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Abstract: The International Conference on Harmonization of Technical Requirements for
Registration of Pharmaceuticals for Human Use (ICH) Guideline E14 recommends ‘Thorough
QT Study’ as a standard assessment of drug-induced QT interval prolongation. At the same
time, the value of drug-induced QTc prolongation as a surrogate marker for risk of life-
threatening polymorphic ventricular tachycardia known as torsades des pointes remains con-
troversial. Beat-to-beat variability of QT interval was recently proposed as an alternative
metric. The following review addresses mechanisms of beat-to-beat QT variability, methods of
QT interval variability measurements, and its prognostic value in clinical studies.
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Introduction
Prolonged corrected QT interval (QTc) is a well

recognized sign of long QT syndromes, manifest

by life-threatening polymorphic ventricular

tachycardia known as torsades des pointes (TdP)

[Moss et al. 1991]. In the 1990s, TdP cases

were described in patients taking QT-prolonging

drugs [DuBuske, 1999; Kamisako et al. 1995;

MacConnell and Stanners, 1991; Monahan

et al. 1990], resulting in important changes in

regulations of new drugs approval by the

United States Federal Drug Administration

(FDA). Recommended by the International

Conference on Harmonization of Technical

Requirements for Registration of

Pharmaceuticals for Human Use (ICH)

Guideline E14, the ‘Thorough QT Study’

(TQT) became a standard of assessment of QT

interval prolongation due to a study drug [Rock

et al. 2009]. In addition, prolonged QTc has been

shown to be associated with increased risk of

sudden cardiac arrest (SCA) in the general pop-

ulation [Straus et al. 2006; Algra et al. 1991] and

in patients who have had a myocardial infarction

[Schwartz and Wolf, 1978].

At the same time, the value of drug-induced QTc

prolongation as a surrogate marker for risk of

TdP remains controversial [Carlsson, 2008;

Thomsen et al. 2006; Shah and Hondeghem,

2005; Roden, 2004]. Beat-to-beat variability of

QT interval was recently proposed as an alterna-

tive metric [Hinterseer et al. 2008; Thomsen et al.

2004; Hondeghem et al. 2001]. This review

addresses mechanisms of beat-to-beat QT vari-

ability, methods of QT interval variability mea-

surements, and its prognostic value in clinical

studies.

Measurement of beat-to-beat QT interval
variability
Early works [Speranza et al. 1993; Nollo et al.

1992] assessed variability of repolarization by

measuring standard deviation of QT, R peak to

T end, and R peak to T peak intervals, and QT

and RT spectra in healthy volunteers. In 1989–

1993, Merri and colleagues utilized the first por-

tion of the QT interval (ending at the T peak) to

quantify repolarization, and described the rela-

tion between RR and R peak to T peak intervals

(RTpeak/RR slope) in healthy volunteers and

patients with long QT syndrome [Merri et al.

1993, 1992, 1989]. In 1997, Berger and col-

leagues proposed the beat-to-beat QT variability

index (QTVI), which quantifies the magnitude of

QT interval variation, normalized by both the

mean QT duration and the magnitude of heart

rate variation [Berger et al. 1997]. QTVI is cal-

culated as follows:

log10½ðQTv=QTm2Þ=ðRRv=RRm2Þ�
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QTv is the QT interval variance, QTm is the

mean QT interval, RRv is the RR interval vari-

ance, and RRm is the mean RR interval.

Such normalization of beat-to-beat temporal

lability of repolarization proved to be very

useful. Importantly, the QT variability method

by Berger is insensitive to possible inaccuracies

in QT interval measurements because it directly

measures temporal beat-to-beat lability of repo-

larization by stretching or compressing the JT

segment of every beat in studied epoch to

match template. The recommended duration of

recording to determine QT variability is 256 s.

Following Berger’s approach, multiple studies

over more than a decade showed the predictive

value of beat-to-beat QT variability for risk strat-

ification of SCA [Piccirillo et al. 2007; Jensen

et al. 2005; Haigney et al. 2004; Atiga et al.

1998; Berger et al. 1997]. Vos and colleagues pro-

posed to quantify a short-term variability of repo-

larization (STVQT), calculated on Poincaré plots

of 30 consecutive QT intervals [Hinterseer et al.

2008; Oosterhoff et al. 2007; Thomsen et al.

2004] as follows (D is the QT interval):

STVQT ¼
X

1...30
jDn �Dn�1j=ð30 �=2Þ

This formula represents the average distance to

the line of identity for 30 points in a Poincaré

plot. The predictive value of STVQT and the

value of the method for drug safety assessment

has been shown in animal models [Baumert et al.

2011, 2008; Carlsson, 2008; Bilchick et al. 2004;

Berger et al. 1997] and clinical studies [Cheng

et al. 2009; Diaz et al. 2004; DuBuske, 1999].

Prognostic value of beat-to-beat QT
interval variability
Several prospective observational studies con-

vincingly showed the predictive value of QTVI

for risk stratification of SCA. Elevated beat-

to-beat QT variability predicted SCA and ven-

tricular arrhythmia in patients with ischemic

and nonischemic cardiomyopathy [Piccirillo

et al. 2007; Haigney et al. 2004; Atiga et al.

1998], hypertrophic cardiomyopathy

[Atiga et al. 2000], myocardial ischemia

[Murabayashi et al. 2002], and long QT syn-

drome [Bilchick et al. 2004]. Specifically,

marked elevation of QT variance, rather than a

drop in heart rate variance, was responsible for

increased QTVI in these conditions.

QTVI was explored in a wide range of diseases

and conditions. In children with Kawasaki dis-

ease, QTVI was correlated with an inflammatory

reaction (body temperature and C-reactive pro-

tein) [Kuriki et al. 2011]. Elevated QTVI was

found in otherwise healthy men with spinal

cord injury [La Fountaine et al. 2011], in healthy

individuals with non-dipping blood pressure

pattern [Myredal et al. 2010], in patients with

type 1 myotonic dystrophy [Magri et al. 2010],

and in patients with familial dysautonomia

[Nussinovitch et al. 2010], in patients after coro-

nary artery bypass grafting [Myredal et al. 2008],

in asymptomatic patients with beta-thalassemia

major [Magri et al. 2007] and end-stage renal

disease [Gao et al. 2005]. Obesity was character-

ized with increased QTVI, whereas bariatric sur-

gery and progressive weight loss was shown

associated with improvement of QTVI [Alam

et al. 2009]. QT variability was shown to corre-

late with the severity of obstructive sleep apnea

and blood oxygenation during sleep [Baumert

et al. 2008]. Increased QT variability was dem-

onstrated in patients with schizophrenia during

acute psychosis [Bar et al. 2007b], in patients

with panic disorder [Yeragani et al. 2002],

depression [Yeragani et al. 2000], and in acute

alcohol withdrawal [Bar et al. 2007a].

Predominantly decreased heart-rate variance

and out-of-proportion unchanged or mildly

increased QT variance was usually observed in

such cases, while a true dramatic increase in

QT variance was rather infrequent.

Mechanisms of beat-to-beat QT
interval variability
Increased QT variability observed in patients

with heart failure has been considered a sign of

an increased sympathetic tone in the ventricles of

the heart. However, only recently, direct evidence

of augmented sympathetic tone was obtained in

an experiment in dogs implanted with a data

transmitter that monitored simultaneously inte-

grated left stellate-ganglion nervous activity, inte-

grated vagus nerve activity, and ECG [Piccirillo

et al. 2009]. In healthy dogs, QTVI correlated

inversely with integrated vagus nerve activity,

whereas, during heart failure QTVI correlated

directly with integrated left stellate-ganglion

nervous activity.

Another direct proof of correlation between sym-

pathetic activation and QT variability was shown

in the study of resting norepinephrine spillover

into the coronary sinus [Baumert et al. 2011].
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In patients with hypertension, QT variability and

cardiac norepinephrine spillover into the coro-

nary sinus were increased (compared with nor-

motensive controls) and significantly correlated.

Electrical restitution, which reflects adaptation of

the action potential duration to changes in cycle

length, is another important mechanism of QT

variability [Franz et al. 1988]. Our recent finding

of increased intracardiac QT variability in

patients with structural heart disease and

implanted cardioverters–defibrillators confirmed

that repolarization lability may be present

throughout the ventricles [Tereshchenko et al.

2009b].

Modeling studies help us to understand mecha-

nisms of QT variability on a cellular level [Pueyo

et al. 2010; Romero et al. 2009]. A combination

of instabilities in action potential duration resti-

tution [Pastore et al. 1999; Nolasco and Dahlen,

1968] and intracellular calcium dynamics

[Diaz et al. 2004], along with anatomical

and dynamically generated instabilities as a

response of a nonlinear medium to periodic

excitation [Garfinkel, 2007; Echebarria and

Karma, 2002], may produce both alternating

[Rosenbaum et al. 1994] and nonalternating

[Shusterman et al. 2006] repolarization lability.

Stochastic prolongation of action potential dura-

tion may be an important mechanism of ventric-

ular tachyarrhythmia as well [Tanskanen et al.

2005a].

Notably, mechanistic studies, elucidating mecha-

nisms of increased QT variability, showed differ-

ences between heart failure and structural heart

disease, in comparison to the healthy state.

Apparently, QT variability is influenced by mul-

tiple factors that play different roles depending

on the substrate, and the presence and degree

of structural and electrical remodeling

(Figure 1). The correlation between sympathetic

tone and QT variability is very strong in the state

of high sympathetic activation, but might be

much weaker in other conditions when auto-

nomic balance is unaffected. Accordingly,

changes in ion-channel functions, whether inher-

ited, or drug induced, could be the major driver

of elevated QT variability in some, but not other,

cases.

Mechanisms by which elevated QT variability

translates into ventricular tachyarrhythmia are

less understood. It is known that early afterdepo-

larizations might lead to triggered activity, as well

as to re-entry polymorphic ventricular tachycar-

dia, including TdP, and ventricular fibrillation.

Cardiac myocyte modeling studies [Tanskanen

et al. 2005b] have shown an increased rate of

early afterdepolarizations in conditions of a sto-

chastic mechanism of L-type Ca-channel

gating. We speculate that beat-to-beat changes

in Ca-channel gating properties might manifest

by elevated repolarization lability and result in

more frequent afterdepolarizations: an important

mechanism of arrhythmogenesis.

Figure 1. Factors influencing QT interval variability. APD, action potential duration.
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Beat-to-beat QT interval variability
and drugs

Prognostic value of QT variability in patients
on drugs affecting QT variability
Clinical data on the effect of drugs on QT vari-

ability are mainly limited to the effect of class III

antiarrhytymic drugs (AADs). The mechanisms

of action of class III AADs are complex.

Amiodarone blocks rapidly and slowly activating

delayed rectifier Kþ currents (IKr and IKs), Naþ

currents (INa), L-type Ca2þ currents (ICaL), and

adrenergic receptors [Kodama et al. 1999, 1997].

Sotalol is both a b-blocker and Ikr channel

blocker. Ibutilide blocks Ikr channels, but acti-

vates slow inward sodium currents [Murray,

1998].

The substrate is extremely important when

considering the effect of drugs on repolariza-

tion and QT variability. Structural heart dis-

ease decreases [Maltsev et al. 2007; Maltsev

and Undrovinas, 2006] the repolarization

reserve [Roden, 2008a, 2008b] of the myocar-

dium. Amiodarone-induced TdP is more

common in patients with structural heart dis-

eases [Schrickel et al. 2006a, 2006b]. Risk

stratification in such patients is difficult, and

usually these patients are excluded from QT

variability studies [Tereshchenko et al.

2009b]. In our study, the predictive value of

QTVI in multivariate analysis was shown with

extended follow up [Tereshchenko et al.

2009a]. QT variability was highly predictive

in patients with paroxysmal atrial fibrillation

on class III AADs. Consistently, another class

III AAD, ibutilide, demonstrated increased QT

variability only with enriched fluctuations in

heart rate [Cheng et al. 2009]. Importantly,

the response to class III AADs, as well as

the response to other medications, varies

among individuals [Fenichel et al. 2004],

which underscores the importance of efforts

towards future individualized medicine.

Drug overdose is another potentially life-threa-

tening clinical scenario, for which predictive

value of QT variability might be of interest, but

has not been explored. A QT-heart rate nomo-

gram has recently been proposed to identify

patients who have had a drug overdose at risk

of TdP, and showed an advantage over the QTc

metric [Waring et al. 2010].

QT variability as a future tool for drug safety
assessment
In experiments, increased beat-to-beat variability

of action potential duration was increased during

exposure of hearts to cisapride, ziprasidone,

quinidine and monofloxacin, but not ranolazine

or Phenobarbital [Wu et al. 2004]. While previ-

ous experiments and clinical studies showed the

usefulness of QT variability for quantification of

risk in patients with cardiac problems, it is impor-

tant to emphasize that standardized assessment

of drug-induced changes in temporal QT vari-

ability was not performed. Further studies are

needed before considering regulatory use of

beat-to-beat QT variability because assessment

of drug-induced changes in beat-to-beat QT var-

iability currently remains a research tool only.
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