots, 
coding regions especially prone to harboring various muta
tions: KCNQ1 A246V (initially labeled A212V; reported in 
USA and South Africa), A341E and A341V (reported in USA 
and France), A344A (France), G589D (Scandinavia); HERG 
A561V (Italy), SCN5A E1784K (USA), 1795insD (the Nether
lands); and CACNA1C G406R (USA). Accidental deamination 
of CpG dinucleotides at the affected sites may be involved. 
Some mutations may represent the movement of families with 
common ancestry. 

Regions that are conserved throughout species and that code 
for an amino acid whose alteration has a severe functional con
sequence tend to display lower mutational frequencies.10 Con
versely, allelic changes which escape strongly dominant-nega-
tive effects to yield partially functional ion channels, such as the 
Finnish KCNQ1 G589D mutation,10 the HERG A490T mis
sense mutation reported in Japan,12 and the KCNE1 V109I 
mutation described by Schulze-Bahr in Germany,13 can persist 
in families and in populations despite triggering arrhythmias 
under relatively limited circumstances. 

Genotype frequencies 

Table 2 (Refs. 8, 14, 15) lists frequencies for the five most 
prevalent LQTS genotypes based on pooled patient data and 
the WGA database. Population-based figures derive from clin
ics in North America (e.g., Mayo Clinic) and Europe, with 
patient groups not limited to a particular gender or racial
ethnic group. Proportions of patients bearing abnormal alleles, 
from studies in the U.S. (272 LQTS positive patients) and the 
Netherlands plus Belgium (31 LQTS positive), are: 88.2% 
(95% C.I.: 85.9; 90.4%) heterozygous; 8.6% (4.5; 12.7%) com
pound heterozygous; and 3.2% (0; 9.6%) homozygous.8,16 The 
LQTS literature has only scattered references to homozygosity 
rates for specific mutations and polymorphisms, though het
erozygous rates for LQTS polymorphisms are widely reported. 

Patterns in LQTS gene polymorphisms 

Rates for polymorphisms may appear either as population 
allele (allelic total denominator) or heterozygote (combinato
rial denominator) frequencies. Laitinen reports a heterozygous 
frequency of 0.25 and an allele frequency of 0.16 for the HERG 
K897T polymorphism in the Finnish population.17 The aver
age allele frequency for the 20 LQT1-3 polymorphisms sum
marized by Iwasa in Japan was 0.14 (range: 0.005 to 0.46).18 

Alterations in LQTS protein products associated with ge
netic polymorphisms generally exhibit weak suppressive ef
fects in the case of outward potassium currents. For example, 
the KCNQ1 G643S amino acid polymorphism found in the 
Japanese population leads to a 30% reduction in IKs current 
without much alteration in kinetic properties.19 Reductions in 
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IKr current with the HERG K897T polymorphism are on the 
order of 10 –30%, leading to only subtle increments in action 
potential duration.20 Oftentimes additional factors are re
quired for manifestation of symptoms. 

Like many LQTS mutations, numerous polymorphisms 
have been identified in vastly separate ancestral and geographic 
populations. Allele frequencies in some instances may be sta
tistically similar and bear further explanation, as in the SCN5A 
D1819D polymorphism shared by the Japanese and Han Chi
nese (0.46 vs. 0.41, P � 0.5).18,21 Many of the polymorphisms 
reiterated throughout studies exist broadly in their host popu
lations. The HERG K897T and KCNE1 G38S polymorphisms 
exist in heterozygous form in more than 7% of each of the four 
major U.S. racial-ethnic groups (Caucasian, African-Ameri-
can, Latino, and Asian-American), and have been studied 
internationally.17,22 

Particular groups may also display higher frequencies of certain 
allelic variants. For example, the KCNQ1 variant P448R has been 
identified in 22 to 28% of subjects in Japan, but in only 3% of 
African American subjects in the U.S., and not in the other two 
racial-ethnic groups.22,23 Splawski et al. noted the SCN5A S1102Y 
(alternatively known as S1103Y24) polymorphism, which appears 
to be associated with drug-related QT prolongation, in 13.2% of 
healthy African American cardiovascular study controls. It was 
also detected in 19.2% of West African and Caribbean controls.25 

Systematic racial-ethnic studies have been conducted. 
Ackerman et al., in looking at genetic repository samples 
from 744 healthy individuals representing the four major 
U.S. racial-ethnic groups, discovered that 86% of the car
diac potassium channel genetic variants were ethnicity spe
cific. For example, the KCNQ1 G643S polymorphism was 
identified at higher rates in African-American and Asian 
participants (heterozygous frequencies of 5.9% and 6.0%, 
respectively) than in Caucasians and Latinos (0% and 1.1%). 
The heterozygous frequency for HERG P448R was appreciably 
higher in Asian-Americans (16.4%) than the other groups 
(next highest: African-Americans– 0.3%). HERG A915V was 
identified only in Asian participants (4.5%). Six of the potas
sium channel allelic variants that were identified with higher 
frequency in specific racial-ethnic categories—KCNE1 V109I 
and KCNE2 Q9E in African-Americans; HERG N33T, R176W, 
P347S, and P917L in Caucasians—are reported in the litera
ture as potentially pathogenic.22 In follow-up studies of so
dium channel variants in 829 healthy individuals, 3 of the vari
ants identified that show similar specificities–SCN5A S1102Y 
in African-Americans; R1193Q in the Japanese; and V1951L in 
Latinos–are also reported as potentially pathogenic.24 Other 
than the U.S. study by Splawski et al.,25 comparable data in the 
general LQTS literature on individuals of original African de
scent is lacking. 

DISEASE 
Trends in disease severity 

The public health importance of LQTS is highlighted by the 
fact that it can result in sudden death, causing as many as 3,000 

unexpected deaths in children and young adults annually in 
the U.S.4 In the absence of treatment, 6 to 13% of affected 
individuals succumb to cardiac arrest or sudden cardiac death 
(SCD) before the age of 40 years.15 Demographic characteris
tics among patient groups, such as sex, age at first event, and 
mean age first seen in clinic for the event, tend to vary by 
genotype (Table 2).14,15,26 The frequency of cardiac events 
(syncope, aborted cardiac arrest and sudden death) tends to be 
higher in individuals with LQT2 mutations than in those with 
LQT1 or LQT3 mutations. However, a higher percentage of 
lethal events by age 40 is associated with the LQT3 genotype.26 

Inheritance patterns and complexity of disease presentation 

Inherited LQTS manifests in two different forms. The more 
common familial form, referred to as the Romano-Ward syn
drome (RWS), displays the cardiac electrophysiologic abnor
malities of LQTS and normal hearing. It is inherited in auto
somal dominant fashion. The exact prevalence is unknown, 
but is frequently approximated at 1 gene carrier in 7,000 per
sons in the general U.S. population.4 A critical single gene mu
tation in any one of the various LQTS genotypes (particularly 
LQT1-3) can lead to RWS. 

The second familial form, Jervell and Lange-Nielsen syn
drome (JLNS), is associated with homozygous KCNQ1 and 
KCNE1 mutations. JLNS is characterized by marked QT pro
longation with a high incidence of sudden death and bilateral 
sensori-neural deafness. The latter is a consequence of devel
opmental abnormalities in the endolymph-producing stria 
vascularis of the cochlea, resulting in potassium level distur
bances in the inner ear fluid. Prognosis is generally worse than 
with RWS due to the presence of two copies of the same allele.4 

The cardiac component is inherited in autosomal dominant 
fashion, but low penetrance (25% in one three-generation 
study) in parents of probands may mimic autosomal recessive 
transmission.27 The characteristic of deafness is inherited as an 
autosomal recessive trait. JLNS is fairly rare in the general pop
ulation; one study estimated the prevalence in children aged 4 
to 19 years in England, Wales and Ireland to be 1.6 to 6 per 
million.9 Prevalance of JLNS in the congenitally deaf ranges 
from 0.57% to 6.5% in the international LQTS literature. 

A number of mutations leading to JLNS–572-576del and 
R518X in KCNQ1, and D76N in KCNE1– have received wide
spread attention. Tyson et al. note that frameshift/truncating 
mutations affecting the C-terminal domain of KCNQ1 repre
sent a large number of JLNS mutations, in contrast to the more 
prevalent missense mutations of RWS, spread throughout a 
variety of domains.28 Double mutants (homozygotes) of LQT2 
and 3, yielding ion channel knock-outs, exhibit a more severe 
phenotype than their single gene counterparts, and can result 
in intrauterine and neonatal complications. 

The effect of a given mutation can be potentiated when ex
isting in combination with a second mutation in a separate 
LQTS locus (e.g., the mild SCN5A A572D mutation coexisting 
with a more serious KCNQ1 V254M mutation).29 Compound 
heterozygous phenotypes lie midway, in terms of degree of QT 
prolongation, and frequency and severity of cardiac events, 
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between those of RWS (1 functional mutation), and homozy
gous mutations. 

As with JLNS patients, LQT 7 and 8 patients exhibit extra
cardiac abnormalities. The triad of manifestations stemming 
from KCNJ2 mutations (LQT7) includes ventricular arrhyth
mias, periodic paralysis, and skeletal developmental abnor
malities (Andersen syndrome; AS). Penetrance is variable. 
LQT8 is more strikingly multi-systemic, leading to congenital 
heart disease, syndactyly (depending on the mutation), im
mune deficiency, intermittent hypoglycemia, developmental 
delay, and autism (Timothy syndrome; TS). 

DISEASE ASSOCIATIONS 
Brugada syndrome, progressive cardiac conduction defect disease 
(PCCD), and sudden infant death syndrome (SIDS): 
Other SCN5A-related disorders 

For the disease associations search, we used the results of the 
gene database searches together with more focused searches. 
Several SCN5A review articles were also quite useful.30,31 

Brugada syndrome is characterized by ST-segment elevation 
in the right precordial leads (V1 to V3) and, in some patients, 
right bundle-branch block, with propensity for ventricular fi
brillation and sudden death, often nocturnally.32 The inci
dence varies between 5 and 66 persons per 10,000 in well
studied Asian areas, but is thought to be much less in the 
United States and Europe. In Southeast Asia, where it is en
demic (and believed to be a cause of sudden unexplained noc
turnal death syndrome (SUNDS)), the disorder shows a male 
predominance (8:1 male:female ratio) and an average onset of 
40 years (range 2 days to 84 years globally). 

Brugada syndrome is distinguished by its electrocardio
graphic (ECG) profile and for identified mutations, quickly 
inactivating sodium channel current, contrasting with the per
sistent noninactivating sodium channel currents of LQT3. 
SCN5A article reviews list 67 Brugada syndrome mutations 
overall, of which 49 are distinct to Brugada syndrome alone, 
the remaining being shared with other SCN5A syndromes.30 

Four SCN5A mutations – D1114N,14 delK1500,31 E1784K,14,31 

and 1795insD14– exhibit electrophysiologic profiles of both 
Brugada syndrome and LQTS. A 2002 series by Priori et al. 
detected SCN5A mutations in only 28/130 (22%) of Brugada 
syndrome probands, however, suggesting further genetic 
heterogeneity.31 

PCCD, also called Lenegre-Lev’s disease, is one of the most 
common cardiac conduction disturbances, which cause dis
ability in millions of people worldwide, often lead to pace
maker implants, and can be fatal. PCCD is characterized by 
progressive, age-related slowing of cardiac conduction through 
the His-Purkinje system, right or left bundle branch block, and 
prolongation of the PR rather than the QT interval. Investiga
tors have sequenced SCN5A mutations displaying PCCD in 
combination with LQT3 (delK1500), Brugada syndrome 
(S1710L, G1406R), atrioventricular block (G298S and 
D1595N), sick sinus syndrome (G1408R), and even dilated 
cardiomyopathy (D1275N). Proximal changes in base charac-

Long QT syndrome HuGE review 

ter or position can be critical, as a change in one base pair can 
result either in LQT3 (Y1795C mutation) or Brugada syn
drome (Y1795H),31 and a minute positional difference in the 
same base substitution can lead to either PCCD and Brugada 
syndrome (G1406R) or PCCD and sick sinus syndrome 
(G1408R).33 This subtle mutability illustrates the complexity 
and relatedness of the various SCN5A-related syndromes. 

SIDS, sudden unexpected infant death below 1 year of age, is 
a multifactorial phenomenon with numerous putative causes, 
including LQTS. The incidence of SIDS is 1.6 per 1,000 live 
births in the United States, and 0.7 per 1,000 in Italy. Several 
studies have documented significant differences in mortality 
rate between newborns with and without a relatively pro
longed QT interval. In one large Italian study (N � 33,000), 
50% of the infants who died of SIDS had a QTc � 440 milli
seconds, which increased the risk of SIDS by a factor of 41.3 
(95% C.I.: 17.3–98.4).34 

LQTS-specific mutations in the SCN5A gene–S941N, 
A997S, A1330P, M1766L, R1826H– have been detected in 
aborted near-death and postmortem SIDS cases by several in
vestigative teams, with one group (Ackerman et al.) estimating 
an LQTS prevalence of 2% in SIDS cases.35 Evidence also exists 
that phenotypically severe Brugada syndrome mutations such 
as L567Q may be involved in SIDS. However, the LQTS asso
ciation is further strengthened by the observation of SIDS cases 
bearing KCNQ1 (P117L) and HERG (K101E) mutations. De
spite these findings, ECG assessment of sleeping infants has not 
demonstrated any relation between body position (strongly 
related to SIDS risk) and QTc interval that might correlate the 
two factors.36 

2:1 Atrioventricular (AV) block: Association with SCN5A and HERG 

The 2:1 AV block that can accompany LQTS results from a 
prolonged electrical recovery time in His-Purkinje and/or ven
tricular tissues exceeding the sinus cycle length, rather than 
innately impaired conduction as seen in PCCD. AV blocks in 
LQTS patients are of great concern because of bradycardia
induced further lengthening of the QT interval to values often 
in excess of 600 milliseconds, with increased risk of TdP and 
sudden death. Cases have been reported of SCN5A mutations 
(G298S, D1595N) possessing inactivation dynamics distinct 
from both LQTS and Brugada syndrome. However, SCN5A 
mutations–P1332L, M1677L, V1763M, V1777M (homozy
gous), and homozygous HERG mutations–L552S, exon 4 
bp558-600 duplication, have also been documented in in
stances of 2:1 AV block in families with LQTS. 

Familial atrial fibrillation and short QT syndrome: Associations 
with KCNQ1, HERG, and KCNJ2 

Atrial fibrillation has a mean prevalence of 0.89% in the U.S., 
increasing to 5.9% over age 65. It accounts for one-third of strokes 
in patients over age 65. An initial study by Brugada et al. of a family 
in Spain and two other smaller families suggested possible linkage 
to chromosome 10q22-q24.37 A 2003 study of a four-generation 
family with familial atrial fibrillation in Shandong Province, 
China implicated the KCNQ1 S140G missense mutation, with 
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QTc ranging from 450 to 530 milliseconds.38 However, atrial fi
brillation as well as inducible ventricular fibrillation have been 
observed in several European families with QTc � 260 millisec
onds, characteristics of the short QT syndrome.39 Reports are 
emerging of further possible associations with the LQT1, 2, and 7 
genotypes. 

Asthma: A pulmonary association 

A retrospective analysis of 713 LQTS families enrolled in the 
International LQTS Registry has also disclosed an association 
between LQTS and asthma, identified in 220 (5.2%) of 4,310 
family members.40 The study uncovered an almost twofold 
higher prevalence of asthma among LQTS-affected patients 
than their borderline QT interval or unaffected family mem
bers (7% vs. 4%; P � 0.001). The investigators controlled for 
the effects of beta-blocker medications. 

Clinical disorders with secondary (acquired) LQTS 

QT prolongation associated with heart failure is a common, 
acquired form of the syndrome. Large-scale epidemiologic 
studies have demonstrated an association between QTc pro
longation and cardiac prognosis in patients with heart disease, 
though many studies lack appropriate adjustment for prior 
conditions. QT interval prolongation has also been described 
in cirrhosis (with and without alcohol), and in acute condi
tions such as myocardial ischemia, hypothermia, hypothyroid
ism, pheochromocytoma, and subarachnoid hemorrhage. 

INTERACTIONS WITH RISK FACTORS 
Gene-gene interactions 

Investigators have noted variable QTc and ST-T-wave pat
terns in individuals having the same LQT1-3 genotype and 
among family members with the same mutation, suggesting 
involvement of modifier genes or other interacting factors.6 

Empirical evidence for gene-gene interactions comes from ob
servations of different protein subunits and of multiple allelic 
variants operating together. In vitro studies co-expressing mu
tant and wild-type potassium ion channel proteins, some in
volving mutations or polymorphisms in the beta regulatory 
subunit, have yielded reductions in potassium channel current 
densities between 28 and 97%.41 

Some interactions may be relatively common. For example, 
the SCN5A Q1077del ubiquitous splice variant (estimated 
population frequency: 65%) may coexist with the SCN5A 
H558R polymorphism present in heterozygous form in ap
proximately 30% of individuals in the general population, and 
in homozygous form in approximately 5% of individuals. INa 

current densities, together with a more positive voltage depen
dence of inactivation, may be reduced 17.5% in H558R het
erozygotes and 35% in homozygotes also possessing the splice 
variant.24 Several other variants also display either an alter
ation in current density or shifts in channel activation, inacti
vation, or recovery in the presence of Q1077 del. In contrast, 
when H558R coexists in an individual bearing an SCN5A 
M1766L mutation, the polymorphism rescues the latter muta

tion from causing a trafficking defect.42 Investigators have pro
posed a “double hit” hypothesis for the compound effect of 
different LQTS gene alterations. 

Triggers for Torsade de Pointes in congenital LQTS 

A 2001 survey by Schwartz et al. of 670 patients in the Inter
national LQTS Registry revealed genotype-specific patterns in 
the type of trigger responsible for LQTS cardiac events.5 Sixty
two percent of events in LQT1 patients occurred during exer
cise, especially swimming, and 43% of events in LQT2 patients 
were connected with episodes of emotional stress (fear, anger). 
In addition, sudden intense auditory stimuli, e.g., elicited by 
alarm clocks or phones, often accompanied LQT2 cardiac 
events. LQT3-associated arrhythmic attacks occurred pre
dominantly during rest or sleep (39%). Catecholaminergic 
polymorphic ventricular tachycardia (CPVT), a non-LQTS ar
rhythmic disorder, must be ruled out in some cases of exer
tional cardiac events. 

Sex and age-sex modulation of phenotype 

Sex is an important intrinsic factor in disease etiology and 
cardiac risk stratification for LQTS patients and their families. 
Groundbreaking work by Hashiba in Japan revealed a prepon
derance of females among RWS patients; greater QT prolon
gation and more severe outcomes in females; and earlier onset 
of syncope in males.43 Family studies have shown that QTc 
tends to shorten in males during adolescence, with no corre
sponding changes in female QTc intervals during this period. 
Research pointing to a hormonal influence has demonstrated 
gender differences through time in risk and severity of cardiac 
events according to genotype.26 Androgenic protective effects, 
as well as relative progesterone and estrogen levels in females 
may be involved. Sex modulates response to QT-prolonging 
drugs and has been postulated as a modifier of gene expression 
(e.g., QTc in HERG K897T polymorphisms).44 

Drug-induced LQTS 

Acquired LQTS is a potentially life-threatening problem 
that is international in scope. The incidence of TdP with anti
arrhythmic use varies from 0% to 8% depending on the par
ticular drug and, in some cases, dose. Much less commonly, 
certain types of noncardiac medications–antipsychotics (e.g., 
thioridazine), methadone, antimicrobials (e.g., erythromy
cin), the gastrointestinal stimulant cisapride, and antihista
mines (e.g., terfenadine)–may induce TdP. 

QT-prolonging drugs characteristically directly block IKr 

potassium channels, creating an “LQT2” phenotypic equiva
lent. In exceptional instances, the drugs may interfere with 
HERG protein trafficking. One study estimated the odds ratio 
for cardiac events at 1.93 (95% CI: 1.89 –1.98) for each unit 
increase in HERG blocking activity.45 Drug effect on potas
sium channels may also be potentiated by a variety of milieu
related factors, such as ancillary drug use,1 hypocalcemia, hy
pokalemia and hypomagnesemia related to diet, medical 
conditions,19 diuretic use, and recent cardioversion of atrial 
fibrillation causing sudden heart rate slowing. 
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Research teams have uncovered mutations in several LQTS 
genes that could predispose individuals to drug-induced TdP: 
KCNQ1–Y315C, R555C, R583C23; HERG–P347S, R784W23; 
SCN5A–L1825P, S1102Y25; KCNE1–V109I13; and KCNE2– 
A116V, M54T, I57T. In a study of 92 patients exhibiting 
marked drug-induced QT prolongation, Yang et al. were able 
to identify allelic variants in 10-15% of affected individuals.23 A 
concern is that phenotypically normal individuals harboring 
“forme fruste” (clinically inapparent, low penetrance) muta
tions may escape detection and be exposed to potassium chan
nel blocking drugs at some point, placing them at risk for 
TdP.27 These concerns are of great importance for drug devel
opment and its regulation by government agencies and the 
pharmaceutical industry. 

CLINICAL EVALUATION AND LABORATORY TESTING 
Phenotypic ascertainment: Clinical and baseline ECG diagnosis 

A clinical scoring system (where 3 points � an item indicat
ing greatest likelihood of LQTS, such as QTc � 480 millisec
onds; and 0.5 points � an item indicating least likelihood, such 
as congenital deafness), based on personal and family history, 
symptomatology, and ECG has been developed. The summed 
clinical point score (Schwartz score) allows patient classifica
tion into low (�1 point), intermediate, and high (�4 points) 
risk groups.46 Supplanting the former less specific 440 millisec
onds cutoff value, a QTc exceeding 450 milliseconds in men, or 
460 milliseconds in women and children (top 5% of the nor
mal QTc distribution curve), is considered prolonged. The 
sensitivity of clinical scoring combined with ECG is around 
70% (Table 3). Computer-generated ECG measurements and 
interpretation should be accompanied by operator review.6 

Notched or bifid T-waves may serve as a useful phenotypic 
marker for certain QTc categories, and appear to be much 
more frequent in LQT2 than LQT1 and LQT3 patients.6,47 

Other ST-T-waveform patterns, as described in Table 1, may 
point to LQT1 or LQT3 variants.6 Overt T-wave alternans– 
grossly visible beat-to-beat variation in T-wave amplitude 
and/or polarity–is viewed as an important prognostic indicator 
for TdP and sudden cardiac death in LQTS patients, but ap
pears less frequently (2.5% to 7% of LQTS study participant 
samples) than microvoltage T-wave alternans (identifiable only 
by special signal processing—18 to 45% of LQTS patient 
groups undergoing specialized testing).48 Another repolariza
tion parameter, QT dispersion—the difference between the 
maximum and minimum QT values across the 12 standard 
ECG leads— has led to inconsistent results in distinguishing 
symptomatic from asymptomatic patient groups and fails to 
take into account T-wave morphology.49 

Phenotypic ascertainment: Other diagnostic tests 

Clinicians and investigators use exercise stress testing and 
24-hour ambulatory ECG monitoring to increase the ability to 
identify actual LQTS cases among individuals with QTc 
prolongation.50 Both of these techniques can aid clinicians in 
distinguishing LQT1 from LQT2 patients. Studies have also 
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shown differential response of LQT1, 2, and 3 patients to epi
nephrine infusion. Epinephrine challenge is considered a pow
erful provocative test in the unmasking of low-penetrance 
KCNQ1 mutation carriers.51 A number of nonpharmacologic 
positional and other maneuvers affecting autonomic tone have 
also been studied, to a less rigorous degree, as possible inducers 
of the LQTS phenotype. 

Genetic testing 

Genetic testing has so far largely been relegated to the re
search setting, making the phenotypic and nonmolecular ge
notypic tests cited above the mainstay of clinical risk assess
ment. The recent commercial marketing of short turn-around 
time (�6 weeks) long QT syndrome genetic diagnostic testing, 
e.g., Genaissance Pharmaceutical’s FAMILION Test, and in
creasing availability of testing through university-affiliated 
laboratories in several countries, could establish genetic testing 
as a clinical tool. However, before widespread use, the clinical 
(as opposed to analytic) validity of LQTS genetic testing needs 
to be more widely established. About 60 –75% of LQTS pa
tients have an identifiable LQTS-causing mutation present in 
one of the 5 most prevalent cardiac channel genes (KCNQ1, 
HERG, SCN5A, KCNE1, KCNE2).14,16,52 

Genomic DNA in LQTS mutational analyses is typically de
rived from peripheral blood lymphocytes, more rarely buccal 
swabs. LQTS studies generally make DNA-based diagnosis 
more cost-efficient by employing single-strand conforma
tional polymorphism (SSCP) analysis and denaturing high 
performance liquid chromatography (DHPLC) as initial 
screens. In the general genetics literature, SSCP sensitivity for 
detecting true mutations ranges from 75 to 98%.53 Table 3 
provides more specific data relating to LQTS. 

As demonstrated by a Mayo clinic trial involving DNA se
quencing of samples from a DHPLC-negative subset of LQTS 
referrals, private and rare mutations may be missed.8 The issue 
of how mainstream LQTS genetic tests will be interpreted–via 
physician, genetic counselor, or direct consumer marketing– 
needs to be addressed. 

POPULATION TESTING 
Genetic screening of specific populations 

LQTS population screening programs are shaped by existent 
facilities and whether particular highly prevalent mutations 
have been identified within a given country. Long QT registries 
are maintained in Denmark (Statens Serum Institute–muta-
tions-based) and China (ECG-based). The University of Hel
sinki routinely assesses high prevalence founder mutations. In
vestigators in countries such as Japan, Belgium, and Germany 
have conducted systematic screening of clinical and popula-
tion-based groups for acquired LQTS-related polymorphisms. 
Genetic screening of particular subgroups showing suscepti
bility to LQTS could also be a part of future clinical programs. 
Screening for LQTS genetic variants in particular racial-ethnic 
groups22,24,25 would need to be accompanied by appropriate 
socio-ethical analysis. 
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Newborn screening 

Prenatal genetic testing for congenital LQTS has so far oc
curred only in the investigational setting with limited numbers 
of cases. Testing for LQTS in newborns typically takes place 
with referral for ECG abnormalities, such as 2:1 AV block and 
sinus bradycardia. Preliminary data from a prospective study 
assessing QTc in 50,000 consecutive neonates has shown that 
newborn population screening for LQTS is possible, though 
overall feasibility is uncharted.54 While bodies such as the Eu
ropean Society of Cardiology have advocated neonatal ECG 
inspection as a step toward SIDS prevention,55 consensus in 
this area is not yet established. 

Family screening 

Family history can serve as a useful initial screening device to 
identify potentially at-risk individuals on a population basis. 
Asymptomatic children and adults with a family history of 
LQTS, persons who have experienced the unexplained sudden 
death of a young family member, and relatives of patients with 
known LQTS should be considered at-risk. Further work-up of 
at-risk family members may be performed either through mu
tation testing or ECG. Priori et al. have successfully used a 
scheme based on QTc, sex, and genotype to divide patients into 
high, intermediate, and low risk categories.15 

A perennial obstacle is that gene carriers and non-carriers 
share a significant region of QTc overlap, particularly in the 
broad QTc “borderline” band of 420 – 450/460 milliseconds. 
Vincent et al. recommend setting the QTc cutoff high– 460 milli
seconds as applied to general family screening; 490 –500 millisec
onds when screening large numbers of children–so as to avoid 
falsely identifying numerous unaffected persons as positive. Syn
cope as a criterion for initiating ECG analysis in children could 
reduce the cost per LQTS case detected, but is nonspecific.56 

DNA analysis is useful for identifying secondary cases within 
families. In the Netherlands, work-up of family members at 
five cardiogenetic outpatient clinics results in about 200 fami
lies per clinic being seen annually, and has yielded a mean of 3.5 
mutation-carrying relatives for each index case.57 

Van Langen et al. in the Netherlands used decision analysis 
on data from 31 unrelated LQTS patients to distinguish be
tween three possible genetic screening strategies utilizing: 1) 
most eligible gene based on reference group prevalences; 2) five 
major LQTS genotypes; 3) most eligible gene based on individ
ual phenotype.16 Strategy 3 proved most cost-effective. Future 
decision analyses will need to take into account the increas
ingly observed higher than expected frequencies of compound 
heterozygous mutations in probands and carrier relatives, 
which might suggest testing for more than one mutation. 

Intervention 

The Task Force on Sudden Cardiac Death of the European 
Society of Cardiology has developed evidence-based recom
mendations for the various LQTS interventional modalities 
involving activity restriction, beta blocker therapy, careful at
tention to drug use, and invasive approaches.58 Sports to be 
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avoided are further detailed in a consensus document devel
oped by the American Heart Association.59 Several teams have 
demonstrated reductions in QT interval length and T-wave 
abnormalities in LQT2 patients following intravenous and oral 
potassium administration, though effects may not be long last
ing. Class Ic sodium channel blockers may counter the gain-
of-function abnormality in LQT3, but run the risk of creating a 
pharmacologic Brugada syndrome phenotype. Innovative 
techniques such as drug rescue of misfolded ion channel pro
teins using pharmacological chaperones and ventricular gene 
therapy are areas of current and future investigation. 

OTHER PUBLIC HEALTH APPLICATIONS 
Prevention of sudden cardiac death based on decedent 
information, provider education 

Clinicians and epidemiologists envision an early warning 
system for at-risk families. A system based on decedent infor
mation could be used to alert surviving family members and 
relatives having little or no knowledge of arrhythmic death in 
the family. Progress has been made in this direction with the 
detection of KCNQ1 and HERG mutations in postmortem 
samples by several investigative teams. Even in the absence of 
postmortem tissue for DNA analysis, aggressive clinical and 
molecular genetic screening of relatives of young SCD victims 
can identify unsuspected carriers of LQTS gene mutations. In 
the future, these developments will confront practitioners with 
new types of ethical-social dilemmas balancing privacy and 
health concerns. Equally important, surveys of practitioner 
knowledge concerning QT prolongation and the effects of 
drug use highlight the role public health and medical care in
stitutions can play in providing professional education that 
might prevent fatal LQTS-related arrhythmias.60 

FUTURE DIRECTIONS 
Investigational areas requiring continued and further attention for 
the prevention and management of LQTS include: 

● Identification of novel alleles in LQTS coding and non
coding regions, interacting proteins, and other ion channel 
genes. 

● Better prediction of LQTS disease severity and prognosis 
in individuals, families, and populations, through continued 
investigation of the functional effects of pathogenic mutations 
in vitro, and comparison of affected and control populations in 
different countries and kindreds. 

● Elucidation of the genetic basis of modifying pathways, 
such as polymorphisms influencing sympathetic tone, and of 
modifying factors, such as hormonal influences. 

CONCLUSION 

LQTS serves as a paradigmatic condition in arrhythmia re
search and genetic research in general. What is being learned 
about the multifold pathogenetic mechanisms behind LQTS 
can be applied to other channelopathies. LQTS research 
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bridges phenomena at the molecular genetic, tissue, and sys
temic levels.3 The LQTS family of disorders is highly pleiomor
phic yet orderly, serving as a conceptual scaffolding for other 
complex genetic conditions. Despite the uncertainties and 
complexities posed by LQTS, action must nonetheless be taken 
for at-risk patients, family members and groups, since LQTS is 
potentially fatal. This review of LQTS ends on a positive note, 
since the exploration of significant disease variants and the 
determination of socially sensitive policy are moving hand-in-
hand as commercial screening becomes a real possibility. 

Note added in proof: Recently a paper has been published 
reporting the existence of nonprivate mutations in � 50% of 
LQTS probands, a finding that may help to streamline geno
typic screening. Napolitano C, Priori SG, Schwartz PJ, et al. 
Genetic testing in the long QT syndrome: development and 
validation of an efficient approach to genotyping in clinical 
practice. JAMA 2005;294:2975– 80. 

Informational internet sites: Information centers 

Office of Genomics and Disease Prevention (OGDP), Cen
ters for Disease Control and Prevention: 

http://www.cdc.gov/genomics 
European Long QT Syndrome Information Center: 
http://www.qtsyndrome.ch 
Drugs That Prolong the QT Interval and/or Induce Torsades 

de Pointes (hosted by Raymond L. Woosley, MD, PhD): 
http://www.torsades.org/druglist.cfm 
http://www.ArizonaCERT.org 

LQTS registries 

Cardiac Arrhythmias Research and Education (CARE) 
Foundation Long QT Registry: 

http://www.longqt.com/longqtreg.html 
Russian National Registry for Patients with Long QT 

Syndrome: 
http://www.medit.ru/Win/present/RLQTS.ppt 

Genetic databases 

“Gene Connection for the Heart” LQTS Database, Euro
pean Society of Cardiology Study Group on Molecular Basis of 
Arrhythmias, Last updated 5/20/05: 

http://pc4.fsm.it:81/cardmoc 
“Long QT Syndrome Database,” Human Genome Organi

sation (HUGO), Last updated 5/03: 
http://www.ssi.dk/graphics/html/lqtsdb/lqtsdb.htm 
Online Mendelian Inheritance in Man (OMIM): 
http://www.ncbi.nlm.nih.gov/entrez/ 

query.fcgi?db�OMIM 

Clinical 

Statens Serum Institute, Copenhagen, Denmark:

http://www.ssi.dk/sw13048.asp

Boston University School of Medicine Center for Human


Genetics DNA Diagnostics Laboratory: 
http://www.bumc.bu.edu/Dept/ 

Content.aspx?DepartmentID�1188PageID�2209 

Commercial 

Genaissance Pharmaceuticals FAMILION Cardiac Ion Chan
nel Mutations Testing: 

http://www.familion.com 

Consumers and professionals 

Cardiac Arrhythmias Research and Education (CARE) Foun
dation: 

http://www.longqt.com 
Sudden Arrhythmia Death Syndromes Foundation: 
http://www.sads.org 
Long QT Syndrome Support Center: 
http://www.long-qt-syndrome.com 
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