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from pharmaceutical companies and
regulatory agencies. This attention arises
from recent scientific research that links
drug effects in cellular ion channels to
changes in electrical characteristics of
the electrocardiogram (ECG) that pre-
dict clinically important cardiac arrhyth-
mias.1

BIOLOGICAL AND HISTORICAL
REVIEW
A brief overview of heart function is
useful in understanding how disruptions
of electrical processes can affect heart
rhythm. The heart is divided such that its
right side pumps blood though the lungs
while the left side pumps blood through-
out the remainder of the body. Each half
of the heart is further divided into an
upper chamber (atrium) and a lower
chamber (ventricle). Blood returns from
the body into the right atrium that
forces blood to fill up the right ventricle.
Simultaneously, blood from the lungs is
used by the left atrium to fill up the left
ventricle. When the ventricles are filled,
valves close between the respective atria
and ventricles, and the ventricles con-
tract to pump blood.

Effective pumping of blood requires
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ABSTRACT
There are several empirically based pro-
posals in the literature for adjusting QT
intervals for heart rate. Two widely used
correction formulas are Bazett’s and
Fridericia’s. This study examines the
general formulation of heart rate correc-
tion of QT intervals, and several of the
existing adjustments are used with this
approach. Simple correction formulas
for both populations and individuals
have been derived on the basis that the
correlation between corrected QT inter-
val and heart rate should be approxi-
mately zero. A Monte-Carlo simulation
is used for comparing the performance
of Bazett’s, Fridericia’s, and the pro-
posed corrections. The usefulness of the
proposed correction formula is illustrat-
ed using data from a clinical trial.

INTRODUCTION
Evaluation of new drugs for unwanted
effects on the electrical properties of the
heart is receiving heightened attention
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continuous electrical coordination of the
atria and ventricles. Electrical pacing of
the heart begins with an electrical pulse
from the specialized tissue of the sinu-
atrial (S-A) node near the top of the
right atrium. The signal from the S-A
node initiates a wave of electrical excita-
tion (depolarization) that spreads
throughout the right and left atria and is
observed on an ECG as a P wave
(Figure 1).

The electrical wave exits the atria
near the bottom of the right atrium
through the atrioventricular (A-V) node
and is propagated via left and right bun-
dles to the respective ventricles. This
passage through the A-V node corre-
sponds on the ECG to the interval
between the P and R waves, and failure
of the electrical wave to complete this
passage is known as heart block or
left/right bundle branch block. Nearly
simultaneous propagation of the electri-
cal wave across the right and left ventri-
cle results in muscle contraction and the
pumping of blood from the ventricles.
The QRS complex of the ECG corre-
sponds to the initiation of this contrac-

tion. A period of muscle relaxation and
repolarization of cellular membranes
follows and is generally considered com-
plete at the end of the T wave.

Elucidation of the electrical control
of heart function is the culmination of a
long interdisciplinary process.2 Galvani
induced contraction of cardiac muscle
fibers in frogs with electrical stimulation
in 1791. However, this experiment did
not show definitively that electricity reg-
ulates muscle fiber contraction or heart
function in general. Dubois-Reymond
described in 1843 small voltage poten-
tials (action potentials) that diminished
with muscle contraction, and electrical
currents were associated with heartbeats
by Koelliker and Muller in 1856. Waller
is credited with the first published
human ECG in 1887.

In 1895, Einthoven identified the 5
primary topographic features of the
ECG tracing (P, Q, R, S, and T waves),
and defined in 1912 the current standard
ECG leads I, II, and III. Additional stan-
dard leads were identified in 1938 (V1 –
V6) and in 1942 (aVR, aVL, and aVF).
By 1957, Jervell and Lange-Nielsen had

Figure 1. The electrocardiogram: waveform.



tration with drugs that slowed the
metabolism of terfenadine and astemi-
zole (also resulting in high blood con-
centrations). Despite warning letters to
physicians and restricted product label-
ing in 1992, inappropriate medications
continued to be coadministered with
these drugs.2 In 1999, both drugs were
withdrawn from use in the United States
after safer alternatives were developed.2

The high visibility of the nonsedat-
ing antihistamines prompted extensive
research into the mechanisms by which
drugs cause cardiac arrhythmias. Al-
though many details remain unknown,
current research suggests that most
drugs with strong arrhythmic potential
interfere with a specific potassium chan-
nel in cardiac muscle fiber. Partially or
completely blocking the potassium chan-
nel results in delayed repolarization of
the muscle fiber. Delayed repolarization
increases the time required to restore
the voltage or action potential required
for the next muscle contraction.
Arrhythmias such as torsades de pointes
are possibly triggered by the initiation of
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described correlations between heredi-
tary long QT intervals and sudden
death. Smirk and Palmer noted in 1960
that ventricular beats (R waves) prema-
turely occurring during the T wave
increase the risk of ventricular arrhyth-
mia. Torsades de pointes, a specific type
of ventricular arrhythmia, was first pub-
lished in 1966 by Dessertenne.

Although some drugs that had been
developed as anti-arrhythmic agents also
altered ventricular repolarization as evi-
denced by prolonged QT interval, it was
not widely known that noncardiac drugs
could also have this property. The use of
nonsedating antihistamines, eg, terfena-
dine and astemizole, from 1985 to 1999
provided an important case study of the
public health issues with widespread use
of noncardiac drugs that have cardiac
effects. Initial reports of cardiac arrhyth-
mias, including torsades de pointes, were
predominately associated with high
blood concentrations subsequent to
overdose.3 Given the metabolic pathway
of these drugs, arrhythmias were eventu-
ally reported subsequent to coadminis-

Table 1. QTc Correction Formulas8

# Name QTc
1 Linear QTc = QT + α(1-RR) 1
2 Hyperbolic 1QTc = QTC + α (------- –1)

RR

3 Parabolic log/log QTQTc = ------
RRα

4 Logarithmic QTc = QT - αLog(RR) 

5 Shifted Logarithmic QTc = Ln{eQT + α(1-RR)} 

6 Exponential QTc = QT + α(e-RR-1/e)  

7 Arcus Tangent QTc = QT +α{arctan(1) - arctan(RR)}
8 Hyperbolic Tangent e2 –1QTc = QT – α{ -----------}– tgh (RR)

e2 + 1

9 Arcus Hyperbolic Sine QTc = QT – α{ln(1 + √2)–arcsin h (RR)}

10 Arcus Hyperbolic Cosine QTc = QT – α{ln(1 + √2)–arccos h (RR + 1)}

11 Square Root QTc = QT + α(1-RR1/2) 

12 Cube Root QTc = QT + α(1-RR1/3) 
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R waves during the period of delayed
repolarization.

Delayed repolarization is manifest-
ed on the ECG tracing as an elongated
distance from the start of the Q wave to
the end of the T wave; this distance is
called the QT interval. Drugs that pro-
long the QT interval presumably
increase the risk of cardiac arrhythmias.
Unfortunately, the degree of increased
risk per unit increase in QT interval is
uncertain, and the smallest clinically
important increase in QT interval
remains undefined. Recent public meet-
ings of regulatory agencies suggest that
a 6-millisecond mean increase consti-
tutes a possible threshold for regulatory
concern.1

Design Implications
Clinical studies to detect QT interval
mean increases as small as 5 millisec-
onds face significant challenges because
of the substantial variability in QT inter-

vals. Acquisition of the ECG is the first
source of variability and bias. Improper
placement of the 12 ECG leads con-
tributes noise and/or bias because the
leads correspond to vectors over which
the heart’s electrical field is integrated
(ie, summed). Choice of lead(s) for
analysis is also important since QT elon-
gations are more frequently detected in
some leads rather than others, and no
lead uniformly detects all elongations.
Each ECG manufacturer can have
unique signal processing algorithms
within the ECG machine that can pro-
duce slightly different values of QT
among machine models given the same
human input.1

Also, the ECG signal can be cap-
tured on paper (ECG tracing) or as an
electronic digital file (waveform). The
choice of media (paper versus digital)
for ECG capture is important because
QT intervals can be measured more pre-
cisely and reproducibly with digital

Table 2. Estimated η , λ, and P value6,7 

ρρ Method ηη λλ P Value
–0.1 Bazett –1/2 2.71703 0.0

Fridericia –1/3 1.70281 0.0
Proposed –0.0409403 –0.00957 0.49988

–0.2 Bazett –1/2 2.45421 0.0
Fridericia –1/3 1.44484 0.0
Proposed –0.0827050 –0.02145 0.49944

–0.3 Bazett –1/2 2.19125 0.0
Fridericia –1/3 1.18674 0.0
Proposed –0.1249727 –0.03097 0.49708

–0.5 Bazett –1/2 1.66491 0.0
Fridericia –1/3 0.67012 0.00439
Proposed –0.2099809 –0.04909 0.48286

–0.7 Bazett –1/2 1.13797 0.0
Fridericia –1/3 0.15293 0.32639
Proposed –0.2972420 –0.05697 0.45515

–0.9 Bazett –1/2 0.61024 0.00001
Fridericia –1/3 –0.36504 0.00528
Proposed –0.3884091 –0.04556 0.40585
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rather than paper-based systems. In
addition, recent regulatory initiatives
suggest than the determination of points
for start of the Q wave and end of the T
wave will need to be documented. Iden-
tification of the Q and T points is impor-
tant because expert judgment is often
required to choose them appropriately.
The use of human experts to measure
QT intervals suggests that standardized
training and instruction of the experts is
prudent in order to reduce inter-rater
variability and bias.

Apart from the problems of signal
acquisition and measurement, QT inter-
vals are characterized by substantial
inter- and intrasubject variability.
Sources of intersubject variability can
include genetic predisposition to long
QT intervals, electrolyte concentrations,
autonomic activity, age, and sex.4 Given
that drug effects are presumably related
to interstitial concentrations at cardiac
muscle fibers, it is difficult to predict for
populations or individuals when the con-
centrations are maximized. Intrasubject
variability is strongly influenced by cir-
cadian rhythms that influence autonom-
ic tone and heart rate.5

The above challenges probably pre-

vent a single clinical study from defini-
tively characterizing a new drug’s ability
to alter the QT interval. However, it is
useful to consider the design of clinical
trials that assess specific aspects of QT
interval elongation. Consider a study of
healthy volunteers to assess dose
response with QT interval. Which doses
are selected? In general, a target dose
will hypothetically possess the target
efficacy profile and another dose will be
placebo (the zero dose). There should
also be a maximal dose that corresponds
to the largest tolerated dose. If the maxi-
mal dose is much larger than the target
dose and there is some prior evidence
that the drug may affect QT interval, an
intermediate dose may be selected
between the target and maximal doses.
The intermediate dose could be used to
establish the highest dose not associated
with QT effects. One should also consid-
er adding an active control drug with
QT effects consistent with the lowest
threshold for regulatory/scientific con-
cern. Without an active control demon-
strating QT effects during the study,
there will always be some uncertainty in
interpreting lack of QT effects in the
experimental drug.

Table 3. Malik’s (α) and Proposed (η) Estimates of the Correction Factor8

Function Mean α (SE) Mean η (SE)
Linear 0.1668 (0.0364) 0.1635 (0.0402)
Hyperbolic 0.0975 (0.0219) 0.0960 (0.0210)
Parabolic log/log 0.3431 (0.0603) 0.3316 (0.0628)
Logarithmic 0.1278 (0.0235) 0.1240 (0.0227)
Shifted Logarithmic 0.2421 (0.0518) 0.2374 (0.0560)
Exponential 0.3634 (0.0674) 0.3511 (0.0669)
Arcus Tangent 0.2686 (0.0500) 0.2594 (0.0498)
Hyperbolic Tangent 0.2931 (0.0548) 0.2816 (0.0522)
Arcus Hyperbolic Sine 0.2117 (0.0416) 0.2057 (0.0441)
Arcus Hyperbolic Cosine 0.2433 (0.0456) 0.2362 (0.0465)
Square Root 0.2921 (0.0560) 0.2842 (0.0583)
Cube Root 0.4230 (0.0790) 0.4072 (0.0794)
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Duration of dosing must also be
considered for drugs that will be admin-
istered more than once per treatment
course. For drugs that are not complete-
ly excreted from the body between
doses, study duration may need to
extend until accumulation of drug
plateaus in the body (ie, drug concentra-
tions achieve steady state) for all doses.
ECG assessments may be planned for
the first day of dosing in addition to the
steady-state period. Scheduling of ECG
assessments must be customized to sam-
ple QT at times most relevant to the
absorption and excretion of the drug.
Obviously, the ECG schedule should be
consistent across treatment groups and
days in order to control for circadian
rhythms.

The study design should standardize
activity levels across treatments and
ensure that no imbalances among treat-
ment occur for important covariates
such as age and sex. Electrolyte levels
may be monitored during the studies,
especially if the new drug has some
effect on them. Subjects with a genetic
predisposition to long QT intervals are
typically excluded from these studies.
Given the number of important inter-
subject covariates, the proposed treat-
ments are often presented in a crossover
study so that treatment differences are
taken within each subject. This approach
can present logistical problems if the
study consists of placebo, 3 doses of
drug, and an active control with each
treatment being administered for a
week. In these situations, researchers

must balance the sample size efficiency
of the crossover study against its ability
to answer a sufficient number of
research questions in an appropriate
time period.

As mentioned earlier, a single-dose
response study in healthy volunteers will
probably not provide sufficient evidence
to fully characterize the ECG profile of
a drug. Drug effects could differ in
patients with the target disease, in
patients with other illnesses in addition
to the target disease, or in patients who
are taking other medications at the same
time. Combinations of factors could also
synergistically increase any effects of the
drug. These issues may be addressed in
dedicated studies or incorporated into
the efficacy/safety studies conducted in
later phases of development. However
dose selection, duration of dosing, tim-
ing of ECG measurements, and control
of variability will need to be addressed
in any study design to evaluate QT
interval.

Heart Rate Corrections
Regardless of study design, the statisti-
cian will need to adjust QT interval for
the influence of heart rate because heart
rate is negatively correlated with QT
interval; ie, slower heart rates tend to be
associated with longer QT intervals.
Exercise regimens that maintain pre-
specified heart rates are impractical
because exercise affects autonomic tone,
and QT changes lag several minutes
behind heart rate changes. The proposals
for corrected QT (QTc) intervals are

Table 4.  Study Design

Group Period 1 Period 2
I 1 mg bid (n = 8) 1 mg tid (n = 8)

placebo (n = 4) placebo (n = 4)
II 2 mg bid (n = 8) 1.5 mg tid (n = 8)

placebo (n = 4) placebo (n = 4)
III 3 mg bid (n = 8) 2 mg tid (n = 8)

placebo (n = 4) placebo (n = 4)
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generally based on the RR interval from
which heart rate is calculated (heart rate
= 60/RR). The ideal QTc interval, would
be uncorrelated with RR interval. Two
commonly used correction formulae
were proposed in 1920 by Bazett and
Fridericia.6,7 Unfortunately, each formula
can lead to bias for some clinically rele-
vant values of RR.

Recent work suggests that popula-
tion-based correction formulae, such as
Bazett, perform poorly because each
person has a unique QT-RR relation-
ship.8 Thus, empirical methods were
developed for each proposed functional
relationship to find the subject-specific
parameter values that produce zero cor-
relation between QT and RR for that
subject. A best formula is then chosen
from among all considered models.
Although this approach is clinically
appealing, the statistical shortcomings
are obvious.

Some of the well-known methods of
adjusting QT intervals (QTc) for heart
rate (HR) are provided below.

(i) Bazett6: QTc = QT{HR/60}1/2

(ii) Fridericia7: QTc = QT{HR/60}1/3

(iii) Framingham9: QTc = QT + 
0.154{1 – (60/HR)}

(iv) Van de Water10: QTc = QT – 
0.087{(60/HR) – 1}

(v) Regression11: QTc = QT{HR/HRm}-β,
where HRm is the reference heart
rate and β is the estimated slope
parameter in a regression model
Log(QT)= α + βLog(HR) + Error 

There are several other regression
type correction formulas in the litera-
ture, some of which are given in Table 1,
and they all seem to work well for a spe-
cific data set, but not so well across all
data sets.8,12

In this study, a general linear model
framework to derive formulas for heart
rate QTc intervals using first-order
Taylor series approximation was used.13

Most of the models used in the litera-
ture for heart rate adjustment of QT
intervals are particular cases of the
model used in this study. The proposed
correction formula not only provides
that the correlation of a function of
QTc, which is usually an identity or a log
function, and HR is approximately zero,
but also minimizes the approximate
variance of the function of QTc. This lat-
ter feature means that QTc itself will
have a relatively small variance, which is
desirable in clinical trials in which drugs
are evaluated or compared with respect
to effect on QTc interval. A small-scale
Monte-Carlo simulation study was con-
ducted to compare the correction for-
mulas. In addition, the exact correction
formula proposed by Malik8 was com-
pared to this study’s proposed approxi-
mate estimate. To illustrate the
usefulness of the formulas, they are used

Table 5. Estimated η, λ, and P Value (Population Correction)6,7

Period # Method η λ P Value
1 Bazett –1/2 1.34852293 0.0001

Fridericia –1/3 0.30325439 0.0079
Proposed –0.26235 –0.13832480 0.2237

2 Bazett –1/2 1.22166795 0.0001
Fridericia –1/3 0.19145713 0.0474
Proposed –0.28602 –0.09705817 0.3142
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with data from a clinical trial.

DERIVATION OF THE CORRECTION
FORMULA
For the general framework in which the
methodology of this study is developed,
it is assumed that QTc is related to QT
interval (QT) and heart rate (HR) as
follows:

h(QTc) = f(QT) - η* g(HR),
where f and g are some smooth func-
tions and h is a monotone function.
Most of the models considered in the lit-
erature may be put in this framework.
For example, let 

H(QTc) = Log(QTc), f(QT) =
Log(QT) and g(HR) = Log(HR/60).

These choices of f, g, and h would
yield

QTc = QT{HR/60}-n.
For η = -1/2 and η = -1/3 Bazett’s

and Fridericia’s correction formulas
were obtained, respectively. For the fol-
lowing choice,

f(QT) = QT, g(HR) = 1-(60/HR),
and h(QTc) = QTc.
Van de Water’s and the Framingham
formulas were obtained with η = 0.087
and η = 0.154, respectively.9,10

Now, the main results for both pop-
ulation and individual heart rate correc-
tions for QT intervals are presented; the
proof of which are provided in the
Appendix.

Study Wide (Population) Correction
First consider the case when each sub-
ject has only 1 ECG. Assume that (QT,
HR) has a bivariate distribution with
means (µ,ν) and variances (σ2, τ2) and
correlation ρ. Then,
(i) the correlation between h(QTc)

and HR is approximately 0 for 
CVQT µ * f′ (µ)

η = ρ –––––– (  –––––––– )
CVHR ν * g′ (ν)

σ                    τ
where CVQT = ––– , CVHR =  –––  and µ ν

f′, g′ are the first derivatives of f and g,
respectively,
(ii) the approximate variance of h(QTc)

is minimized for the value of η given
in (i).

The choice of  f(QT) = Log(QT),
g(HR)= Log(HR/60) and
h(QTc)=Log(QTc) will lead to 
QTc-QT{HR/60}-η

and
CVQTη = ρ ––––––  .
CVHR

The case in which there is more than 1
predose ECG per subject, the η given in
(i) above will be estimated for each sub-
ject using only the individual predose
ECG data. The average of estimated 
η across all subjects will be used as the
population correction.

Individual Correction
If there are several ECGs per subject,
use the following adjustment procedure
to determine the correction factor for
each individual QT interval for heart
rate. Assume that for subject j,
(QTi,HRi), i=1,…,T is a stationary
bivariate time series14 with means (µi,νi),
variances(σi

2, τ i
2) and cross-correlation

function ρ(k) = correlation between QTi
and HR(i+k). Then,
(i) the correlation between h(QTci)

Table 6. Estimated λ and P value (Individual Correction)

Period # Method λ P Value
1 Proposed –0.16924566 0.1505
2 Proposed –0.12210764 0.2413
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and HRi is approximately 0 for
CVQTi µi * f′(µi)η = ρ(0)* –––––– (  –––––––––– )
CVHRi νi* g′ (νi)

where ρ(0) is the cross-correlation 

σibetween QTi and HRi, CVQT = –––– ,µi

τiand , CVHRi 
= –––– ,νi

(ii) the approximate variance of h(QTci)
is minimized for the value of η
given in (i).

PROCEDURE FOR COMPUTING QTC
WITH CLINICAL DATA
A brief description of the estimation
procedure to compute both population
and individually QTc intervals follows:

Population Correction
If there is a single predose ECG per
subject, then use predose ECGs from all
subjects to compute the proposed popu-
lation correction factor η given in (i) of
Study Wide (Population) Correction sec-
tion.

If there is more than 1 predose
ECG per subject, then use predose
ECGs to compute the correction factor
η given in (i) of Study Wide (Population)
Correction section for each subject using
only that individual’s data and the aver-
age of these η’s across all subjects will
be used as the population proposed cor-
rection factor.

Individual Correction
The proposed individual correction fac-
tor η as given in (i) of Individual
Correction, Correction Formulation
Section is computed using only each
individual predose ECG data. Assume
that the ratio of means of QT and HR
remain constant across all time points.
These correction factors are used to

compute postdose QTcs.

SIMULATION RESULTS
Independent random samples (N=100)
were generated from bivariate normal
random vector (QT, HR) with mean
vector (400, 75), standard deviations (25,
10), and correlation ρ taking values –0.1,
–0.2, –0.3, –0.5, –0.7, and –0.9. For the
method proposed in this study, η was
estimated, treating these samples as the
predose samples with 1 ECG per sub-
ject. Two more samples (N=100) were
generated (one for placebo and the sec-
ond for treated groups) each from
bivariate normal distribution for (QT,
HR) with mean vectors (400, 75), (350,
60) and corresponding standard devia-
tion (SD) vectors (25, 10), (20, 8),
respectively. The value of the correlation
coefficient ρ varied from –0.1 to –0.9 as
used in the generation of predose sam-
ple. The QTc intervals were computed
using Bazett’s, Fridericia’s, as well as this
study’s proposed method for a specific
choice of functions
f(QT)=Log(QT),g(HR)=Log(HR/60)
with

CVQTQTc=QT{HR/60}-η where η = ρ –––––– .
CVHR

To assess the performance of the 4 cor-
rection methods, a simple linear regres-
sion model was fitted

QTc = ø + λ* HR + TRT + Error,
where TRT takes a value 0 for placebo
and 1 for the treated group. It was
assessed that the method works if the
estimated value of λ is close to zero (a
larger P value for testing the null
hypothesis H0 : λ=0 should indicate a
better performance). The estimates of η,
λ, and P values were averaged more
than 1000 replicates (simulation size).
The results are given in Table 2. These
results clearly indicate that the proposed
correction method outperforms Bazett’s
and Fridericia’s methods. Bazett’s
method performs very poorly compared
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with all other methods considered in the
simulation.

Malik indicated how one can com-
pute the correction factor a using itera-
tive procedure so that the correlation
between QT interval and heart rate is
exactly zero for a choice of a functional
relationship between QT interval and
heart rate. Since there is no mechanistic
model to describe the relationship
between QT interval and heart rate,
Malik8 lists some of the most common
choices for these functions in Table 1.
Table 3 presents the mean and the stan-
dard error (SE) for both α and η
obtained using simulated data. The
results indicate that η and α are quite
similar.

AN EXAMPLE
To illustrate the methodology discussed
above, this paper used a phase I, ran-
domized, double-blind, placebo-con-
trolled, escalating multiple-dose study of
DRUG in healthy subjects. A total of 36
subjects were assigned to 3 groups of 12
subjects each. Within each treatment
group, subjects were randomized in a
double-blind fashion such that 8 subjects
received 2 doses of DRUG (1 in each
period) and 4 were assigned to receive
placebo in each period. Table 4 outlines
the study design.

Subjects were administered study
drug twice a day for 4 days during peri-
od 1, and 3 times a day for 4 days during
period 2. Serial ECG measurements
were obtained on day –1 and on the last
day of each dosing regimen. ECGs were
measured for each subject at times 0
(predose) and 2, 3, 4, 5, 7, 10, 12, 13.25,
14.5, 17.5, and 24 hours after the morn-
ing dose during period 1, and 2 addition-
al times (8 and 9 hours) were used
during period 2. These measurements
were obtained using Marquette equiva-
lent in the 12-lead format at 50 mm/sec
and calibrated at 2 cm/mV. The machine
was configured to provide QT, PR, QRS

intervals and heart rate.
The association between QT inter-

vals and heart rate were explored with
the predose data, and it was concluded
that the relationship is linear in log
scale, ie, choice of functions are

f(QT)=Log(QT),g(HR)=Log(HR/60)
with
QTc = QT{HR/60}-η where 

CVQTη = ρ –––––– .
CVHR

For the individual correction, the adjust-
ment of QT interval for heart rate was
computed using η obtained from each
subject. In the population approach, the
QTc interval was computed using the
average values of η from all subjects.

To compare the adjustment meth-
ods, a regression model was fitted
QTc = ø + λ*HR + Error,
using repeated measure methodology
and tested to see whether λ=0, ie, there
is no significant heart rate effect on
QTc. The results are provided in Table 5,
and they indicate that the proposed
method seems to work very well for cor-
recting QT interval for heart rate.

For the individual QT interval cor-
rection, the results are given in Table 6
and are similar to the results obtained
using population method.

DISCUSSION
Evaluation of new drugs for unwanted
effects on the heart is receiving height-
ened attention because of research that
has identified drugs that prolong the QT
interval as risk factors for cardiac
arrhythmia. The degree of increased risk
per unit increase in QT interval is uncer-
tain, and the smallest clinically impor-
tant increase in QT interval remains
undefined. Recent public meetings of
regulatory agencies suggest that a 5-mil-
lisecond mean increase constitutes a
possible threshold for regulatory con-
cern.1
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Clinical studies to detect QT inter-
val mean increases as small as 5 millisec-
onds face significant challenges because
of the substantial variability in QT inter-
vals. The first source of variability is the
process of acquiring and measuring the
QT interval. Placement of ECG leads,
choice of lead(s) to be measured, stan-
dardization of ECG machines, choice of
media (paper versus digital), and vari-
ability in expert measurement of the QT
interval comprise critical components of
the process.

QT intervals are characterized by
substantial inter- and intrasubject vari-
ability apart from that engendered by
acquisition and measurement. Sources of
intersubject variability can include
genetic predisposition to long QT inter-
vals, electrolyte concentrations, auto-
nomic activity, age, and sex. Intrasubject
variability is strongly influenced by cir-
cadian rhythms that influence autonom-
ic tone and heart rate.2

A single study will probably not
provide sufficient evidence to fully char-
acterize the ECG profile of a drug.
However, dose selection, duration of
dosing, timing of ECG measurements,
patient population, and control of vari-
ability will need to be addressed in any
study design to evaluate QT interval.

The proposed correction factor
closely approximates the empirical
method of Malik, but also provides a
framework from which the statistical
properties of the correction factor can
be derived. Although this approach
appears to provide adequate estimation
of correction factors on average, it may
fail to correct appropriately for a subject
with an unusual QT-RR relationship.
Thus, one should investigate further
when extreme QTc values are observed.

Further research is warranted to
elucidate the correlation structure
between QT and RR over time within a
subject. Defining these structures could
improve the mixed models used to

obtain correction factor estimates and
associated SEs. However, extensive
monitoring with Holter recorders will be
needed to obtain a sufficiently dense
data set.

CONCLUSION
The importance of adjusting QT interval
for heart rate is evidenced by numerous
publications on this topic. Most of these
adjustment procedures have been
empirically based. In this study, a unified
approach was presented with simple
closed forms for population and individ-
ual correction formulas that show that
the correlation of adjusted QT interval
and heart rate is approximately zero.
The estimate of the correction factor
proposed by Malik8 obtained using itera-
tive procedure is similar to the proposed
estimator used in this study. The simula-
tion and the example from a clinical trial
provide an empirical validation of the
proposed method.
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