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Ventricular repolarization properties are dependent on cardiac cycle length. The aim of this article is
to emphasize the importance of taking into account heart rate influences on QT duration but also on
current and future T-wave morphology parameters. The relationship between QT interval duration
and RR interval is a fundamental property of the myocardium that is impaired by the presence of
channelopathies such as the LQTS or SQTS, but also by the presence of a cardiomyopathy. Assessing
this property is also important when the individual QT/RR relationship is used for individual QT
correction in the setting of evaluation of drugs’ effect on QT duration. T-wave descriptors such as
the relative weight of the terminal part of the T-wave, the amplitude of T-wave apex and Principal
Component Analysis parameters are also dependent on heart rate. Assessing ventricular repolarisation
ECG parameters at different heart rates avoids the need for difficult rate-correction and helps to better
understand and characterize ventricular repolarisation properties.
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As the expression of transmembrane ionic currents’
gating properties, ventricular repolarization prop-
erties are fundamentally dependent on cardiac cy-
cle length. This rate dependency has been long rec-
ognized and documented in both experimental and
clinical settings.1,2

Many efforts have been deployed attempting
to normalize QT duration (the clinical counter-
part of ventricular repolarization duration) to per-
mit comparisons between or within subjects. The
“universal” (i.e., valid for any individual) and
population-specific correction formulae have been
however discredited.3–8 Since the relationship be-
tween heart rate (HR) and QT duration has been
shown to be highly individual, the current best
strategy for HR correction is to use a subject-
specific correction formula.8 Nevertheless, even
this best available approach may be biased by phys-
iologic or drug-induced changes in the individual
QT/RR relationship and is thus inherently asso-
ciated with an imprecision in the HR-correction
process.9

Another approach, based on comparisons at iden-
tical HR, was proposed to avoid the need for any
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Cedex 10, France. Fax: +33149958439; E-mail: fabrice.extramiana@lrb.aphp.fr

HR-correction formula.10–13 The Holter-based so-
called rate bin approach had been originally de-
veloped by our group to better characterize the
relationship between HR and QT durations.14–16

The rate binning is now a fully automatic method
from Holter recordings intended to classify individ-
ual cardiac complexes of sinus origin according to
the value of the preceding RR interval (RR-1). Car-
diac complexes with identical HR are subsequently
averaged (i.e., included in the RR bin). The rate
binning method has been detailed elsewhere17,18

(Fig. 1).
The aim of this article is to underline the added

value of the rate binning approach in evaluating
HR influences on QT duration evaluation, but also
on current and future T-wave morphology parame-
ters in the setting of drug-induced QT changes and
channelopathies.

QT DURATION

The rate bin method may serve as the first step to
define the QT rate dependence from Holter record-
ings. This methode has been successfully applied
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Figure 1. The binning method: Averaging by rate may be used for comparison
of any repolarization biomarker at identical HR thus avoiding the need for HR
correction.

to demonstrate ventricular repolarization malfunc-
tion observed in the long QT syndrome (LQTS),
short QT syndrome as well as after myocardial
infarction15,19–22 (Fig. 2). This method has also
proved useful for the evaluation of drug-induced
QT changes. In a previous study, the direct Holter-
based rate bin QT interval measurement method
was applied to assess drug effects on the QT inter-
val. Using a positive control arm, the study showed

Figure 2. QT rate dependence in healthy subjects,
asymptomatic long QT patients, and short QT patients.
Adapted from Extramiana et al.22 and personal data.

that the Holter bin method is able to detect a 5-ms
drug-induced QT interval change, thus demonstrat-
ing its sensitivity.12 This approach is thus reliable
and not hampered by the intrinsic discrepancies
associated with the subject-specific approach, al-
though it may be associated with a loss of the time
track of QT changes.9,12 Furthermore, the rate bin-
ning approach shows two important advantages.

First, assessing QT changes at different HRs al-
lows us to evidence th rate dependency of the
QT changing process. For instance, the rate bin
method is able to emphasize the influence of HR
on drug’s effect. Previous studies have shown
that strong but also weak IKr blockers (i.e., so-
talol and moxifloxacin, respectively) induce a more
pronounced QT prolongation at slow compared
to fast HRs.9,12,23 This phenomenon known as
the “reverse rate-dependent effect” has been long
recognized with class III antiarrhythmic drugs.24

Figure 3 shows a typical example of the reverse
rate-dependent effect observed with the weak IKr
blocker moxifloxacin.

Second, the rate binning method is flexible and
the binning process may be adjusted by adding ad-
ditional averaging filters. For instance, a noise fil-
ter can be set to reject noisy QRS-T complexes and
the minimal number of QRS-T complexes defin-
ing a template may also be selected to improve the
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Figure 3. QT–RR relationship using the linear model un-
der baseline condition (gray line) and after moxifloxacin
(black line). The values of the QT interval duration at
RR = 800, 1000, 1200, and 1400 ms are indicated
above the curves on moxifloxacin and below the curves
under baseline condition (with permission from Extrami-
ana et al.23).

signal-to-noise ratio. More critically, it is also possi-
ble to implement selective filters to better take into
account fundamental ventricular repolarization ki-
netics properties, as for instance, the hysteresis
phenomenon. Following an abrupt change in HR,
the QT adaptation is not immediate but achieved
within a 3-minute time frame although most QT
adaptation occurs over the first minute.2,25,26 As a
consequence, QT interval measurement performed
just after a sudden HR change would lead to a po-
tential instability in the estimation of QT duration
(i.e., an underestimation after HR deceleration and
overestimation after HR acceleration) when com-
pared to stable HR conditions. Using the rate bin-
ning method, it is possible to select QRS-T com-
plexes not only on their preceding RR interval but
also according to HR stability during a predefined
preceding period, thus excluding abrupt RR in-
terval changes from the analysis. Such tools may
be of interest since we have shown in a previ-
ous study that the exclusion of rapid HR changes
slightly influences the results of the magnitude of
drug-induced QT changes in healthy subjects.27

Figure 4 shows that, when applying our stability
filter, the percentage of rejected beats was corre-
lated with the HR variability parameter PNN50.
Oppositely, focusing on abrupt RR interval changes

Figure 4. Percentage of QRS-T complexes not excluded
by using the stability filter according to the PNN50.

could allow clinicians to track postpause QT
prolongation.28

An intrinsic limitation of the bin method in the
setting of QT duration changes evaluation is rep-
resented by the impossibility of QT comparisons
when there are no overlapped RR intervals. This
might be the case with drugs that dramatically
change HR, although it is very unlikely provided
that the QT comparison might be performed at any
HR (i.e., not necessarily at RR = 1000 ms). An-
other, more significant drawback is that the aver-
aging process leads to a complete loss of the time
course of drug effect. Consequently, the largest
time-matched mean difference between the drug
and placebo cannot be assessed.

Nevertheless, the rate bin method may be a use-
ful tool for QT duration evaluations when a precise
temporal assessment is not required.

T-WAVE MORPHOLOGY

Although current guidelines on the proarrhyth-
mic potential of a drug as well as LQTS diagnosis
are based on QT prolongation,29,30 there is a poor
understanding of the relation between QT prolon-
gation and clinical risk of proarrhythmia. We lack
predictive biomarkers to improve our approach of
the pathway leading to torsades de pointes.31,32

Thus, there is a growing interest for other parame-
ters than the crude QT interval duration.33

However, morphology parameters have also
shown to be rate dependent and their clinical use
may also warrant rate correction. Moreover, the
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Figure 5. The lack of shortening of the time to accumu-
late the last 50% of T-wave area (t50–97) with HR accel-
eration is associated with the presence of symptoms in
the type 1 long QT syndrome (adapted from Extramiana
et al.22).

impairment of the rate dependence of the relative
weight of the terminal part of the T wave may be
a feature associated with symptoms in the type 1
LQTS (Fig. 5).22 T-wave amplitude, as well, shows
a noticeable rate dependency in healthy subjects
(unpublished data, Fig. 6). In addition, channel
blocking drugs and LQTS are also associated with
rate-dependent changes in T-wave morphology
parameters.34,35

Similarly, in the Brugada syndrome, ST segment
elevation displays a rate dependency in accordance
with prediction from Ito kinetics and experimen-
tal models of Brugada syndrome ECG morphology

Figure 6. Diurnal and nocturnal rate dependence of
T apex amplitude in healthy subjects (personal data,
n = 62 mean ± SEM).

Figure 7. Rate dependency of ST segment elevation in
Brugada patients and control subjects (adapted from
Extramiana et al.36).

(Fig. 7).36 Again this feature could be demonstrated
using the rate binning approach.

More recent descriptors of ventricular repolar-
ization such as those obtained from principal com-
ponent analysis have also been shown to be rate
dependent.37,38 Unless a binning approach is per-
formed, these new biomarkers would imply the de-
velopment of rate correction formula before being
usable in clinical practice.

INFLUENCE OF T-WAVE
MORPHOLOGY ON QT DURATION

ASSESSMENT

The standard approach to determine the end of
the T wave was based on the tangent method,
which estimates the end of the T wave as the point
of intersection between the calculated baseline and
the tangent to the maximum down slope of the
T wave.39 This so-called tangent method improved
the reproducibility in QT duration assessment but
it is sensitive to the amplitude and morphology of
the T wave.40 It is noteworthy that the slope of the
tangent line is statistically significantly shallower
after repeated dosing on moxifloxacin compared to
placebo thus leading to a potential overestimation
of QT duration (data presented by BioMedicalSys-
tems at the DIA meeting held in Washington, DC
on April 2007). Oppositely, steeper down slopes
such as observed in the short QT syndrome may be
associated with shorter QT duration assessment.

In addition, since both T-wave morphology and
amplitude are dependent on HR, HR will introduce
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an additional confounding factor in T-offset
assessment.

The development of computerized electrocardio-
graphy has given the opportunity to use more
sophisticated algorithms such as those based on
T-wave down slope, its first or second derivative
or a fixed percentage of T-wave area.36,41 Whatever
the method used, computerized parameters would
remain somewhat dependent on T-wave morphol-
ogy and/or amplitude.

By making comparisons at identical HR, the rate
binning would at least compensate for such a rate-
dependent effect.

CONCLUSIONS

Because ventricular repolarization properties are
dependent on the cycle length, it seems intuitive
to assess ECG derived ventricular repolarization
parameter at different HRs. The rate binning ap-
proach is fully automatic, easy to implement from
long-term ECG recordings. This method avoids the
need for complex rate corrections for the crude
QT interval but also for any current or future
ECG biomarkers. It is also a quantitative ECG tool
that helps to better understand ventricular repo-
larization properties in both drugs/repolarization
interaction and channelopathies/cardiomyopathies
settings.
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