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Background: Universal QT correction formulae have been shown to under or overcorrect the QT
interval duration. Individual QT-R-R modeling has been proposed as a preferable solution for heart
rate correction of QT intervals. However, the QT-R-R relationship stability over time needs to be
evaluated.

Methods: The present report is part of randomized, double-dummy, and placebo-controlled 4-
way crossover phase 1 study (48 healthy volunteers). Each randomized period included a run-in
placebo day followed the day after by drug administration, with moxifloxacin as a positive control
for QT interval measurement. Digital Holter ECG data were analyzed using the “bin” approach. For
each period, individual QT-R-R relationship were calculated using two different models (linear and
parabolic log—log models).

Results: The mean intrasubject variability for the a coefficient of the linear modeling (SDintra =
0.011 £ 0.005) reached 28.6 + 10.2%. When the parabolic model was considered, the SDintra
was 0.026 £ 0.009 for the a coefficient. The QT-R-R relationship variability was in part related
to long-term RR changes (R* = 30%, P < 0.05). However, no significant time effect (ANOVA) was
evidenced for QT-R-R coefficients. Moxifloxacin significantly increased the a coefficient of the QT-
R-R relationship from 0.07 + 0.018 to 0.085 4 0.019, P < 0.05 (linear model).

Conclusions: The individual QT-R-R relationship shows a residual variability in part related to
long-term autonomic changes. In addition, the QT-R-R relationship might be modulated by the drug
tested. As a consequence, pretherapy QT-R-R relationship obtained in a given patient cannot be used

as a fingerprint throughout a drug trial.

A.NL.E. 2005;10(2):169-178

Ventricular repolarization (and consequently the
OT interval) has the intrinsic property of being in-
versely related to heart rate (HR) (i.e., QT interval
shortened as heart rate increases).!'? As a conse-
quence, an evaluation of QT-interval changes must
always accommodate for the underlying changes
in HR. Many general HR correction formulae have
been proposed to normalize the QT to HR using
several mathematical functions to correct for HR
changes.?* The "corrected” QT value known as the
QTc interval is thus intended to represent the QT
interval at a standardized heart rate of 60 bpm.

However, ventricular repolarization is influ-
enced by rate-independent factors such as sex
hormones,>® the autonomic nervous system ac-
tivity,”!2 genetic background of transmembrane
channel functions'®, or cardiac diseases.!* For in-
stance, population studies have shown that women
have longer QT interval than males!'® !¢ and that the
QT interval is prolonged during sleep.217

Hence, the concept of a "universal” (i.e., valid
for any individual) correction formulae is highly
questionable. Actually, these "universal” correc-
tion formulae are discredited since they have been
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shown to over-correct or under-correct the QT in-
terval when HR moves away from average, resting
ranges.*1®

Population-specific correction formula have been
proposed as a potential alternative solution.*%1°
This method is based on a single ECG sample per
subject but a broad cohort. Each subject is char-
acterized by a pair data [QT:RR] and the mathe-
matical modeling of the QT-R-R relationship ap-
plied on the pooled data is used to calculate the
population-specific correction QT interval (QTcN).
Still it was shown that the population-specific ap-
proach does not describe adequately all individual
data,'®?% so the concept of a subject-specific cor-
rection formula (QTcNi) was proposed in order to
minimize the correction error.?° In contrast to the
population-specific approach, this method is based
on multiple ECG samples at different HRs obtained
within the same subject, that are further used to
determine the QT-R-R relationship for that indi-
vidual.

It has been suggested that the individual QT-R-
R relationship could be stable over time in healthy
subjects and thus could be considered as a finger-
print.2%2! However, data from Batchvarov et al.
have only shown that in healthy subjects the inter-
subject variability of the QT-R-R relationship is
higher than the intrasubject one.??

The individual QT-R-R relationship is modulated
by short-term?324 and mid-term subtle HR changes
patterns and autonomic variations as well. For in-
stance, the QT-R-R relationships is steeper during
the day than at night,!” and is impaired in diabetic
patients with cardiac autonomic neuropathy.?® The
mean HR of a given period of observation also influ-
ences the steepness of the QT-R-R relationship.!”-26

Consequently, providing thorough data on indi-
vidual QT-R-R models is still needed.

Many noncardiovascular drugs have been with-
drawn from the market for induction of Torsades de
Pointes, although the amount of QT prolongation in
clinical studies was on average small.?” Recently,
regulatory agencies have required ECG processing
techniques with the ability of detecting small (i.e.,
5 ms) drug-induced QT interval prolongation.?®

Keeping in mind the 5 ms challenge, it is of crit-
ical interest to determine whether the intrasubject
variability of the QT-R-R relationship, if any, is
able to mask such small drug-induced QT interval
changes.

The aim of the present study was three fold: (1)
to assess the individual QT-R-R relationship vari-

ability, (2) to test the hypothesis that this variability
is related to long-term heart rate changes, and (3)
to evaluate the influence of the individual QT-R-

R relationship variability on QT interval measure-
ment stability.

SUBJECTS AND METHODS
Study Design

The data reported in the present article are part
of the study designed as a 4-way crossover study as-
sessing two single doses of alfuzosin versus placebo
and moxifloxacin (400 mg) as a positive control.
The study was a single-center, randomized, double-
dummy, and placebo-controlled, in 48 healthy vol-
unteer males aged 22-40 years.

In this study, ECG monitoring was performed us-
ing continuous 24-hour Holter recorders.

Each subject took a run-in placebo the day be-
fore drug administration. This run-in placebo pe-
riod was used as the baseline period for each drug
arm. The time interval between run-in placebo and
treatment was only 24 hours. Four 24-hour Holter
ECG were obtained 1 week apart under placebo
(named week 1, week 2, week 3, and week 4).
One randomly assigned period included a run-in
placebo followed by moxifloxacin administration.

The study was approved by the ethics commit-
tee of the Ambroise Paré Hospital (Boulogne Billan-
court, France), and the subjects signed an informed
consent form.

Holter Monitoring

ECG analysis was performed over a 4-hour pe-
riod (3-7 p.m.) corresponding to the expected peak
plasma concentration of the tested drugs.

Analysis was performed using a subject-specific
protocol of time matched ECGs. The on-treatment
data were compared to run-in placebo data dur-
ing that 4-hour time window. ECG readers were
blinded to treatment.

HR parameters included the mean HR during the
4-hour period (HR4-RR4), the mean HR during the
day (HRday) and the mean HR during the entire
recording (HR24). Of note, subjects were confined
in supine or semi-recumbent position for at least
12 hours, thus allowing ECG collection in stable
conditions.
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Figure 1. The intersubject variability was described us-
ing the range and the standard deviation between sub-
jects for the same period (SDinter). The intrasubject vari-
ability within different periods was assessed by using
the standard deviation of the measures (SDintra), the
delta (maximum minus minimum values) and the percent
change ([(max—min)/max) x 100]).

ECG waveforms were digitally recorded (Syne-
flash Digital recorder, ELA Medical) and analyzed
using WinAtrec v4.0.0 (AMPS LLC, NY). This soft-
ware is intended to provide a tool to build templates
for QT analysis from Holter recordings. Validation
of the algorithm for obtaining averaged ECG tem-
plates has been previously described.?*

Data processing was performed in three steps: (1)
RR interval measurements, (2) classification of all
sinus cardiac ECG complexes into 10 ms RR groups
("bins"), and (3) averaging of complexes within each
RR bin and measurement of QT intervals. The QT
interval length of the averaged complex was the
value for each subject in each treatment group (or
period) used in the analysis. The data were pro-
cessed in a blinded manner.

For each subject and each period, the QT interval
duration at each RR interval were used to calculate
the QT-R-R relationship using two different models
(linear model: QT = « x RR + B and parabolic log-
log model: QT = B x RR*). For each model, the
residual sum of square (RSS) was calculated. The
model with the lowest RSS (ms?) was considered
as the model providing the best fit of the QT-R-R
relationship.

QT1000 intervals (QT interval duration at RR =
1000 ms) were calculated from each of the two mod-
els (linear and parabolic log-log).

Statistical Analysis

Results are presented as mean + SD. The inter-
subject variability was described using the range
(maximum minus minimum values) and the stan-
dard deviation between subjects for the same pe-
riod (SDinter) (Fig. 1). The intrasubject variability
within different periods was assessed by using the
standard deviation of the measures (SDintra), the
delta (maximum minus minimum values) and the
percent change ([(max—min)/max) x 100]) (Fig. 1).

The hypotheses of systematic trends in variabil-
ity within methods, over time and after drug ad-
ministration were assessed by ANOVA for repeated
measures with Scheffe's post tests when applicable.

Correlation between quantitative variables was
evaluated using a linear regression modeling.

A P value less than 0.05 was considered as sig-
nificant.

RESULTS

A good quality for each of the five recordings
(four run-in placebo and moxifloxacin) was found
in 41 subjects. The average number of QT "bins"
was around 50, thus covering a 500 ms RR interval
range (Table 1).

Table 1. Number of QT Bins and Heart Rate

Number of QT Bins Heart Rate

Mean + SD (range) HR24 HRday HR4
Week 1 53 4+ 9* (34; 68) 64 +9 63+ 9 63+ 9
Week 2 51 £ 9 (32; 65) 63 + 8* 62 +9 61 £+ 9*
Week 3 53 4+ 9* (34; 67) 63 4 8* 62 + 8* 60 + 7*f
Week 4 53 + 9* (35; 68) 63 + 8* 62 + 7* 60 + 7%}
Moxifloxacin 49 4+ 9 (33; 66) 65+ 8 64+ 8 64+ 8

*P < 0.05 versus moxifloxacin.
TP < 0.05 versus week 1.
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Figure 2. Linear (upper panel) and parabolic log-log
modeling of the individual QT-R-R relationship in one
subject. Although parabolic log-log model led to a
smaller residuum sum of square, the degree of curva-
ture of QT-R-R plots was small leading to pseudo-linear
relationships.

The mean HR was not different within the four
placebo periods with the exception of HR4 of week
1, which was higher when compared to weeks 3
and 4. Moxifloxacin was associated with a weak
(<2 bpm) albeit significant increase in HR4, HRday,
and HR24 (Table 1).

The values of RSS (ms?) obtained for the linear
model were higher than those of the parabolic log-
log model. This finding was consistent during the
5 Holter periods (Table 2).
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Figure 3. QT-R-R relationship using the linear model un-
der baseline condition (gray line) and after moxifloxacin
(black line). The values of the calculated QT interval du-
ration at RR = 800, 1000, 1200, and 1400 ms are in-
dicated above the curves on moxifloxacin and below the
curves under baseline condition.

Figure 2 shows that the degree of curvature of
QOT-R-R plots was rather small leading to pseudo-
linear relationships.

Table 2 also gives the mean coefficients of the
OT-R-R relationships during the four periods, and
on moxifloxacin (linear and parabolic log-log). Fig-
ure 3 shows one typical example of the QT-R-R
relationship (linear model) under baseline condi-
tion and after moxifloxacin. Moxifloxacin signifi-
cantly increased the « coefficient of the QT-R-R re-
lationship regardless of the mathematical formula,
although less consistently for the log-log parabolic
model (Table 2).

Table 2. Residuam, « and g Coefficient of the QT Rate-Dependence

RSS (ms?) QT Rate-Dependence QT Rate-Dependence
«a Coefficient 3 Coefficient
Linear Parabolic Linear Parabolic Linear Parabolic
Model Model Model Model Model Model
Week 1 2433 +£303 1619+ 168" 0.073+0.018* 0.175+0.036* 330 £29* 123.7+29.6
Week 2 178.2 +£ 128 114.3 + 89f 0.072 £ 0.020* 0.174 +£0.038* 332 +31* 1252+ 315
Week 3 2095+ 180 138.2 +£ 128" 0.074+0.018* 0.181 £0.036 330+ 30* 119.5+ 30.6
Week 4 278.9 £ 362 147.2 £168" 0.071 £0.014* 0.173 £0.031* 333 £28* 122.3+33.6
Moxifloxacin  306.1 & 360 196.5 + 270t 0.085 + 0.019 0.196 +£ 0.039 323 + 29 108.7 + 28.9

*P < 0.05 versus moxifloxacin.
TP < 0.05 versus linear model.



AN.E. » April 2005 + Vol. 10, No. 2 * Extramiana, et al. * Individual QT-R-R Relationship Variability < 173

Table 3. Calculated QT1000 Interval

Linear Parabolic

Model Model
Week 1 402 £+ 22* 402 £+ 22*
Week 2 403 £ 24* 403 £ 24*
Week 3 404 £ 21* 404 £ 21*
Week 4 404 + 22 404 + 22
Moxifloxacin 409 + 22 409 + 22

*P < 0.05 versus moxifloxacin.

No significant time effect as assessed using
ANOVA was evidenced for either RSS and OQT-R-R
relationship coefficient (Table 2).

Table 3 shows the mean calculated QT1000 in-
tervals for each statistical model and at each time
points. Notwithstanding of different fittings, the
linear and parabolic log-log models yielded simi-
lar QT1000 interval values. QT intervals at each
time point were nearly the same from week 1
to week 4. Moxifloxacin significantly increased
the QT1000 interval (Table 3). The moxifloxacin-
induced QT1000 interval prolongation ranged from
5 to 7 ms depending on the period and the fit-
ting model. However, because of the moxifloxacin-
induced increase of the steepness of the QT-R-R
relationship, the QT interval change was related to
the heart rate considered. As shown in the example
displayed in Figure 3, moxifloxacin had no effect on
QT interval duration at RR = 800 ms, whereas its
QT prolonging effect reached 10 ms at the slowest
heart rates recorded.

Despite the absence of statistically significant
time effect, a substantial individual variability of
QT rate-dependence could be detected (individual
linear coefficients of the QT-R-R relationships are
given in Appendix 1).

The o coefficient of the linear model ranged from
0.039 to 0.124 within the 41 subject cohort. The
inter-subject variability assessed by standard devi-
ation of the mean was 0.018, 0.020, 0.018, 0.014 for
weeks 1-4, respectively.

The mean intrasubject variability for the o coef-
ficient of the linear modeling (SDintra = 0.011 +
0.005) although lower than the inter-subject vari-
ability reached 28.6 + 10.2%. More specifically,
SDintra ranged 0.008-0.059.

When the parabolic model was considered, the
SDintra were 0.026 + 0.009 (range 0.011; 0.132) for
the « coefficient and 21.9 £ 7.9 for the 8 coefficient.

Appendix 2 shows individual QT1000 interval
values obtained using the linear model. The mean
intra-subject variability for QT was 5.1 + 2.4
ms. The mean individual delta QT1000 observed
within the four baseline periods was 11.5 + 5.7 ms
(i.e., larger than the average moxifloxacin-induced
QT1000 prolongation).

Appendix 2 also shows the distribution of the
moxifloxacin effect on QT interval. Using categori-
cal analysis, moxifloxacin induced a QT1000 inter-
val prolongation greater than 1 ms in 19 subjects, a
QT change less than 1 ms in 6 subjects, but a short-
ening in the remaining 16 subjects (the mean drug
effect is shown in Table 2).

The residual variability in the QT-R-R relation-
ship (and consequently in QT1000 interval dura-
tion) were in part related to changes in HR4. Figure
4 shows the relationship between the linear coef-
ficient @ and the global HR of the period consid-
ered in two representative subjects. Stable HR4 in-
terval was associated with stable QT-R-R relation-
ship, whereas HR4 increase was associated with a
higher o coefficient of the linear relation. Figure
5A shows the relationship between the linear « co-
efficient and RR4. The « coefficient increased as
the RR4 decreased (i.e., HR4 increased). Changes
in RR4 could explain about 30% (R?) of a coeffi-
cient changes.

QT-R-R
o
0.14
0.121 HR=69 bpm
0.107
HR=58 HR=59 HR=58
0.08] bpm bpm bpm
0.061
0.047 HR=48 HR=47 HR=45 HR=43
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0.02-
0 ‘ T ‘ T
Week1 Week2 Week3 Week4

Figure 4. Relationship between the linear coefficient «
and the global HR of the period considered in two rep-
resentative subjects. Stable HR4 interval was associated
with stable QT-R-R relationship (circles), whereas HR4
increase was associated with a higher « coefficient of
the linear relation (squares). HR = heart rate; bpm =
beat per minute
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Figure 5. (A) Relationship between the linear « coefficient and RR4. The
a coefficient increased as the RR4 decreased. Changes in RR4 could explain
about 30% (R?) of « coefficient changes. (B) The delta QT 1000 interval change
within periods was also significantly correlated with the change in RR4. Thirty-
five percent of QT1000 variability could be explained by RR4 changes.

The delta QT1000 interval change within periods
was also significantly correlated with the change in
RR4 (Fig. 5B). Thirty-five percent of QT1000 vari-
ability could be explained by RR4 changes.

DISCUSSION

The present study confirms that the average QT-
R-R relationship can be considered as stable over
time when a homogeneous cohort of subjects is
considered. However, our data indicate that appar-
ent average stability is associated with a residual
individual variability in the QT-R-R relationship.
Another finding is the importance of long-term
heart rate factor for QT-R-R relationship assess-
ment.

In this study, the QT1000 variability derived
from individual QT-R-R relationship does not blur
a small drug-induced QT prolongation.

The evaluation of the individual QT-R-R rela-
tionship has been proposed to overcome the sys-
tematic biases induced by any "universal” correc-
tion formula.?>-?2 The best mathematical model to

describe this relationship has been debated.?0-22:30
We have previously demonstrated that the linear
modeling provides good fittings of the QT-R-R re-
lationship when the QT interval is measured in sta-
ble heart rate conditions and separately during the
day and at night.!” Malik et al. demonstrated that
the linear modeling can be considered as a good re-
gression model, though the arcus hyperbolic sine
and the shifted logarithmic models could lead to
lower residual.?%-?2 The duration of the period used
to determine the QT-R-R relationship is also impor-
tant. Since the QT-R-R relationship is influenced by
the autonomic nervous system, mixing data from
different circadian periods can affect the linearity
of the relationship. A single modeling of two dif-
ferent linear relationships (i.e., diurnal and noctur-
nal) would be better fitted using a nonlinear model.
In this study, the parabolic log-log model only
provided negligible fitting improvement. This find-
ing could be related to the imposed supine posi-
tion following drug administration, thus making
HR more stable.?® The differences between the two
mathematical models did not result in significant
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differences of the QT interval duration in controlled
conditions, and both the methods were sensitive
enough to detect the small QT interval prolongation
induced by moxifloxacin.?! Therefore, the added
value of non-linear mathematical modeling appears
to be limited.

In accordance with a previous study, we found
that the inter-subject variability of the OQT-R-R re-
lationship is higher than the intrasubject one.??
However, descriptive statistics evidenced an intra-
subject variability around 30% over the four place-
bo periods. Co-variables such as gender, age, and
cardiac abnormalities are known to change the QT-
R-R relationship between subjects.}”-3%33 In a single
subject, the QT-R-R relationship is modulated by
the autonomic nervous system, the mean RR inter-
val, decreased by beta-blockers and increased by
blockers of the IKr current.!”:3%35 In the present
study, we confirm the significant correlation be-
tween the QT-R-R relationship and the global mean
RR interval of the period considered.!7:26

Despite substantial intra-subject variability,
ANOVA did not evidence consistent changes in the
QT-R-R relationship over time. These apparently
conflicting data suggest that at least part of the
intrasubject variability displays random properties,
i.e., random distribution of ANS and long-term RR
interval changes. However, it is tempting to specu-
late that a random distribution of those modulating
factors is not granted in a given trial. A systematic
bias in heart rate changes could conceal the stabil-
ity of the QT-R-R relationship over time. There-
fore, for studies with a crossover design, a single
evaluation of the QT-R-R relationship would be ap-
propriate only in the case of stability of the ANS
influences and global HR at each step of the study.

In addition, moxifloxacin significantly increased
the steepness of the QT-R-R relationship. Since ex-
perimental studies show that moxifloxacin interacts
with repolarizing currents, that result was some-
what expected.’® As a consequence, the QT-R-R
relationship evaluation should be assessed again
when the drug studied is associated with changes
in RR interval, autonomic modulation, hormonal
status, and/or a blockade of the IKr current.

Provided that the QT-R-R relationship can be
considered as stable in a subset population of nor-
mal subjects, the calculated QT1000 interval is ex-
pected to show a similar behavior.

In this study, descriptive statistics reported a
mean individual delta QT1000 above 10 ms. How-
ever, no consistent change over time was evidenced

using ANOVA, again suggesting that the individual
variability is related to a random phenomenon. We
show that the delta QT1000 interval change is sig-
nificantly correlated with the change in mean RR
interval that seems to be randomly distributed. The
QT1000 interval duration variability was not able
to mask the small QT interval prolongation induced
by moxiflocacin.

We made use of the QT1000 interval mainly be-
cause it is the easiest to compare with the widely
used QTc values. In addition, the choice of the
QT1000 interval was possible in this study, be-
cause subjects were at rest during Holter record-
ings. Thus, the relatively slow heart rate of 60
bpm could be recorded on both baseline condi-
tion and after moxifloxacin. The use of QT1000
may introduce an error if the tested compound lead
to more dramatic changes in heart rate. Then the
QT-R-R relationship would be computed for dif-
ferent ranges of heart rate. Assessing the QT pro-
longation would require interpolating one model
and thus introduce an unknown error. However,
the choice of the QT1000 value is not manda-
tory. One of the advantage of the bin method is
its ability to compare QT interval duration for
any of the RR interval recorded on each proto-
col arm. This point is of particular importance for
instance in infants, in patients with slow or high
heart rates, as well as for drugs inducing a marked
tachycardia.

We conclude that the simple linear modeling of
the QT-R-R relationship provides sufficient infor-
mation for its use in pharmacological studies. The
QT-R-R relationship shows a residual variability in
part related to autonomic changes. Therefore, for
studies with a crossover design, a single evaluation
of the QT-R-R relationship would be appropriate
only in the case of stability ANS influences for each
study period.

In addition, the QT-R-R relationship might be
changed by the drug tested. As a consequence,
the QT-R-R relationship obtained in control condi-
tion cannot be used as a fingerprint throughout the
trial.
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