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Abstract 

A linear model-based multiscale complexity (MSC) 

approach was here applied to short heart period (HP) 

and QT interval variability series derived from 24 hours 

Holter ECG recordings in a group of long QT syndrome 

type 1 (LQT1) patients. The MSC approach allows to 

assess complexity in the typical frequency bands of HP 

and QT variability, i.e. low frequency (LF, from 0.04 to 

0.15 Hz) and high frequency (HF, from 0.15 to 0.5 Hz). 

MSC was computed along with a single scale 

complexity over 7 LQT1 asymptomatic mutation carriers 

(AMC), 22 symptomatic mutation carriers (SMC) and 13 

healthy non-mutation carriers (NMC) belonging to the 

same family line during daytime and nighttime. 

Time domain markers and HP variability complexity 

analyses were unable to separate groups. While single 

scale QT variability complexity analysis could distinguish 

NMC from mutation carriers, solely MSC of QT 

variability distinguished AMCs from SMCs, showing that 

AMCs have a reduced complexity in LF band during 

daytime. We conclude that a reduced complexity of the 

sympathetic drive directed to the ventricles might be 

protective against life threatening arrhythmias especially 

during day being the most risky period for LQT1 patients. 

MSC of QT variability could be fruitfully exploited to 

improve risk stratification in LQT1 population. 

 

 

1. Introduction 

Long QT syndrome (LQTS) is an inherited disease 

leading to increased risk for life-threatening arrhythmias, 

such as torsades de pointes, ventricular fibrillation and 

sudden death [1]. The main manifestation of the 

syndrome is the prolongation of the QT interval on the 

surface electrocardiogram (ECG) due to a delayed 

repolarization of cardiac myocytes. So far, 12 different 

mutations leading to LQTS have been identified, being 

the KCNQ1 mutation the most prevalent one and leading 

to the so-called LQTS type 1 (LQT1) [2]. Autonomic 

nervous system plays an important role in defining the 

arrhythmic risk of LQT1 patients, being at higher risk in 

situations of emotive and physical stress and during 

daytime [3,4]. Markers of the autonomic profile, as 

derived from heart period (HP) and QT interval 

variability, differentiated asymptomatic and symptomatic 

mutation carriers (AMCs and SMCs respectively) LQT1 

patients [5]. In particular, the assessment of model-free 

complexity at different time scales was shown helpful for 

stratifying the arrhythmic risk profile in LQT1 patients 

[6,7]. These model-free multiscale complexity approaches 

have the main disadvantage of requiring long time series 

exposing the approach to the influence of 

nonstationarities, such as slow changes of the mean and 

variance, known to have a detrimental impact on the 

computation of complexity markers [8]. 

Recently, a linear model-based multiscale complexity 

(MSC) approach has been devised to work over short 

variability series [9]. In the present study, MSC is 

originally computed over QT variability. We hypothesize 

that the application of MSC method to QT interval series 

could be usefully exploited to assess the different risk 

profile in LQT1 subjects subdivided in AMCs and SMCs 

and distinguish them from healthy non-mutation carriers 

(NMCs) belonging to the same family line [4]. Analysis 

is carried out during daytime (DAY) and nighttime 

(NIGHT).  
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2. Methods 

2.1. Single Scale Complexity Analysis 

The autoregressive (AR) process describes the current 

variable Yn as a linear combination of m past states plus a 

random white noise. The coefficients ak with k=1,…,m, 

where m is the model order, were estimated via the 

Levinson-Durbin recursion from a realization of the AR 

process y={yn, n=1,...,N}, where N is the series length. 

The prediction error was computed as the difference 

between the current value yn and its prediction nŷ  

assessed on the estimated coefficients kâ . The variance 

2λ̂  of the prediction error is an estimate of the variance 

of the portion of the AR process that remains 

unpredictable and it is directly linked to the complexity of 

the AR process [10]. 2λ̂  was referred to as complexity 

index (CI) in the following. Given that y was normalized 

to have unit variance, CI ranged from 0 to 1, where 0 

indicates perfect regularity (y is perfectly predictable) and 

1 indicates full irregularity (i.e. y is a white noise 

realization). The model order is optimized in the range 

from 8 to 14 via the Akaike information criterion [11].  

 

2.1. MSC 

The MSC method is grounded on the recent hypothesis 

that the complexity of the basic components of an AR 

process can be quantified as the distance of the pole (with 

positive or null phase) associated to each spectral 

component [9]. The closer the pole to the unit circle of 

the complex plane, the sharper the spectral peak, the more 

regular and less complex the associated oscillations. 

According to this conjecture, the complexity of the 

oscillations on a specific frequency band can be computed 

by averaging the position of the poles with positive or 

null phase dropping that band and by assessing its 

distance from the unit circle. This distance was taken as 

CI based on MSC analysis. The poles were calculated as 

the roots of the polynomial at the denominator of the 

transfer function of the AR model [11].  

Complexity was calculated in the frequency bands that 

are traditionally adopted in HP variability analysis, 

namely low frequency (LF, from 0.04 to 0.15 Hz) and 

high frequency (HF, from 0.15 to 0.5 Hz) bands [5]. The 

transformation of the phase of the poles into frequencies 

was obtained by dividing the normalized phase φ/2π of 

the pole by the HP mean [12].  

According to the frequency band in which CI is 

calculated, it is termed as CILF and CIHF. CILF and CIHF 

range from 0 to 1, where 0 indicate perfectly regularity 

and 1 maximum complexity. 

 

 

3. Experimental Protocol and Analysis 

Forty-two 12 lead 24 hours Holter ECG recordings 

(Mortara Instrument Inc., Milwaukee, WI, USA) were 

acquired from 13 NMCs (age: 38±11 years, 

mean±standard deviation, 6 males), 7 AMCs (age: 42±12 

years, 2 males) and 22 SMCs (age: 37±15 years, 8 males). 

The groups were not different for age and gender. All 

AMCs and SMCs were mutation carriers (MCs) and 

carried the same KCNQ1 A341V mutation leading to 

LQT1. Both MCs and NMCs were member of the same 

founder population as described earlier [4]. The study was 

performed in keeping with the Helsinki declaration for 

studies involving human subjects. The universities of 

Stellenbosh and Pavia local ethical committees approved 

the protocol. All subjects signed an informed consent 

before participating in the study. ECG sampling rate was 

180 Hz. Analyses were carried out over the ECG lead 

with the best signal-to-noise ratio. HP and QT time series 

were extracted by approximating HP as the time distance 

between two consecutive R-wave peaks and QT as the 

time interval between the second R-wave peak delimiting 

the HP and the end of the T-wave detected with a method 

based on thresholding the first derivative calculated over 

the T-wave downslope. Series were manually checked for 

misdetections or missing beats. A maximum of 5% of 

corrections for each series was allowed. Epochs with a 

length of 5000 consecutive HP and QT values were 

randomly extracted during DAY (from 2:00 to 7:00 PM) 

and NIGHT (from 12:00 to 4:00 AM). 

Mean and variance of HP and QT series, indicated as 

μHP, μQT, σ2
HP and σ2

QT and expressed respectively in ms, 

ms, ms2 and ms2, and complexity indexes were assessed 

on segments of HP and QT series with length equal to 

300 cardiac beats and with an overlap of 100 cardiac 

beats during DAY and NIGHT. The median of the 

distribution of each index over the entire period was taken 

as representative of the overall distribution and utilized 

for any successive statistical analysis. Markers of 

complexity were indicated as CIHP, CIQT, CILF,HP, CILF,QT, 

CIHF,HP, and CIHF,QT. 

Two-way repeated measures analysis of variance (one 

factor repetition) was applied to assess statistical 

differences between NMCs, AMCs and SMCs during 

DAY and NIGHT. Holm-Sidak test was used for post hoc 

multiple comparisons. A p<0.05 was always deemed as 

significant. 

 

4. Results 

Table 1 shows time domain indexes derived from HP 

and QT series in NMCs, AMCs and SMCs. μHP and μQT 

lengthened significantly during NIGHT with respect to 

DAY in all groups with μQT resulting longer in AMCs and 

SMCs versus NMCs during both DAY and NIGHT. In 
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SMCs σ2
HP significantly increased during NIGHT 

compared to DAY, while it did not differ between 

conditions in NMCs and AMCs or between groups. σ2
QT 

during DAY was larger than during NIGHT in NMCs and 

AMCs. 

Figure 1 shows results of complexity assessed as CI 

(Fig.1a,b), CILF (Fig.1c,d) and CIHF (Fig.1e,f) on HP 

(Fig.1a,c,e) and QT series (Fig.1b,d,f). Grouped bar 

graphs are presented for NMC (grey bars), AMC (white 

bars) and SMC (black bars) subjects as a function of the 

experimental condition (i.e. DAY and NIGHT). CIHP 

increased significantly during NIGHT in SMCs. CILF,HP 

and CIHF,HP did not differ between groups or conditions. 

At difference with HP complexity analysis, CIQT was able 

to differentiate groups, being larger in NMCs with respect 

to AMCs and SMCs during both DAY and NIGHT. 

CILF,QT in AMCs during DAY was smaller than in NMCs 

and SMCs and within the same group increased during 

NIGHT. CIHF,QT significantly increased during NIGHT in 

all groups. 

 

5. Discussion 

The main findings of this work are: i) MSC of QT 

interval variability carries complementary information 

with respect to single scale complexity analysis; ii) MSC 

of QT variability was able to differentiate LQT1 AMCs 

and SMCs; iii) LQT1 AMCs have a lower complexity 

directed to the ventricles in LF band compared to NMCs 

and SMCs. 

Time domain results confirmed the expected circadian 

behavior of subjects and the main phenotype of the 

pathology, allowing to separate NMCs from MCs but 

resulting unable to differentiate AMCs from SMCs.  

Short-term HP complexity was confirmed to be under 

vagal control in LQT1 subjects, being increased during 

NIGHT especially in SMCs [6,7]. On the contrary, 

model-based single scale complexity of QT interval 

variability was unmodified during NIGHT, but differed 

between groups, resulting larger in NMCs than in MCs. 

However, this single scale analysis was unable to 

distinguish SMCs from AMCs. Remarkably, only MSC 

of QT interval variability in LF band was able to separate 

different phenotypes, i.e. AMCs from SMCs, while the 

same method applied on HP could not. As a matter of 

fact, CILF,QT in AMCs during DAY was smaller than in 

NMCs and SMCs and with respect to NIGHT. Since QT 

variability in LF band is known to be related to the 

sympathetic modulation directed to the ventricles [13], 

these results suggest that having a smaller complexity of 

the sympathetic control directed to the ventricles would 

be protective in LQT1 patients. This finding confirms our 

previous studies [6,7]. Since MSC approach exploited 

shorter sequences than model-free multiscale complexity 

utilized in [6,7], this result suggests, on the one hand, that 

nonstationarities did not play a relevant role in the 

 
Figure 1. Grouped error bar graphs show CI (a,b), CILF 

(c,d), CIHF (e,f) calculated over HP (a,c,e) and QT (b,d,f) 

in NMC (grey bars), AMC (white bars) and SMC (black 

bars) subjects as a function of experimental condition (i.e. 

DAY and NIGHT). The symbol * indicates a significant 

difference with p<0.05. 

Table 1. Time domain indexes from HP and QT series in NMCs, AMCs and SMCs during DAY and NIGHT. 

Parameter 
DAY NIGHT 

NMC AMC SMC NMC AMC SMC 

μHP [ms] 724±149 760±129 747±86 872±126* 953±138* 942±111* 

σ2
HP [ms2] 1509±1440 1796±1379 1568±1537 2039±1771 1602±756 2449±2302* 

μQT [ms] 321±45 396±46§ 402±43§ 362±34* 427±42*§ 442±28*§ 

σ2
QT [ms2] 217±340 217±194 93±75 84±77* 81±71* 88±56 

μHP=HP mean; σ2
HP=HP variance; μQT=QT mean; σ2

QT=QT variance; NMC=non-mutation carrier; AMC=asymptomatic 

mutation carrier; SMC=symptomatic mutation carrier; DAY=daytime; NIGHT=nighttime. Results are reported as 

mean±standard deviation. The symbols * and § indicate p<0.05 versus DAY and versus NMC respectively. 
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conclusions drawn in [6,7], and, on the other hand, that 

short-term complexity analysis can be exploited in 

analyzing 24 hours Holter QT variability recordings. 

Furthermore, this differentiation was present only during 

the period at highest arrhythmic risk in LQT1 subjects 

(i.e. the DAY) [4]. Remarkably, CILF,QT of NMCs and 

SMCs were similar, thus suggesting that AMCs has a 

peculiar protective feature. 

On the contrary, CIHF,QT did not differ between groups 

but it was increased in all the populations during NIGHT. 

Since QT interval is mainly under sympathetic control, 

this finding could be related to the higher level of broad 

band noise superimposed on QT interval variability series 

resulting from the low time resolution of this historical 

database. We advocate further confirmation of this 

observation by applying the same approach to QT 

variability extracted from 24 hours Holter ECG 

recordings obtained via state-of-the-art acquisition 

technologies. 

 

6.  Conclusions 

Short-term MSC of QT variability seems to be helpful 

in stratifying the arrhythmic risk in LQT1 patients 

because it was able to distinguish AMCs from SMCs. 

This separation occurs in a band that it is likely to be 

under sympathetic control (i.e. the LF band) and during 

the most risky period for this population (i.e. the DAY). 

Neither time domain HP and QT indexes, nor single scale 

complexity analysis was able to achieve the same 

conclusions. MSC markers of QT variability deserve to 

be tested in a more complete model of risk to check 

whether they could provide complementary information 

to more traditional indicators of risk in LQT1 population. 
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