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Abstract 

The dependency of the QT interval to the previous RR 
intervals has been widely studied, QT/RR slope and 
other modeling techniques revealed individual-specific 
relationship. In this work we studied the relationship 
between QT/RR slope and a basal QTc interval in 154 
healthy subjects and in 97 patients with the inherited 
long QT syndrome type-1 (LQT1) to provide insights 
into the effect of the impairment of the outwardly 
directed delayed rectifier potassium current on the 
dynamic QT-RR coupling.  

QT/RR slope values show strong relationship to 
basal QTc interval in healthy (R=0.65; p<0.00001) and 
in LQT1 patients (R=0.56; p<0.00001). The dependency 
of QT/RR slope on QTc is steeper in healthy (a1=0.0016 
± 0.0002) than in LQT1 (a1=0.0010 ± 0.0002), 
p<0.0001. The steeper dependency on QTc in healthy 
preserves proper shortening of QT intervals during 
increased heart rate in healthy while in LQT1 patients 
the QT intervals does not adapt to increased heart rate 
sufficiently (lack of QT adaptation to heart rate 
acceleration). This observation is consistent with 
current clinical mechanism associated with the 
triggering of life-threatening arrhythmias in the LQTS 
type-1 patients. 

1. Introduction

Conventional QT-RR analysis has shown that the 
QT/RR slope, i.e. the relation between QT and RR 
changes, after correction for QT hysteresis, is steeper in 
LQTS patients than healthy subjects, leading to an 
increased propensity for life-threatening arrhythmias [1-
3]. Yet, little attention has been given to the relationship 
between QT/RR slope and the basal heart-rate corrected 
QT interval (QTc: 60-bpm equivalent QT duration 
based on individual correction). In this work, we 
analyze the QT-RR coupling in LQT-1 patients and 
healthy controls. We hypothesize that LQT-1 patients 

have flatter relationship between QT/RR slope and basal 
QTc which would be consistent with the 
arrhythmogenic role of the lack of QT adaptation to 
increased heart rate in the LQT1 syndrome.  

2. Methodology

Different algorithms and models are available to 
compute QTc and QT-RR coupling. Nonlinear static 
models of QT-RR coupling such as Bazett's or 
Fridericia's formulae are used in clinical and drug-safety 
studies, despite that only subject specific dynamic 
model of QT-RR coupling  provides a “correct” heart 
rate correction for QTc because it deliver a subject-
specific  model of the  QT-RR coupling [4-7]. 

We have developed a linear ARX(1,1) model of QT-
RR coupling with three optimized parameters [7, 8]. 
Resulting QT parameters are:  

i) QTc, i.e., a 60-bpm equivalent QT duration
computed from the QT-RR model;  

ii) The gain of QT-RR coupling for slow variability
of RR (GainS), i.e., QT/RR slope, i.e. the parameter that 
describes QT memory;  

iii) The gain of QT-RR coupling for fast variability
of RR (GainF), i.e., the parameter that describes the 
sudden change of QT, i.e., QT restitution.  

In addition the model computes a time constant of 
QT adaptation to RR changes and a random QT 
variability, i.e. QT variability not dependent on RR 
changes. These two last parameters were not studied in 
this work. 

The parameters QTc and GainS are not affected by 
hysteresis because the ARX model controls for it [7]. 
Hysteresis elimination is based on optimized dynamic 
parameters, where both dynamic QT properties (QT 
memory and QT restitution) were optimized. 

We analysed the relationship between QTc and GainS 
using correlation and linear regression with QTc as 
independent parameter: 

 GainS=a0+a1×QTc 
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The coupling between QTc and GainS defines 
different QT behavior between LQT1 subjects and 
controls during increased or decreased heart rate. The 
values of QT intervals during increased or decreased 
heart rate can be assessed from QTc and GainS: 

QTx=QTc - (1000 – RRx) × GainS 

where QTx is the length of QT interval for heart rate 
defined by RRx. In addition, we analyzed the TQ 
interval (interval from end of T wave to the next Q 
wave, i.e. diastolic interval) and the QTx/TQx ratio. 

TQx=RRx-QTx  

where TQx is the length of TQ interval for heart rate 
defined by RRx. 

3. Data

Two database from the Telemetric and Holter ECG 
Warehouse (THEW: www-thew-project.org) [9] hosted 
by the University of Rochester Medical Center (NY, 
USA) were used: Healthy Individuals (E-HOL-03-203-
003) and the congenital LQTS (E-HOL-03-0480-013) 
databases. The QT parameters from the ARX model 
were computed from the recordings of 154 healthy and 
97 LQT1 patients. The mean levels, standard deviations 
and statistical significance of differences between 
controls and LQT1 patients were already reported in 
[10]. 

4. Results

Scatter plot between QTc and GainS for control 
subjects (red marks) and LQT1 patients (blue marks) 
and corresponding regression lines are reported in Fig. 
1. Basic numerical results are in Tables 1 and 2.
   Figure 2 provides a description of the TQ, QT/TQ 
values for LQT-1 patients and healthy subjects when 
considering either HR acceleration or HR deceleration. 
The figure emphasizes the primarily role of HR 
acceleration in exacerbating the increase of the QT/TQ 
ratio, while the deceleration shows small effect on 
QT/TQ.   

Table 1. Mean levels ± standard deviations over groups 
for basic parameters. Significance of differences 
between controls and LQT1 patients for all parameters 
is p<0.00001.  

 N RR [ms] QTc [ms] GainS 
Controls 154 826±118 384±26 0.18±0.06 
LQT1 97 958±180 453±35 0.22±0.06 

Figure 1. Scatter plot of GainS and QTc values and 
associated linear fitting lines by study groups. Red stars 
are for controls, blue crosses are for LQT1 patients.  

Table 2. Coupling between QTc and GainS given by 
regression and correlation analyses. Significance of 
differences a0 (intercept), a1 (slope) between controls 
and LQT1 p<0.0001 

Regression Correlation
a0 a1×1000 R p-value 

Controls 0.42±0.07 1.6±0.2 0.65 <10-10 
LQT1 0.24±0.06 1.0±0.2 0.56 <10-8 

5. Discussion

GainS values show strong relationship to basal QTc 
interval in healthy (R=0.65; p<0.00001) and in LQT1 
patients (R=0.56; p<0.00001).  The dependency of 
GainS on QTc is steeper in healthy a1=0.0016±0.0002 
than in LQT1 a1=0.0010±0.0002. Such steeper 
dependency in healthy controls ensures the shortening 
of the QT intervals during increased heart rate while in 
LQT1 patients the flatter relationship reveals a lack of 
QT adaptation to increased heart rate [10]. With 
decreasing heart rate, the differences between LQT1 and 
controls in QT/RR ratio decreased (see Fig. 2).  

The lost of QT adaptation to RR changes during 
exercise in LQT1 and LQT2 patients is mentioned by 
Paavonen [15] also, but up to now no analysis of the 
dependency between QTc and GainS was reported. 
GainS and QTc are dependent values and both values 
should be analyzed simultaneously. Only on the basis of 
both values may be predicted QT and TQ behaviour 
during increased or decreased heart rate (Fig. 2). The 
diagnosis based only on QTc or GainS is insufficient, 
and improper conclusions may occur, as that increased 
GainS is marker of prevalence to arrhythmias. Increased 
GainS may preserve proper shortening of QT during 
exercise in the case of longer QTc and may compensate 
longer QTc.  
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Figure 2: Distribution of TQ and QT/TQ values across heart rate in healthy subjects and LQT-1 patients. Red color – 
controls, blue color - LQT1. 

It has been hypothesized that the primary defect in 
LQTS is an impaired adaptation of QT interval to abrupt 
changes in heart rate [11]. Our approach to characterize 
QT-RR coupling provides insights into this impairment 
of QT adaptation using continuous ECG monitoring. 
We believe the prevalence of arrhythmias could be 
evaluated using the length of TQ or the level of QT/TQ 
ratio as described by Fossa et al [12].  We did not 
present the statistical significance for TQ or QT/TQ 
between LQT1 and controls during increasing or 
decreasing of heart rate. Such significance is not 
important according to our opinion. Some physiological 
boundaries exist (minimal TQ interval, maximal QT/TQ 
ratio) and the values over these boundaries may lead to 
increased arrhythmia vulnerability.  The effort to define 
these boundaries is given in [12], but the exact 
definition of these physiological boundaries requires 
more data to be appropriately defined.   

Our model of QT-RR coupling is linear and the 
linearity of coupling is supposed in the assessment of 
TQ and QT/TQ values during varying heart rate. We 
believe that the linearity or at least quasi linearity of 
QT-RR coupling is a valid assumption in normal range 
of RR intervals, if the dynamic properties (hysteresis) of 
QT are eliminated.  Some example of QT-RR linearity 

with eliminated QT hysteresis is presented in [13]. 
Different nonlinear models of QT-RR coupling are 

still tested [14]. But there is no generally valid nonlinear 
model of QT-RR coupling and the results [14] showed 
that a linear model frequently ensure optimum fit. The 
linearity of QT-RR coupling in "normal" area of RR 
intervals may be generally accepted and the mentioned 
nonlinearities may be given by improper elimination of 
hysteresis or/and by some QT irregularities. The 
reproducibility of QT nonlinearity was not tested. The 
attention should be directed toward the analysis of other 
QT important properties as: 1) the QT dynamic 
properties (only some models [5, 7, 8] suppose the true 
QT response – memory and restitution); 2) the 
definition of "normal" area of RR intervals where the 
linearity is valid; 3) the analysis of QT behaviour 
outside this area; and finally 4) the QT irregularities 
preceding RR changes [7]. 

Limitations: Holter recordings were analyzed without 
any knowledge about patient’s activity. Parameters of 
QT-RR coupling are not only subject specific but also 
dependent on the type of stress associated with heart 
rate changes [15]. Therefore, QT/RR slope should 
evaluate if the type of stress (physical, mental, etc.) 
leads to different results [15]. 
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6. Conclusion

Significant coupling exists between QT/RR slope and 
basal QTc, this coupling differs between controls and 
LQT-1. The differences in coupling explain the higher 
prevalence to arrhythmia in LQT-1 patients during 
increased heart rate. A steeper QT/RR slope relative to 
basal QTc preserves proper shortening of QT intervals 
during increased heart rate in healthy while in LQT1 
patients the QT intervals does not adapt to increased 
heart rate sufficiently (lack of shortening). 
   Dynamic investigation of QT-RR coupling brings 
relevant information about the impairment of QT 
coupling to previous RR intervals. The use of 
mathematical models to characterize this coupling may 
help better assess the clinical risk of LQTS patients and 
bring complementary information to QT interval 
prolongation as the unique risk stratifies in LQTS 
patients.   

Acknowledgements 

This work was partially supported by grant No. 
P102/12/2034 of the Grant Agency of the Czech 
Republic and by European Regional Development Fund 
– Project FNUSA-ICRC No. CZ.1.05/1.1.00/02.0123.

Reference 

[1] Merri M, Moss AJ, Benhorini J, et al. Relation 
between ventricular repolarization duration and 
cardiac cycle length during 24-hour Holter 
recordings. Findings in normal patients and patients 
with long QT syndrome. Circulation. 1992; 
85:1816-1821 

[2] Viskin S, Postema PG, Bhuiyan ZA, et al. The 
response of the QT interval to the brief tachycardia 
provoked by standing: a bedside test for diagnosing 
long QT syndrome. J Am Coll Cardiol 2010; 
55:1955-1961. 

[3] Nemec J, Buncova M, Bulkova V, et al. Heart rate 
dependence of the QT interval duration: Differences 
among congenital long QT syndrome subtypes. J 
Cardiovasc Electrophysiol 2004; 15:550–556. 

[4] Razak E, Buncova M, Shusterman V, et al. Slow 
QT Interval adaptation to heart rate changes in 
normal ambulatory subjects. Ann Nonin 
Electrocardiol 2011; 16: 148-155. 

[5] Jacquemet V, Dube B, Knight R, et al. Evaluation 
of a subject-specific transfer-function-based 
nonlinear QT interval rate-correction method. 
Physiological Measurement  2011; 6: 619-635. 

[6] Pueyo E, Smetana P, Caminal P, et al. 
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; 51:1511-1520. 

[7] Halamek J, Jurak P, Bunch T, et al. Use of a novel 
transfer function to reduce repolarization interval 
hysteresis. J Interv Card Electr 2010; 29:23–32. 

[8] Halamek J, Jurak P, Vondra V, et al. Dynamic 
properties of QT interval.  Computers in Cardiology 
2009; 36: 517−520. 

[9] Couderc JP. A unique digital electrocardiographic 
repository for the development of quantitative 
electrocardiography and cardiac safety: The 
Telemetric and Holter ECG Warehouse (THEW). J 
Electrocardiol 2010; 43:595–600. 

[10] Halamek J, Couderc JP, Jurak P, et al. Measure of 
the QT–RR dynamic coupling in patients with the 
long QT Syndrome. Ann Noninvasive 
Electrocardiol 2012; 17:323–330. 

[11]  Schwartz PJ, Priori SG, Spazzolini C, et al. 
Genotype-phenotype correlation in the long-QT 
syndrome: Gene specific triggers for life-
threatening arrhythmias. Circulation 2001; 103:89–
95. 

[12]  Fossa AA, Wisialowski T, Crimin K et al. Analyses 
of dynamic beat-to-beat QT-TQ interval (ECG 
restitution) changes in humans under normal sinus 
rhythm and prior to an event of torsades de pointes 
during QT prolongation caused by sotalol. Ann 
Noninvasive Electrocardiol 2007; 12:338-48. 

[13]  Halamek J, Jurak P, Tobaldini E, et al. Cardiac 
repolarization analysis: immediate response. 
Computing in Cardiology 2013. 

[14]  Malik M, Hnatkova K, Kowalski D, et al. 
Importance of subject-specific QT/RR curvatures in 
the design of individual heart rate corrections of the 
QT interval. J. Electrocardiology 2012; 45: 571-581  

[15]  Paavonen KJ, Swan H, Piippo K, et al. Response of 
the QT interval to mental and physical stress in 
types LQT1 and LQT2 of the long QT syndrome. 
Heart 2001; 86: 39-44.  

Address for correspondence. 
Josef Halamek 
Institute of Scientific Instruments, Czech Academy of 
Sciences,  Kralovopolska 147, Brno 612 64, Czech Republic 
josef@isibrno.cz 

 68




