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Abstract

Introduction Clinical pharmacology QT/QTc studies can

be smaller if they more efficiently use the data generated.

Objective The aim was to use large sets of electrocar-

diograms (ECGs) deposited at the US Food and Drug

Administration to investigate the implications of heart rate

measurement on the accuracy of QTc data.

Methods Using the data of 80 thorough QT studies, we

investigated whether placing study subjects in supine positions

during short-term time points stabilizes heart rate (part I, based

on 73 studies with 747,912 measured ECGs in 6786 healthy

subjects) and whether heart rate measurements different from

RR intervals captured simultaneously with QT intervals

decrease QTc variability (part II, based on seven studies with

897,570 ECG measurements in 751 healthy subjects).

Results In the part I data, when subjects were placed in

supine undisturbed positions, heart rate instability (max–

min of repeatedly measured heart rates within the same

study time point) exceeding 5 beats per minute (bpm) was

observed 40 % of the time and exceeded 10 bpm 10 % of

the time. In the part II data, even when including QT

measurements preceded by variable heart rates, correction

of QT durations for RR interval values derived through a

simple QT/RR hysteresis model with 95 % adaptation in

120 s led to mean intra-subject standard deviation of QTc

(Fridericia formula) of only 7.14 ± 1.98 and

6.38 ± 1.50 ms in women and men, respectively.

Conclusion The QT/RR hysteresis model with 95 %

adaptation in 120 s is universally applicable to healthy

subjects, providing small QTc variability. Supine positions

do not generally stabilize heart rates in healthy subjects.

Universally applicable QT/RR hysteresis correction allows

clinical QT/QTc studies to include variable heart rate

episodes in the time points.

Key Points

Contrary to the present design of thorough QT/QTc

studies, placing healthy subjects into undisturbed

supine positions does not stabilize heart rates even

over short (i.e., 1- to 3-min) analysis windows.

A universally applicable correction for QT/RR

hysteresis with a 95 % constant of 120 s provides

RR0 values for QT interval heart rate correction that

are little different from RR0 values based on

individually optimized QT/RR hysteresis

corrections.

Universal correction for QT/RR hysteresis allows

clinical pharmacology QT/QTc studies to include

QT measurements that are preceded by variable heart

rates.

This article reflects the views of the authors and should not be

construed to represent FDA’s views or policies.
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1 Introduction

While investigation of drug-induced QT/QTc interval

changes is mandated for practically all new pharmaceuti-

cals [1], the design of relevant investigations is under

constant evolution. Different innovations have been pro-

posed to modify the concept of thorough QT studies

(TQTS), but all expect the assessment of drug-induced QT/

QTc changes to be based on small studies, possibly first-in-

man investigations [2]. Achieving results with narrow

confidence limits with small sample sizes requires opti-

mum use of available data.

This is well understood, and the accuracy of QT interval

measurements receives attention in pharmaceutical studies.

Lesser attention is usually paid to the measurement of heart

rate (HR) for QT interval correction. Among other con-

siderations, while QT interval dependency on HR (i.e., how

much QT interval changes when HR changes) is practically

always incorporated into QT interval correction, the speed

of QT interval HR adaptation (the so-called QT/RR hys-

teresis, i.e., how quickly QT interval changes when HR

changes) is frequently neglected.

Most frequently, TQTS place investigated subjects into

a supine position during protocol-specified analysis win-

dows around the sample times for plasma drug levels

(e.g., of 5-min duration), during which repeated (e.g.,

triplicate) measurements are made. This is based on the

expectation that keeping the subjects in supine positions

stabilizes HR over the analysis window so that the effects

of QT/RR hysteresis can be neglected and that simple

short-term data of QT/RR interval pairs are sufficient,

especially if a few such pairs are averaged at each

measurement.

Using the data of previously conducted TQTS, the

electrocardiograms (ECGs) of which were deposited in the

ECG warehouse of the USA Food and Drug Administration

(FDA) [3], we investigated (part I) whether placing study

subjects in supine positions indeed stabilizes HR and (part

II) whether different HR measurement methods decrease

QTc variability.

2 Methods

We used data of TQTS previously conducted in heal-

thy volunteers. All source studies were conducted

according to approved protocols, and all of them

reported that all participants gave informed written

consent. Since we used only drug-free parts of the

investigations, the specific details of the investigated

drugs are irrelevant.

2.1 Source Studies

2.1.1 Part I Studies

Part I used the data of 73 TQTS submitted to the ECG ware-

house of the FDAbetween 2005 and 2012. These studieswere

all crossover TQTS and had multiple drug-free ECG mea-

surements made at each period. The studies were used both

individually and with their ECG measurements and subjects

pooled. Altogether, these studies investigated 6786 subjects

(range per study 19–339, mean age 32.14 ± 10.14 years), of

whom 2806 (41.3 %) were women (0–139 per study). The

submissions of the studies to the warehouse contained

747,912 ECG samples and their drug-free (base-

line ? placebo) measurements (558–50,211 per study) in

207,846 individual per-protocol analysis windows (336–6070

per study). In all studies, the subjects were positioned, per

protocol, in undisturbed supine positions during analysis

windows. The majority of the studies (n = 46) used triplicate

ECG measurements per analysis window, one study used

duplicated measurements, and 26 studies used four or more

time-point replicates. The average of mean durations of study

time points (the interval between the first and the last mea-

sured ECG within the same analysis window) was 158 s

(39–482 s per study). Data on ECG times and QT and RR

interval durations reported by study sponsors were used.

2.1.2 Part II Studies

For part II, we used a pooled data set of seven TQTS con-

ducted between 2004 and 2013 that all included QT interval

data togetherwith 5-min RR interval histories before eachQT

measurement derived from continuous 12-lead ECGs. These

were all the studies available to us with data of this kind.

Altogether, these studies investigated 751 subjects (mean age

34.18 ± 9.56 years, 311 women). All the seven studies fol-

lowed practically the same protocol for obtaining detailed

characteristics of subject-specific QT/RR relationship during

drug-free baselines. In each subject, multiple baseline

recordings were used and thus, in addition to per-protocol

analysis windows, free scans of the continuous ECGs were

made to measure QT intervals at different HR [4]. The base-

line days of the studies also included postural provocative

maneuvers to achieve wide HR spans. This pool of the seven

studies contained 897,570 drug-free ECGmeasurements (QT

interval ? RR history, range 321–1560 per subject).

2.2 Data Analyses

Since we used only drug-free ECG measurements with no

systematic HR changes expected, we used primarily Frid-
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ericia correction to derive the QTcF values [4, 5]. As small

QT studies require reduced variability of QTc data, we

have used the intra-subject standard deviation (SD) of

QTcF values as the metric characterizing the QTcF data

quality.

2.2.1 Part I Analyses

In the part I data, two analytical steps were carried out.

Firstly, we assessed HR instability within analysis

windows by calculating the HR ranges (max–min) in

repeated ECG measurements of the same time point [re-

ported RR intervals were converted to HR in beats per

minute (bpm)]. For each study, the time-point HR insta-

bility was characterized by median, 75 and 90 percentiles

of these ranges. For each subject, the mean of the HR

ranges over different analysis windows characterized a

subject’s HR instability. Similarly, the mean and upper

percentiles of HR instability in the data of a study char-

acterized the HR instability in the given study (e.g.,

influenced by the diligence of study conduct).

Secondly, we investigated how the HR instabilities in

analysis windows were related to the intra-subject SD of

QTcF, both per subject and per study. In each subject and

each study, we also investigated the percentage of analysis

windows in which the HR ranges exceeded 5 and 10 bpm.

2.2.2 Part II Analyses

Since the baseline day protocols of part II studies were

practically identical, we pooled all the subjects together.

Four analytical steps were performed with the part II data.

Firstly, we divided all the QT measurements into those

that were per protocol selected from long-term ECG

recordings aiming at identifying episodes preceded by

stable HR (ideally ±2 bpm differences in the preceding

2 min, but this included episodes within per-protocol

analysis windows where the HR stability was not always

achieved) and those selected per protocol aiming at finding

episodes preceded by variable HR. For these separately and

pooled together, we investigated intra-subject SD of QTcF

when correcting the QT measurements for (a) the average

of N preceding RR intervals and (b) the average of RR

intervals over preceding N seconds, varying N in both cases

from 1 to 300.

Secondly,we investigated intra-subject SDofQTcFwhen

correcting the QT measurements for the RR0 values (i.e., the
weighted averages of RR intervals preceding QT interval

measurement) derived from the 5-min histories using the

exponential decaymodels ofQT/RRhysteresis [6, 7] (see the

Sect. 5 for details). For this purpose, we considered models

assuming QT adaptation driven by a number of cardiac

cycles and by elapsed time, varying the 95 % hysteresis

constant (the interval of 95 % adaptation of QT interval

duration) between 20 and 280 cardiac cycles and 20 and

280 s, respectively. From this analysis, we derived a global

model of QT/RR hysteresis, i.e., the model that led to the

minimum averaged intra-subject SD of QTcF.

Thirdly, individually optimized models of QT/RR hys-

teresis and individually optimized HR corrections were

also available in part II, derived by previously published

technologies [8]. The individually optimized HR correc-

tions involved both optimization of QT/RR curvatures [9]

(providing QTcI values) and optimization of a universal

parabolic correction model in the form of QTc = QT/RRb.

Using these, we investigated the differences between the

hysteresis derived RR0 values obtained with the global

model and the individually optimized models, and the

differences between the QTcI and QTcF values. For the

purposes of distinguishing the QTc differences caused by

replacing subject-specific QT/RR hysteresis models with

the global model from the differences caused by replacing

subject-specific QT/RR correction formula with the Frid-

ericia formula, we calculated QTcF values twice, that is

using the RR0 value derived by the subject-specific QT/RR

hysteresis model and by the global QT/RR hysteresis

model.

Finally, we investigated the differences between the

intra-subject SD of QTcF derived from the global hys-

teresis correction with the Fridericia formula and the intra-

subject SD of QTcI derived from individually optimized

hysteresis and HR corrections.

2.3 Statistics

All analyses were performed separately for male and

female subpopulations of part I and II data sets. Descriptive

data are presented as mean ± SD, with cumulative distri-

butions compared by Kolmogorov–Smirnov test where

appropriate. Linear regressions are reported with 95 %

confidence intervals and accompanied by Pearson correla-

tion coefficients. Within-subject changes in SD of QTc

were compared using Wilcoxon matched pairs test.

Mutually corresponding data sets were also displayed using

Bland–Altman-like graphs.

3 Results

3.1 Part I

3.1.1 Distribution of Heart Rate Instability

Figure 1 summarizes the HR instability data in the pool of

part I studies. In the pooled data, there were more than 40

and 10 % of the study analysis windows with HR ranges
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exceeding 5 and 10 bpm, respectively (Fig. 1c). Not sur-

prisingly, the HR ranges were correlated with the mean HR

of the time points (r = 0.281 and r = 0.280 in females and

males, respectively; Fig. 1a, b), but contrary to our

expectations that HR measurements more distant from each

other are more likely to be different, they were not related

to the differences between the times at which the maximum

and minimum HRs were measured in the same analysis

window (r = 0.012 and r = -0.001 in women and men,

respectively; Fig. 1d, e).

Nevertheless, these global observations did not apply to

individual studies equally, with substantial differences in

the within-analysis-window HR instability study to study.

Similarly, there were differences between individual sub-

jects, including those participating in the same study.

Pooling all part I subjects together, there were only 6.1 %

of women and 4.5 % of men in whom the HR instability in

all analysis windows did not exceed 5 bpm. For HR

instability not exceeding 10 bpm, the corresponding num-

bers were 28.4 and 26.7 % (Fig. 1c, h). On the contrary,

Fig. 1 Panels a (women) and b (men) show the relationship between

mean heart rate and heart rate instability (i.e., the max–min range of

heart rates measured within the ECG multiplets of the same study

time point) in individual time points. Panels d (women) and e (men)

show the relationship between time span between maximum and

minimum heart rates and heart rate instability in individual time

points (pooled data of all part I studies). Panel c shows, for individual
part I subjects, the cumulative distribution of the proportions of study

time points in which the heart rate instability exceeded 5 bpm (full

bold lines) and 10 bpm (dotted lines), e.g., heart rate instability above

5 bpm in more than 30 % of measured study time points was seen in

approximately 70 % of all part I subjects. Panel f shows the same for

individual part I studies (note that in panel c, similar to panel f, all
curves end at 100 % frequency for 0 % of measured time points.

There were 6.1 % female subjects and 4.5 % male subjects in whom

all the study time points had heart rate instability below 5 bpm; for

the 10-bpm threshold, these numbers were 28.4 % and 26.7 %,

respectively). Panel g shows the distributions of median (dotted lines),

75 percentiles (dashed lines) and 90 percentiles (full lines) of heart

rate instability in individual part I studies. Panel h shows the

cumulative distributions of mean (full lines), minimum (dashed and

dotted lines) and maximum (dotted lines) of heart rate instability in all

part I subjects. Panel i summarizes mean heart rate instability in

individual part I subjects and shows the distribution of their means

(full lines), minima (dashed and dotted lines) and maxima (dotted

lines) calculated within individual part I studies. In panels c, f, g, h,
and i, the red and blue lines correspond to the data in women and

men, respectively. bpm Beats per minute, ECG electrocardiogram
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20 % of all the women and 20 % of all the men had HR

instability exceeding 5 bpm in 65.5 and 66.7 % of the

analysis windows (Fig. 1c). One half of the studies had HR

instability exceeding 5 bpm in 41.6 and 39.7 % of analysis

windows in women and men, respectively (Fig. 1f).

Looking at the data differently, there were 20 (27.0 %)

and 19 studies (25.7 %) in which the median of HR

instability exceeded 5 bpm in women and men, respec-

tively, and 29 (39.2 %) and 25 studies (33.8 %) in which

HR instability of more than 10 % of the analysis windows

exceeded 10 bpm in women and men, respectively

(Fig. 1g). When characterizing each subject by the mean

HR instability over all analysis windows and calculating

the mean of these characteristics for each study, this mean

of means exceeded 5 bpm in 43.9 and 49.5 % of studies for

women and men, respectively (Fig. 1i).

Statistical comparisons between women and men were

performed for characteristics of individual studies. Of

these, the distributions of HR median, 75 and 90 per-

centiles of HR instability per study (Fig. 1g) were statis-

tically significantly different in women and men

(p\ 0.001). However, the numerical differences were

small and of no practical implication.

3.1.2 Relationship Between Heart Rate Instability

and QTcF Variability

Figure 2 shows the associations between HR instability and

QTcF variability. As expected (Fig. 2a, b), the larger the

HR instability in an analysis window, the larger the range

(max–min) of QTcF in the analysis. However, the rela-

tionship between HR instability and QTcF variability was

also valid for individual subjects and individual studies.

The intra-subject SD of QTc was significantly correlated

with the intra-subject mean HR instability (r = 0.209 and

r = 0.274, linear slope of 0.200 and 0.230 ms/bpm in

women and men, respectively, both p\ 0.0001, Fig. 2d,

e). Similarly, the mean HR instability in a study was cor-

related with the mean intra-subject SD of QTcF (r = 0.353

and r = 0.443, linear slope of 0.192 and 0.192 ms/bpm in

women and men, respectively, both p\ 0.01, Fig. 2c, f).

3.2 Part II

Using HR measurements over six adjacent 20-s windows

within 2 min before QT measurement, the selections aim-

ing at stable preceding HR included 608,331 ECG mea-

surements (range 223–1040 in individual subjects) was

preceded, on average, by HR differences of

7.38 ± 6.79 bpm, while the selections aiming at preceding

variable HR included 289,240 ECG measurements (98–520

in individual subjects) was preceded, on average, by HR

differences of 16.34 ± 8.89 bpm. The terminology of

measurements preceded by ‘‘stable’’ and ‘‘variable’’ HR is

used to differentiate between these data sets.

3.2.1 Correction of QT Intervals for Averages

of Preceding RR Intervals

Figure 3 shows the development of the intra-subject SD

of QTcF when correcting the QT interval for averages of

preceding RR intervals. Even for QT interval measure-

ments that were preceded by stable HR (Fig. 3a, d),

prolonged averaging of preceding RR intervals decreased

the intra-subject SD of QTcF. For instance, correcting the

QT intervals preceded by stable HR for the preceding RR

interval, average of the preceding ten RR intervals, and

average of the preceding 120 RR intervals led to intra-

subject SD of QTcF in women of 11.19 ± 2.53,

8.36 ± 2.07, and 7.52 ± 2.21 ms, respectively. In men,

the corresponding values were 11.10 ± 2.61,

8.05 ± 2.55, and 6.63 ± 1.73 ms. All these differences

were highly statistically significant (p\ 0.0001). Similar

highly significant differences were also obtained for the

RR averages over 1, 10, and 120 s preceding QT mea-

surement, as well as for the SD of QTcF based on all QT

measurements irrespective of whether preceded by

stable or variable HR (Fig. 3c, f). In QT intervals pre-

ceded by variable HR (Fig. 3b, e), there were little dif-

ferences between the correction for the preceding RR

interval or the average of the preceding ten intervals (or

RR intervals in preceding 10 s), but with RR averages

around 120 cardiac cycles or seconds, the intra-subject SD

of QTcF reached similar levels to those of data preceded

by stable HR.

3.2.2 Correction of QT Intervals for Hysteresis-Derived

RR Intervals

Figure 4 shows the development of intra-subject SD of

QTcF dependent on the settings of QT/RR hysteresis

models. While the curves are rather flat, minima were

reached with the time-based hysteresis model with 95 %

hysteresis constant around 120 s. With this model, the

values of intra-subject SD of QTcF in women were

7.15 ± 2.07, 6.98 ± 1.52, and 7.14 ± 1.98 ms for data

preceded by stable HR, variable HR, and all data com-

bined, respectively. There were no significant differences

among these values. The corresponding values in men were

6.27 ± 1.61, 6.50 ± 1.35, and 6.38 ± 1.50 ms. While

there were significant differences among these values, they

were similarly close to each other as in women (note that,

as previously observed [9], the QTc variability was mar-

ginally larger in women compared with in men). Impor-

tantly, in the total data, the mean intra-subject SD of QTcF

obtained with 95 % hysteresis constant between 100 and
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140 s fluctuated by only 1.10 % and 1.09 % in women and

men, respectively. The exact setting of the 95 % hysteresis

constant at 120 s was therefore not crucial.

Importantly, in all QT measurements irrespective of

whether preceded by stable or variable HR, the lowest SD

of QTcF achieved with simple RR averaging (7.67 ± 1.99

Fig. 2 Panels a (women) and b (men) show the relationship between

heart rate instability and QTcF range in individual time points (pooled

data of all part I studies). Panels d (women) and e (men) show the

relationships between subject’s mean heart rate instability and intra-

subject SD of QTcF (pool of all part I subjects). Panels c and f show
the relationship between mean (panel c) and 75 percentile (panel f) of

heart rate instability in a study and the mean (panel c) and 75

percentile (panel f) of intra-subject SD of QTcF in the same part I

study (red females, blue males). Panels d and e are shown with linear

regressions and their 99.9 % confidence intervals, and panels c and

f with linear regressions and their 95 % confidence intervals. bpm

Beats per minute, SD standard deviation

Fig. 3 Dependency of intra-subject SD of QTcF on the number of

preceding RR intervals (lighter graphs) and the duration of preceding

RR intervals (darker graphs) that are averaged before correcting the

QT intervals for them (pool of all part II subjects). Panels a ? d,

b ? e, and c ? f show results for QT data preceded by stable heart

rates, preceded by variable heart rates, and all data together,

respectively. Top panels a ? b ? c = women; bottom panels

d ? e ? f = men. SD standard deviation
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ms and 7.03 ± 1.60 ms in women and men, respectively,

Fig. 3c, f) was significantly higher than the lowest SD of

QTcF achieved with the hysteresis model as shown above

(Fig. 4c, f; both p\ 0.0001).

3.2.3 Individual QT/RR Profile Characteristics

Figure 5 shows the parameter distributions of individually

modeled QT/RR patterns of part II subjects. The distribu-

tions of optimum 95 % hysteresis time constant (Fig. 5a),

QT/RR curvature (Fig. 5b), and the optimum correction

parameter of the QT/RRb correction formula (Fig. 5c) were

all statistically significantly different between women and

men (hysteresis time constant p\ 0.05, QT/RR curvature

p\ 0.01, parameter b p\ 0.001). The median values of

the optimum 95 % hysteresis time constant were 109.6 and

113.8 s in women and men, both within the 100- to 140-s

region discussed with Fig. 4. The median b parameter

values were 0.363 and 0.334 in women and men.

While the correction factor of the Fridericia formula was

close to the median of the male population (49.4 and

50.6 % of males with optimum b parameter below and

above 0.3333), it was different from the median of the

female population (23.3 and 76.7 % of women with opti-

mum b parameter below and above 0.3333). The median

values of the individually optimized b parameters were

0.3634 and 0.3339 in women and men, respectively.

However, in both women and men, the Fridericia formula

was only infrequently close to the individual QT/RR

pattern (Fig. 5d, e). The correlation coefficient between

QTcF values and the underlying RR0 intervals (derived by

individual-specific hysteresis models) was between -0.2

and ?0.2 in only 31.0 % of women and 32.9 % of men.

For the correlation coefficients between -0.1 and ?0.1, the

corresponding numbers were 14.6 and 14.7 % (Fig. 5f).

Not surprisingly, the distribution of the correlation coeffi-

cients between QTcF values and the underlying RR0

intervals (Fig. 5f) was also statistically different between

women and men (p\ 0.0001).

3.2.4 Differences Between Individual-Specific and Global

Corrections

Figure 6 shows the differences between RR0 values

obtained from individually optimized hysteresis models

and the RR0 values obtained with the global hysteresis

model using a fixed 95 % time constant of 120 s (Fig. 6a,

b). The figure also shows the differences between the

individually optimized QTcI values and QTcF values

obtained using the RR0 values obtained from individually

optimized hysteresis models (Fig. 6d, e) and the differ-

ences between QTcF values obtained using the RR0 values
obtained from individually optimized hysteresis models

and from the global hysteresis model using a fixed 95 %

time constant of 120 s (Fig. 6g, h). Importantly and

somewhat surprisingly, the RR0 values obtained with the

individual optimized and global hysteresis models differed

rather little, particularly in comparison to the differences

Fig. 4 Dependency of intra-subject SD of QTcF on the QT/RR

hysteresis 95 % adaptation constant (see the text for details) as a

number of RR intervals (lighter graphs) and as the total time of RR

intervals (darker graphs) preceding QT measurement (pool of all part

II subjects). Panels a ? d, b ? e, and c ? f show results for QT data

preceded by stable heart rates, preceded by variable heart rates, and

all data together, respectively. Top panels a ? b ? c = women;

bottom panels d ? e ? f = men. SD standard deviation
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between QTcI values and QTcF values correcting for RR0

by individual hysteresis models (compare the distributions

in Fig. 6b, e). The mean difference between the RR0 values
obtained with the individual optimized and global hys-

teresis models was between -4 and ?4 ms in all part II

subjects (Fig. 6a, b), but the mean difference between QTcI

values and QTcF value correction for RR0 by individual

hysteresis models exceeded ±5 ms in 30.1 % of women

and 14.2 % of men (Fig. 6d, e). Similar comparisons were

observed when studying the difference in individual ECG

readings rather than averaged for each subject (Fig. 6b, e).

The differences between QTcF values correcting the QT

intervals for RR0 by individual hysteresis models and RR0

by global hysteresis model were tiny (Fig. 6g, h). Their

averages per subject were all between -0.8 and ?0.8 ms,

and the individual values exceeded ±5 ms only in 0.41 and

0.36 % of individual ECG readings in women and men,

respectively.

Figure 6 also shows the differences between the intra-

subject SD of the QTcI and QTcF values correcting the QT

intervals for RR0 by the global hysteresis model with a

fixed 95 % time constant of 120 s (Fig. 6c, f, i). By design

of the individual correction models, the intra-subject SD of

QTcI was always smaller than that of QTcF. In women and

men, the intra-subject SD of QTcI was 5.71 ± 1.10 and

5.36 ± 1.10 ms, respectively, and the reduction of intra-

subject SD from QTcF to QTcI was 1.41 ± 1.30 and

1.02 ± 0.91 ms, respectively (Fig. 6c, f; all p\ 0.0001).

The difference was more than 1 ms in 46.6 and 32.7 % of

women and men, respectively (Fig. 6i). The distribution of

the differences between intra-subject SD of QTcF and

QTcI was significantly different between the sexes

(p\ 0.001).

4 Discussion

The study provides three important observations. Firstly,

positioning subjects of clinical studies in supine position

does not stabilize their HR even during short analysis

windows. (Note that by short analysis windows, we mean

the durations shown in panels d and e of Fig. 1. The

individual measurements are taken from standard 10-s

ECG samples and should thus not be influenced by respi-

ratory arrhythmia.) Secondly, a global hysteresis model

with a 95 % constant of 120 s provides RR0 values for QT
interval HR correction that are little different from RR0

values based on individually optimized hysteresis

Fig. 5 The top line of panels shows the cumulative distributions of

subject-specific QT/RR models in part II subjects: QT/RR hysteresis

95 % adaptation constant as the total time of RR intervals (panel a);
QT/RR curvatures [9] (panel b); and parameter b of subject-specific

QTc = QT/RRb correction (panel c). The bottom line of panels shows

the details of individual optimization of the subject-specific

QTc = QT/RRb correction. In panels d (women) and e (men), each

line corresponds to one subject and, for different values of the

correction coefficient a, shows the correlation coefficients between

QT/RR0a values and the RR0 values (where the RR0 values are derived
by individually optimized QT/RR hysteresis models). Panel f shows
the cumulative distribution of the correlation coefficients between

QTcF values and RR0 values calculated in individual part II subjects.

In panels a, b, c, and f, the red and blue lines correspond to the data in
women and men, respectively. The green dotted line in panel c and

the dashed green lines in panels d and e mark the correction

coefficient of the Fridericia formula
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corrections. Only miniscule differences exist between

QTcF values using RR0 values based on the global cor-

rection model and on the individually optimized models.

Finally, the global hysteresis model reduces the difference

in the QTc variability for the QT measurements preceded

not only by variable but also by stable HR.

The first observation contradicts the assumptions usually

made in the design of clinical QT studies. Nevertheless,

although the extent of within-analysis-window HR changes

in some studies might be unforeseen, this observation is

easily understood. While strict supine position should

eliminate physical influences on HR, psychological and

psychosocial sources of HR changes remain. Different

interpretations of the protocol-specified supine positions by

individual clinical units are also possible.

The second observation is entirely unexpected. Previous

studies showed that QT/RR hysteresis profiles (i.e., how

quickly QT interval changes after HR changes), similar to

QT/RR adaptation (i.e., how much QT interval changes

after HR changes), show intra-subject stability and inter-

subject differences [6, 10, 11]. The inter-subject differ-

ences are confirmed in Fig. 5a. Nevertheless, it now seems

that the practical implications of these differences are

negligible. The results shown in Fig. 6b, h should be noted.

Fig. 6 Panels a ? b, d ? e, and g ? h show the differences between

RR0 intervals derived from individually optimized and global

hysteresis models (panels a ? b), differences between QTcI values

and QTcF values correcting QT interval for RR0 derived from

individually optimized hysteresis models (panels d ? e), and the

differences between QTcF values correcting QT interval for RR0

derived from individually optimized hysteresis models and RR0

derived from the global hysteresis model with a fixed 95 % time

constant of 120 s (panels g ? h). Panels a, d, and g show scatter

diagrams between the initial values and the differences; panels d, e,
and h show the cumulative distributions of the differences in

individual phase II ECG samples (dotted lines) and their means in

individual phase II subjects (full lines). Note that the vertical axes in

panels a, d, and g and the horizontal axes in panels d, e, and h use

very different scales. Panels c (women) and f (men) show the

differences between intra-subject SDs of QTcF (correcting from RR0

intervals derived from the global hysteresis model) and intra-subject

SD of QTcI in the dependency on intra-subject SD of QTcI (bold and

dashed horizontal lines show population means ± SD). Panel i shows
the cumulative distribution of the differences shown in panels c and

f. In panels a, c, d, f, and g, the red circle and blue square marks

correspond to data of individual part II women and men, respectively.

In panels b, e, h, and i, the red and blue lines correspond to data in

women and men, respectively. SD standard deviation
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While it has been shown that inter-subject differences in

QT/RR adaptation have practical implications [4, 11, 12],

the inter-subject differences in QT/RR hysteresis can likely

be safely ignored. This also fits with the results shown in

Fig. 4c, f, suggesting that the 95 % hysteresis constant of

120 s is not performing too differently from its neighbor-

hood. Figure 6 (compare panels e and h) also shows that

the differences in QTcI based on individually optimized

hysteresis and QTcF involving global hysteresis are almost

exclusively caused by the Fridericia formula, i.e., by the

individuality in QT/RR adaptation, rather than by the

individuality in QT/RR hysteresis. For the standard QT

studies, the global QT/RR hysteresis model is therefore

universally applicable.

The third observation is equally surprising. It has pre-

viously been speculated that different stages of cardiac

autonomic status (responsible, among other things, for HR

variability) affect the QT/RR relationship [13]. Our

observations suggest that if this notion is correct, the

autonomic effects beyond the HR adaptation are not large.

Intra-subject SD of QTcF in the region of 6–7 ms (Fig. 4)

seen with both QT readings preceded by stable and variable

HR does not leave too much room for HR-independent

autonomic effects. Nevertheless, we can only comment on

short-term oscillations of autonomic status that are always

present in long-term recordings. Since part II data were

obtained from drug-free baseline days of the studies, the

investigated populations were not subjected to prolonged

and sustained autonomic changes.

As far as the practically negligible difference between

the individually optimized and global hysteresis correction

is concerned, there is limited material in published litera-

ture with which we can compare our results. Nevertheless,

the 95 % hysteresis constant of 120 s corresponds to the

seminal monophasic action-potential study and to clinical

observations [14, 15]. The difference between the sub-

stantial practical implications of individual patterns of QT/

RR adaptation and the negligible implications of individual

QT/RR hysteresis profiles is also in agreement with the

previous observations that how much the QT interval alters

and how quickly QT interval alters after HR changes are

different and probably distinct physiological processes [6].

The substantial differences in the QT/RR adaptations

between different part II subjects and the sex difference in

the individually optimized QT/RRb coefficients (see

Fig. 5c–f) correspond well to similar previous observations

[11, 12]. In particular, Fig. 5d, f show that the distribution

of individually optimized QT/RRb coefficients shown in

Fig. 5c should not be interpreted as a suggestion (e.g., QT/

RR0.3634) of a replacement of the Fridericia formula in

women. Increased precision of HR correction of QT

intervals is needed only when compared QT intervals are

measured at different HR (e.g., when an investigated drug

leads to tachycardia or bradycardia on active treatment). In

such cases, individual corrections are needed [4] since any

fixed formula (including those close to the median QT/RR

adaptation) would over-correct and under-correct in a

substantial number of subjects. This is clearly shown in

Fig. 5d–f. (Although the figures deal only with the math-

ematical form of QTc = QT/RRa, the same is true for a

fixed universal formula of any mathematical form [4, 11,

12].)

4.1 Limitations

Before considering the practical implications of our

observation, the limitations of the presented analyses need

to be considered. While the power of QT/QTc studies

depends more closely on SD of QTc changes on placebo

[16], we investigated intra-subject SD of QTcF for which

we had data and which is in direct relationship to changes

on placebo. In part I, we relied on protocol specifications of

the individual studies and had no control of how tightly the

protocols were followed. Study differences in Fig. 1f, g, i

might have been contributed to by different protocol

interpretations. Nevertheless, even if the within-time-point

HR variability was contributed to by relaxed protocol

interpretations, the observations of Fig. 2 still hold. We

have also relied on reported QT/QTcF readings and have

not included any checks of measurement accuracy [17]. In

part II, we used only the exponential decay model of QT/

RR hysteresis, which might not be fully optimal [7].

However, the small SD of QTcF achieved with this model

suggests that other hysteresis models [15, 18, 19] have a

limited possibility of improving the results. In the

sequences of RR intervals preceding QT interval readings,

we have not distinguished between ectopic and sinus

rhythm beats. Since the data came from studies in healthy

volunteers, this omission was unlikely to have a noticeable

impact. Finally, studying healthy subjects does not allow

comment on whether the same ‘‘universal’’ hysteresis

model applies to cardiac patients [20] and/or patients

treated with repolarization active drugs. Nevertheless, it is

to be expected that using the corrections for hysteresis

derived from healthy subjects will improve the QTc data

also in cardiac patients, that is, improve the QTc data

compared with not using any correction for hysteresis, as is

frequently the case at present. Universal HR corrections [5]

that have also been derived from healthy population data

are also used very frequently in populations of cardiac

patients with little consideration of their appropriateness.

4.2 Conclusions and Recommendations

In spite of these limitations, the results suggest the fol-

lowing recommendations:
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Since continuous 12-lead Holter ECGs are becoming

widespread in QT/QTc studies, obtaining sequences of

individual RR intervals is easily possible in recordings of

reasonable quality.

In QT/QTc studies, correcting the measured QT intervals

to the hysteresis-modeled RR0 interval derived from the

history of RR intervals leads to substantial reduction of the

QTc variability. This increases the statistical power of such

studies and should allow them to bemade smaller, consistent

with the present trends. Correcting the QT interval for a

simultaneously measured singular RR interval or an average

of a small number of RR intervals should be avoided.

Supine positions do not stabilize HRs in healthy sub-

jects. However, once the history of RR intervals and hys-

teresis modeling are used, there is little difference between

QT readings made during stable and variable HR episodes.

QT/QTc study analysis windows may be analyzed even if

they include variable HR episodes without increasing the

variability of QTc data.

The exponential decay hysteresis model with 95 %

adaptation in 120 s can be proposed for universally appli-

cable correction of QT/RR hysteresis in healthy subjects

(see Sect. 5 for details). It leads to more compact QTc data

compared with the simple averages of preceding RR

intervals. (Once the sequence of RR intervals preceding QT

interval reading is known, it is not more complicated to

calculate their weighted average than the simple average.)

Only when the QT/QTc study leads to systematic (e.g.,

drug-induced) HR changes and when individual profiles of

QT/RR adaptation and QT/RR curvatures need to be

obtained for individual study subjects [4] does it makes

sense to also model the individual-specific QT/RR hys-

teresis profiles, since individual QT/RR curvature model-

ing also provides data for individual hysteresis modeling

(see the further reduction of SD of QTc in Fig. 6c, f, i).

Preservation of the time course for hysteresis across

studies and across individuals suggests that demonstrating

the effects of QT hysteresis correctionmight also support the

proof of quality of study data in cases when positive control,

as mandated for TQTS, is not available. In other words,

showing that even in the presence of HR instabilities (which

could be expected, as shown in our part I analyses), correc-

tion for QT/RR hysteresis verifiably reduces the variability

of QTc data might serve as one of the proofs that the mea-

sured QT and RR data are adequately accurate.

5 Technical Note

If QT interval reading is preceded by RR interval sequence

RRif gNi¼0 (RR0 closest to the QT measurement), where N ffi
300; L ¼

PN
i¼0 RRi ffi 300 s, the exponential hysteresis

model suggests correcting the QT interval for

RR
0 ¼

PN
i¼0 xiRRi, where for each j ¼ 0; . . .;N,

P j
i¼0 xi ¼

1�e
�oðjþ1Þ

Nþ1

1�e�o and
P j

i¼0 xi ¼ 1�e

�o

P j

i¼0
RRi

L

1�e�o for hysteresis driven by

the number of cardiac cycles and by the time from QT

measurement, respectively, and where the coefficient o

characterizes the time constant. The time-driven hysteresis

with 95 % adaptation in 120 s corresponds to o = 7.4622.
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stan J, Vinet A, Mahiddine O, Leblanc AR, Becker G, Kus T,

Nadeau R. QT interval measurement and correction in patients

with atrial flutter: a pilot study. J Electrocardiol. 2014;47:228–35.

16. Zhang J, Machado SG. Statistical issues including design and

sample size calculation in thorough QT/QTc studies. J Biopharm

Stat. 2008;18:451–67.

17. Johannesen L, Garnett C, Malik M. Electrocardiographic data

quality in thorough QT/QTc studies. Drug Safety.

2014;37:191–7.

18. Halamek J, Jurak P, Bunch TJ, Lipoldova J, Novak M, Vondra V,

Leinveber P, Plachy M, Kara T, Villa M, Frana P, Soucek M,

Somers VK, Asirvatham SJ. Use of a novel transfer function to

reduce repolarization interval hysteresis. J Interv Card Electro-

physiol. 2010;29:23–32.

19. Hadley DM, Froelicher VF, Wang PJ. A novel method for

patient-specific QTc-modeling QT-RR hysteresis. Ann Nonin-

vasive Electrocardiol. 2011;16:3–12.

20. Pueyo E, Smetana P, Caminal P, de Luna AB, Malik M, Laguna

P. Characterization of QT interval adaptation to RR interval

changes and its use as a risk-stratifier of arrhythmic mortality in

amiodarone-treated survivors of acute myocardial infarction.

IEEE Trans Biomed Eng. 2004;51:1511–20.

588 M. Malik et al.


	Universal Correction for QT/RR Hysteresis
	Abstract
	Introduction
	Objective
	Methods
	Results
	Conclusion

	Introduction
	Methods
	Source Studies
	Part I Studies
	Part II Studies

	Data Analyses
	Part I Analyses
	Part II Analyses

	Statistics

	Results
	Part I
	Distribution of Heart Rate Instability
	Relationship Between Heart Rate Instability and QTcF Variability

	Part II
	Correction of QT Intervals for Averages of Preceding RR Intervals
	Correction of QT Intervals for Hysteresis-Derived RR Intervals
	Individual QT/RR Profile Characteristics
	Differences Between Individual-Specific and Global Corrections


	Discussion
	Limitations
	Conclusions and Recommendations

	Technical Note
	References




