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Abstract—Electrical inhomogeneities can lead to regional heterogeneity in left ventricular contraction. We inves-
tigated the correlation between electrocardiographic parameters of conduction and/or repolarization and myo-
cardial longitudinal strain-derived parameters in a general population. Mean and dispersion
(maximum�minimum) values were calculated for the electrocardiographic indices: QT interval, Tpeak�Tend

interval (Tpe), JTpeak interval (JTp), JTend interval (JTe), QTpeak interval (QTp). Mechanical dispersion was
assessed using the standard deviation (SD) of time-to-peak longitudinal strains (MDSD) and the difference
between the longest time and shortest time to peak strain (MDdelta) by speckle-tracking echocardiography. A
total of 59 patients, 60 § 12 y, were included. Tpe, Tpe/QT, Tpe/JTp and Tpe/JTe correlated well with MDSD

and MDdelta (r � 0.43, p < 0.001). Mutual information revealed significant non-linear relationships between most
of the electrocardiographic indices measured and mechanical dispersion. In conclusion, there is a moderate lin-
ear correlation between electrocardiographic indices reflecting repolarization heterogeneities and speckle track-
ing-assessed mechanical dispersion. (E-mail addresses: ana_ciobanu@outlook.com, ana.ciobanu@umfcd.
ro) © 2021 The Author(s). Published by Elsevier Inc. on behalf of World Federation for Ultrasound in
Medicine & Biology. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Key Words: Tpeak�Tend interval, Index of electrophysiological balance, Speckle-tracking echocardiography, Lon-
gitudinal strain;Mechanical dispersion.
INTRODUCTION

Increased dispersion of ventricular repolarization is an

important re-entrant substrate that increases the risk of

arrhythmogenesis. Several non-invasive electrocar-

diographic (ECG) variables have been proposed for

arrhythmic risk stratification, including QT interval, T-

wave microvolt alternans and, more recently, Tpeak�Tend

interval (Tpe), Tpeak�Tend dispersion (Tped), JTpeak

interval (JTp), JTend interval (JTe), QTpeak interval
ddress correspondence to: Ana Ciobanu, Department of Inter-
dicine and Cardiology, Theodor Burghele Clinical Hospital,
of Medicine, Carol Davila University of Medicine and Phar-
20 Panduri Street, 050659, Bucharest, Romania.E-mail
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(QTp), JTp/JTe ratio, Tpe/JTp ratio, Tpe/JTe ratio and

Tpe/QT ratio (Tse and Yan 2017; Tse et al. 2017). With

the evolution of non-invasive arrhythmic risk stratifica-

tion methods, more complex variables have been pro-

posed, based also on conduction properties and on the

assumption that conduction and repolarization can be

represented by a single metric, the excitation wavelength

(λ), given by conduction velocity£ effective refractory

period. λ has proven to be an important determinant of

arrhythmogenesis in different settings (Tse and Yan

2017). A novel conduction/repolarization index incorpo-

rating λ is the QT/QRS ratio, an index of cardiac electro-

physiological balance (iCEB), proposed by

Lu et al. (2013). All the aforementioned ECG indices

mailto:ana_ciobanu@outlook.com
mailto:ana.ciobanu@umfcd.ro
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often change simultaneously, but each provides different

information and has different predictive value for disease

progression, arrhythmogenesis and sudden cardiac death.

A large number of severe ventricular arrhythmic

events have been reported even in people without obvi-

ous heart conditions, despite the low incidence of sudden

cardiac death (Al-Khatib et al. 2018), hence the need to

find relevant predictors of arrhythmic risk in the general

population obtained using readily available methods

such as resting ECG and echocardiography.

Electrical inhomogeneities can lead to regional het-

erogeneity in left ventricular contraction, that is,

mechanical dispersion, which can be measured by strain

echocardiography. This relatively novel parameter has

been intensively studied in recent years, with several

articles reporting an association between prolonged

mechanical dispersion and the risk for ventricular

arrhythmias (Haugaa et al. 2010; Kawakami et al. 2020).

In addition, a recent study has offered data regarding the

upper limit of normal mechanical dispersion in the gen-

eral population and also has pointed to hypertension and

coronary artery disease as strong contributors to mechan-

ical dispersion (Aagaard et al. 2020).

To the best of our knowledge, however, the rela-

tionships between electrical and mechanical inhomoge-

neities have not been assessed to date. We aimed to

assess the relationships between ECG parameters of con-

duction and/or repolarization and left ventricular myo-

cardial longitudinal strain-derived parameters in a

general population.
METHODS

Study design and study population

This cross-sectional study was conducted according

to the ethical principles stated in the Declaration of Hel-

sinki. The study protocol was approved by the local
Fig. 1. Manual measurement of QT (red arrow), JTp (green a
determined using the tangent method. JTp
ethics committee. Written informed consent was

obtained from each patient. Consecutive patients pre-

senting to an outpatient setting for a routine cardiological

assessment who had optimal acoustic windows and were

in sinus rhythm were included. The exclusion criteria

were unstable coronary artery disease, prior myocardial

infarction, heart failure, severe valvular heart disease,

chronic kidney disease stages III�V, atrial fibrillation,

ECG evidence of ventricular hypertrophy, bundle branch

block, pre-excitation syndromes, electrolyte disturbances

and treatment with anti-arrhythmic drugs.
Electrocardiographic measurements

Patients were evaluated with a resting 12-lead elec-

trocardiogram (BTL-08 MT Plus electrocardiograph) in

a supine position, and the parameters of conduction and

repolarization were measured. The QT interval was

defined as the interval between the onset of the QRS

complex and the end of the T-wave and was measured in

all leads. The maximum value of QT was determined.

The end of the T-wave was measured using the method

of the tangent to the steepest slope of the descending por-

tion of the T wave. The ECG software used (BTL Cardi-

oPoint) provided an automatic QT measurement by the

tangent method (Fig. 1). With the end of the T-wave set

automatically, we manually measured other parameters.

The measurements were made using a paper speed of

150 mm/s and a voltage of 40 mm/mV. A lead was con-

sidered uninterpretable if the T-wave amplitude was

lower than 0.1 mV or if biphasic T-waves were present.

Tracings with more than one uninterpretable lead were

excluded from the analysis. The different variables were

determined on three different consecutive complexes for

each lead, and their mean values were calculated.

The intervals measured from the precordial leads

are defined as follows:
rrow) and Tpe (blue arrow). The end of the T-wave was
= JTpeak interval; QTc = QT/3xRR.
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Repolarization parameters

� Tpe: from the T wave peak to the end of the T wave
� QTp: from the onset of the QRS complex to the peak

of the T wave
� JTp: from the onset of the J wave to the peak of the T

wave
� JTe: from the onset of the J wave to the end of the T

wave
� Tpe/QT, Tpe/JTp and Tpe/JTe ratios

Conduction/repolarization parameters

� iCEB, defined as QT/QRS duration
� Tpe/QRS ratio

QT and Tpe interval dispersions (QTd and Tped)

were defined as differences between the highest and low-

est values of QT and Tpe intervals, respectively.

QT, QTd, QTp, JTp, Tpe and Tped were corrected

for heart rate using the Fridericia formula

(QTc = QT/3xRR), which resulted in a better heart rate

correction even for normal heart rate ranges and has

been reported to significantly improve the prediction of

mortality (Vandenberk et al. 2016).

Intra- and inter-observer variability were estimated

for the assessment of QT, QRS, Tpe and JTp. To deter-

mine inter-observer variability, a colleague who was not

involved in our study was asked to measure ECG varia-

bles in five patients (30 measurements per parameter).

For intra-observer variability, ECG variables were mea-

sured 2 mo apart.
Fig. 2. Representative example of strain measurements. MDSD

MDdelta = difference between the longes
Echocardiographic measurements

After patients underwent a resting electrocardio-

gram, 2-D and Doppler echocardiography was per-

formed to quantify cardiac chamber function and

structure using a commercially available ultrasound

machine (Philips iE33). A single investigator, certified

by the European Association of Cardiovascular Imaging

for Adult Transthoracic Echocardiography, performed

the echocardiographic exams, blind to the clinical and

ECG data. Patients with suboptimal acoustic windows,

defined as more than two left ventricular myocardial seg-

ments not adequately visualized and impeding wall

motion assessment because of improper endocardial bor-

der delineation, were excluded.

Speckle-tracking echocardiography was used to

evaluate global longitudinal strain, and mechanical dis-

persion was performed. Acquisitions were obtained at

end expiration, after sector size, depth and frame rate

adjustments. The frame rate for 2-D image acquisition

was in the range 50�70 frames/s. Peak longitudinal

strain was assessed in 17 left ventricular segments after

manually optimizing the adequacy of tracking and aver-

aged to global longitudinal strain (GLS). The acquisi-

tions were considered uninterpretable and were excluded

from the analysis if the regional speckle tracking was

suboptimal; recordings needed to be rejected in more

than two myocardial segments. Mechanical dispersion

was assessed using two variables: standard deviation

(SD) of time intervals from the start of Q/R on the elec-

trocardiogram to peak myocardial longitudinal strain in

the 17-segment left ventricular model (MDSD) (Fig. 2),

and the difference between the longest and the shortest
= standard deviation of time-to-peak longitudinal strains;
t and shortest times to peak strain.
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time to peak strain intervals (MDdelta). Both MDSD and

MDdelta values were corrected for heart rate using the

Fridericia formula, and their corrected values were ana-

lyzed and reported.

The reproducibility of the method of assessment

used for echocardiographic parameters was assessed by

estimation of intra- and inter-observer variability in a

group of 10 patients. For intra-observer variability, the

measurement was repeated at a 2-wk interval.

Statistical analysis

Data are presented as the mean § SD for numerical

variables and as absolute numbers and percentages for

categorical variables. A p value <0.05 was considered to

indicate statistical significance. Linear regression and

Pearson correlation coefficients were employed to exam-

ine the relationship between ECG and echocardiographic

variables, using STATISTICA software. Mutual infor-

mation between variables was calculated by using the

mutinformation() function from the “infotheo” package

in R software. Comparisons were made between correla-

tion measures using mutual information, Pearson,
Fig. 3. Patient fl
Kendall and Spearman methods. Intra- and inter-

observer variability for the ECG and echocardiographic

parameters was estimated with the intra-class correlation

coefficient using an absolute agreement definition and

Bland�Altman plots. The intra-class correlation coeffi-

cient was interpreted as follows: Values <0.50 indicate

poor agreement, 0.50�0.75 moderate agreement,

0.75�0.90 good agreement and >0.90 excellent agree-

ment (Koo and Li 2016). The possibility of proportional

bias was assessed using the Bland�Altman method.
RESULTS

A total of 59 patients (mean age 60 § 12 y, 59.3%

men) were included in this study. Figure 3 is the patient

flowchart. Basic demographic characteristics and ECG

measurements are summarized in Tables 1 and 2, respec-

tively. Most of the patients were hypertensive (69.5%),

and 27% of them presented with stable coronary artery

disease without prior myocardial infarction. All of the

patients had a normal ejection fraction; the mean GLS

was �17.8% § 2.9%, and mechanical dispersion ranged
owchart.



Table 1. Basic characteristics of the study group

Parameter Total (n = 59)

Age (y) 60.4 § 12.9
Male sex 35 (59.3%)
Cardiovascular risk factors and
comorbidities

Smoking 20 (33.9%)
Dyslipidemia 31 (52.5%)
Diabetes 11 (18.6%)
Obesity 9 (15.2%)
Hypertension 41 (69.5%)
Stable coronary artery disease 16 (27.1%)
Electrocardiographic parameters
QRS (ms) 107.9 § 11.9
QT (ms) 423.5 § 38.8
Echocardiographic parameters
Heart rate during echocardiographic
assessment (bpm)

69.5 § 9.8

Systolic blood pressure during
echocardiographic assessment (mm Hg)

130.1 § 15.1

Diastolic blood pressure during
echocardiographic assessment (mm Hg)

78.9 § 10.0

Left ventricular ejection fraction (%) 58.7 § 4.7
Global longitudinal strain (%) -17.8 § 2.9
Uncorrected MDSD (ms) 56.2 § 24.4
Uncorrected MDdelta (ms) 189.6 § 80.8
MDSD (ms) 60.3 § 26.4
MDdelta (ms) 202.9 § 88.9

Values are expressed as the mean § standard deviation or number
(%).

MDSD = standard deviation of time-to-peak longitudinal strains;
MDdelta = difference between the longest and shortest times to peak
strain.
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from 29�116 ms, with a mean of 56.2 § 24.4 ms (heart

rate corrected-value of 60.3 § 26.4 ms, ranging from

29.7 to 128.7 ms).

Data regarding the reproducibility of the measurement

methods used for the ECG and echocardiographic parame-

ters are summarized in Supplementary Table S1 (online

only). There was excellent intra- and inter-observer agree-

ment for the ECG parameters measured. With respect to
Table 2. Repolarization and conduction/repo

Parameter (n = 59) Mean value Lead V1 Lead V2

Repolarization parameters
QT (ms) 423.5 § 38.8
QTd (ms) 51.2 § 37.7
Tpe (ms) 79.1 § 16.9 70.8 § 19.5 85.5 § 19.2
Tped (ms) 29.2 § 18.2
QTp (ms) 323.5 § 24.2 320.6 § 33.0 314.3 § 25.5
JTp (ms) 222.0 § 27.0 214.5 § 35.4 211.1 § 29.4
JTe (ms) 295.9 § 26.7 285.5 § 32.1 290.3 § 31.3
Tpe/QT 0.185 § 0.028 0.181 § 0.050 0.201 § 0.033
Tpe/JTp 0.346 § 0.102 0.355 § 0.177 0.389 § 0.118
Tpe/Jte 0.252 § 0.049 0.251 § 0.082 0.275 § 0.055
Conduction-repolarization parameters
iCEB 4.23 § 0.68 3.90 § 0.66 4.12 § 0.69
Tpe/QRS 0.784 § 0.146 0.699 § 0.193 0.830 § 0.178

QTd = QT interval dispersion; QTp = QT peak interval; Tpe = Tpeak�Tend in
interval; iCEB = index of cardiac electrophysiological balance.
echocardiographic parameters, there was excellent intra-

observer agreement for GLS, MDSD and MDdelta. Inter-

observer agreement was excellent for GLS and MDSD and

good for MDdelta. Bland�Altman analysis revealed no pro-

portional bias for all the measurements taken (Supplemen-

tary Figs. S1�S4, online only).

Relationships between ECG repolarization variables

and echocardiographic indices of mechanical dispersion

are outlined in Tables 3 and 4. The classic parameter of

repolarization, the QTc interval, exhibited a weak correla-

tion with mechanical dispersion as assessed using the SD

of time to peak longitudinal strains (MDSD, r = 0.33,

p = 0.01) or the difference between the longest and shortest

time to peak strain intervals (MDdelta, r = 0.26, p = 0.05).

QTd exhibited a weak correlation with MDSD (r = 0.28,

p = 0.03), whereas the correlation with MDdelta was not sig-

nificant (r = 0.19, p = 0.14). Of the remaining repolarization

variables, mean and maximum values of Tpe, Tpe/QT,

Tpe/JTp and Tpe/JTe correlated moderately with MDSD or

MDdelta (r � 0.43, p< 0.001; Fig. 4). By contrast, Tpe dis-

persion were weakly correlated with MDSD and MDdelta

(r = 0.39, p = 0.002, and r = 0.28, p = 0.03, respectively).

Of the two conduction/repolarization indices analyzed

in this study, only iCEB exhibited a significant but weak

negative correlation with MDSD (r =�0.30, p = 0.02).

With respect to the correlations of the ECG parame-

ters measured with left ventricular global longitudinal

strain, we observed that QTc had a weak to moderate

correlation with GLS (r = 0.39, p = 0.002), and QTp had

a weak to moderate correlation with GLS (r = 0.41,

p = 0.001, for max QTp, and r = 0.31, p = 0.02, for mean

QTp) (Supplementary Table S2, online only).
Mutual information as a non-linear correlation measure

Mutual information was used as a measure to reveal

the non-linear correlation pattern between ECG parame-

ters of conduction and/or repolarization and myocardial
larization parameters in the study group

Lead V3 Lead V4 Lead V5 Lead V6

82.7 § 17.9 82.7 § 21.7 77.3 § 21.0 72.4 § 19.9

319.0 § 25.0 326.4 § 26.5 330.9 § 27.7 331.9 § 25.9
216.8 § 28.4 224.5 § 28.9 228.9 § 32.7 235.1 § 32.5
293.7 § 28.9 301.3 § 31.6 300.7 § 36.1 301.7 § 34.9
0.194 § 0.033 0.190 § 0.037 0.178 § 0.034 0.168 § 0.029
0.367 § 0.111 0.354 § 0.113 0.326 § 0.108 0.294 § 0.088
0.264 § 0.052 0.257 § 0.056 0.224 § 0.047 0.252 § 0.049

4.15 § 0.72 4.26 § 0.78 4.34 § 0.83 4.47 § 0.97
0.807 § 0.180 0.808 § 0.197 0.770 § 0.195 0.752 § 0.201

terval; Tped = Tpeak�Tend dispersion; JTp = JTpeak interval; JTe = JTend



Table 3. Correlations between repolarization and conduction/repolarization parameters and MDSD

Parameter Max Mean Lead V1 Lead V2 Lead V3 Lead V4 Lead V5 Lead V6

r p r p r p r p r p r p r p r p

Repolarization parameters
QTc 0.33 0.01
QTd 0.28 0.03
Tpe 0.57 <0.001 0.53 <0.001 0.34 0.02 0.54 <0.001 0.48 <0.001 0.48 <0.001 0.41 0.001 0.37 0.004
QTp 0.16 0.21 0.12 0.35 �0.07 0.61 0.10 0.44 0.06 0.64 0.14 0.27 0.17 0.17 0.16 0.20
JTp �0.22 0.08 �0.25 0.04 �0.33 0.02 �0.22 0.09 �0.28 0.03 �0.21 0.11 �0.16 0.20 �0.19 0.14
JTe 0.07 0.56 0.01 0.97 �0.23 0.14 0.05 0.72 �0.03 0.81 0.07 0.57 0.04 0.72 �0.03 0.84
Tpe/QT 0.50 <0.001 0.45 <0.001 0.33 0.03 0.47 <0.001 0.39 0.002 0.40 0.001 0.35 0.007 0.28 0.02
Tpe/JTp 0.54 <0.001 0.51 <0.001 0.45 0.002 0.53 <0.001 0.50 <0.001 0.47 <0.001 0.42 <0.001 0.40 <0.001
Tpe/JTe 0.55 <0.001 0.51 <0.001 0.43 0.004 0.54 <0.001 0.49 <0.001 0.47 <0.001 0.42 <0.001 0.39 0.003
Conduction/repolarization parameters
iCEB -0.30 0.02 �0.29 0.02 �0.23 0.13 �0.23 0.08 �0.24 0.07 �0.27 0.04 �0.22 0.08 �0.30 0.02
Tpe/QRS 0.16 0.21 0.07 0.60 0.15 0.33 0.14 0.28 0.06 0.62 0.09 0.51 0.05 0.70 0.08 0.55

r = Pearson correlation coefficient; QTd = QT interval dispersion; QTp = QT peak interval; QTc = QTc = QT/3xRR; Tpe = Tpeak�Tend interval; Tped = Tpeak�Tend dispersion; JTp = JTpeak interval;
JTe = JTend interval; iCEB = index of cardiac electrophysiological balance.

Table 4. Correlations between repolarization and conduction/repolarization parameters and MDdelta

Parameter Max Mean Lead V1 Lead V2 Lead V3 Lead V4 Lead V5 Lead V6

r p r p r p r p r p r p r p r p

Repolarization parameters
QTc 0.26 0.05
QTd 0.19 0.14
Tpe 0.57 <0.001 0.60 <0.001 0.34 0.03 0.55 <0.001 0.57 <0.001 0.55 <0.001 0.45 <0.001 0.50 <0.001
QTp 0.12 0.34 0.07 0.62 �0.15 0.31 0.04 0.76 �0.01 0.90 0.10 0.45 0.16 0.22 0.11 0.41
JTp �0.16 0.22 �0.24 0.07 �0.37 0.009 �0.22 0.09 �0.29 0.03 �0.18 0.16 �0.13 0.33 �0.15 0.26
JTe 0.12 0.35 0.01 0.96 �0.30 0.05 �0.01 0.96 �0.03 0.77 0.10 0.43 0.06 0.62 0.05 0.71
Tpe/QT 0.43 <0.001 0.44 <0.001 0.33 0.03 0.42 0.001 0.40 0.001 0.40 0.002 0.30 0.02 0.38 0.003
Tpe/JTp 0.43 <0.001 0.45 <0.001 0.44 0.003 0.46 <0.001 0.45 <0.001 0.42 0.001 0.34 0.007 0.40 0.001
Tpe/JTe 0.45 <0.001 0.47 <0.001 0.44 0.003 0.48 <0.001 0.47 <0.001 0.43 <0.001 0.35 0.006 0.42 0.001
Conduction/repolarization parameters
iCEB �0.16 0.22 �0.21 0.11 �0.22 0.15 �0.20 0.12 �0.19 0.14 �0.20 0.12 �0.12 0.35 �0.18 0.16
Tpe/QRS 0.18 0.16 0.15 0.25 0.15 0.35 0.13 0.33 0.14 0.29 0.15 0.24 0.11 0.42 0.08 0.54

r = Pearson correlation coefficient; QTd = QT interval dispersion; QTp = QT peak interval; QTc = QT/3xRR; Tpe = Tpeak�Tend interval; Tped = Tpeak�Tend dispersion; JTp = JTpeak interval;
JTe = JTend interval; iCEB = index of cardiac electrophysiological balance.
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Fig. 4. Linear correlation between mean Tpe (top left), mean Tpe/QT (top right), mean Tpe/JTp (bottom left) and mean
Tpe/JTe (bottom right) and MDdelta (red line) and MDSD (blue line). JTp = JTpeak interval; JTe = JTend interval;
MDSD = standard deviation of time-to-peak longitudinal strains; MDdelta = difference between the longest and shortest

times to peak strain; Tpe = Tpeak�Tend interval.
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longitudinal strain in a general population. It was calcu-

lated between ECG indices and MDSD or MDdelta. The

comparative results with different correlation measures

are outlined in Supplementary Table S3 (online only).

The main advantage of mutual information is that possi-

ble non-linear correlation patterns can be captured when

the Pearson correlation is zero. For example, the Pearson

correlation coefficients between mean JTe and MDdelta

and between mean JTe and MDSD are 0 and 0.05, respec-

tively, indicating no linear correlation (Figure 5; Supple-

mentary Table S3). However, mutual information

returns correlation values of 0.010 and 0.024, respec-

tively. This would suggest the presence of non-linear

correlation between mean JTe and MDdelta or MDSD

(Fig. 6, top). Another similar example can be illustrated

by JTp measured in lead V4, which has a Pearson corre-

lation coefficient of �0.05 with both MDdelta and MDSD,

indicating almost no linear correlation. However, it has

the mutual information values of 0.051 and 0.041 with

MDdelta and MDSD, respectively, which implies the
presence of non-linear correlation patterns (Fig. 6, bot-

tom). Comparisons between the Pearson correlation

coefficient (left) and mutual information as a correlation

measure (right) for JTp in lead V3, Tped and mean

iCEB are illustrated in Figure 7 (top, middle and bot-

tom). Finally, mutual information has the advantage over

Pearson correlation of uncovering correlation patterns

between two variables, both with missing values. For

example, Tpe/JTp in V2, Tpe/QT in V2 and Tpe/JTe in

V1 all have missing values and their correlation meas-

ures with MDdelta (left) and MDSD (right) are given in

Figure 8 (top, middle and bottom).
DISCUSSION

To the best of our knowledge, this is the first attempt

to assess the relationship between ECG indices of conduc-

tion and/or repolarization and echocardiographic measure-

ments reflecting mechanical dispersion. The main findings

are as follows: (i) There were moderate linear correlations



Fig. 5. Comparison between different correlation measures using mutual information (blue line), Pearson (orange line),
Kendall (red line) and Spearman (yellow line) methods. QTd = QT interval dispersion; QTp = QT peak interval;
QTc = QTc = QT/3xRR; Tpe = Tpeak�Tend interval; Tped = Tpeak�Tend dispersion; JTp = JTpeak interval; JTe = JTend

interval; iCEB = index of cardiac electrophysiological balance.
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between ECG indices of repolarization dispersion (Tpe,

Tpe/QT, Tpe/JTp and Tpe/JTe) and mechanical dispersion.

(ii) The QTc interval exhibited a weaker linear correlation

with the parameters reflecting mechanical dispersion. (iii)

Conduction/repolarization indices iCEB and Tpe/QRS had

no relevant linear correlation with mechanical dispersion as

assessed with speckle-tracking echocardiography. (iv)

Mutual information revealed significant non-linear relation-

ships between JTp, JTe, Tped, iCEB, Tpe/QT, Tpe/JTp,

Tpe/JTe, and mechanical dispersion.

Increases in the dispersion of conduction velocities

resulting from structural and functional myocardial hetero-

geneities have been associated with increased susceptibility

to cardiac arrhythmias (Spragg et al. 2005). Higher degrees

of repolarization inhomogeneities are also linked to greater

arrhythmic risk (Ciobanu et al. 2017; Tse and Yan 2017;

Bazoukis et al. 2019). Together, heterogeneities in electri-

cal activation or recovery can lead to inhomogeneities in

myocardial contraction. Mechanical dispersion, an echocar-

diographic parameter that reflects the heterogeneity of
myocardial contraction, can be present under physiologic

conditions (Bogaert and Rademakers 2001;

Sengupta et al. 2006). However, it can be increased as a

result of increased electrical dispersion

(Haugaa et al. 2010). Increased mechanical dispersion has

also been identified as an important predictor for ventricu-

lar arrhythmias in patients with a variety of cardiovascular

conditions (Kawakami et al. 2020). Pre-clinical studies

have illustrated that mechanical deformation of the ventric-

ular wall can alter repolarization via a process termed

mechano-electrical feedback (Colli Franzone et al. 2016).

This provides the physiologic basis for the correlation

between mechanical dispersion and repolarization parame-

ters.

Mutual information is a non-parametric measure of

the covariance between two random variables and esti-

mates the expected amount of information about one var-

iable contained in another, that is, of dependency

between two variables (Kraskov et al. 2004). It is a con-

cept from information theory and a function of entropy.



Fig. 6. Non-linear correlation pattern between mean JTe and MDdelta or MDSD (top) and between JTp in V4 and MDdelta

or MDSD (bottom). JTp = JTpeak interval; JTe = JTend interval; MDSD = standard deviation of time-to-peak longitudinal
strains; MDdelta = difference between the longest and shortest times to peak strain.
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Mutual information between any two probability distri-

butions can be calculated. No assumption is made

regarding the properties of the variables, unlike the nor-

mality and linearity assumed in the Pearson correlation

(Sun et al. 2016). It can be determined even when the

correlation coefficient (e.g., by Pearson, Kendall and

Spearman methods) is zero or close to zero. With this

advantage of capturing non-linear correlation patterns

between variables, mutual information has been success-

fully used for variable selection in many practical appli-

cations such as detection of congestive heart failure

using heart rate variability (Yu and Lee 2012), left ven-

tricular ejection fraction estimation (Yang et al. 2015)

and classification of medical images

(Diamant et al. 2017). In this study, we employed mutual

information as a measure to reveal the non-linear corre-

lation pattern between ECG parameters of conduction

and/or repolarization and myocardial longitudinal-strain

derived parameters in a general population. Specifically,

we calculated the mutual information between ECG indi-

ces and the SD of time to peak longitudinal strains
(MDSD), and the mutual information between those ECG

indices and longest and shortest times to peak strain

(MDdelta) obtained with speckle-tracking echocardiogra-

phy. Our results indicate that the mechano-electrical cor-

relations might not be linear, but more complex. In this

regard, the correlation patterns between JTp, JTe and

mechanical dispersion as revealed by mutual information

followed a J-curve relationship (Fig. 6), while other

repolarization parameters (Tpe, Tpe/QT ratio, Tpe/JTp)

exhibited a more linear pattern of correlation (Figs. 7

and 8). This may offer a pathophysiological insight into

the previous findings of Zulqarnain et al. (2015), which

indicate that not only the prolonged JT interval but also

the shortened JT interval are independent predictors of

mortality.

Numerous efforts have been made to refine arrhythmic

risk stratification, including for the general population. The

most promising predictors are ECG and, more recently,

echocardiographic, but none is ideal. Aagaard et al. (2020)

analyzed mechanical dispersion in the general population

and its relationships with common comorbidities in 2529



Fig. 7. Comparisons between Pearson’s correlation coefficient (left) and mutual information (right) as correlation mea-
sure for JTp in V3 (top), Tped (middle) and mean iCEB (bottom). iCEB = index of cardiac electrophysiological balance;
JTp = JTpeak interval; JTe = JTend interval; MDSD = standard deviation of time-to-peak longitudinal strains; MDdelta = dif-
ference between the longest and shortest times to peak strain; Tpe = Tpeak�Tend interval; Tped = Tpeak�Tend dispersion.
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Fig. 8. Tpe/JTp in V2 (top), Tpe/QT in V2 (middle) and Tpe/JTe in V1 (bottom) all have missing values, and their corre-
lation measures with MDdelta (left) and MDSD (right) can be determined with mutual information. MDSD = standard devi-
ation of time-to-peak longitudinal strains; MDdelta = difference between the longest and shortest times to peak strain;

Tpe = Tpeak�Tend interval; Tped = Tpeak�Tend dispersion.
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patients. Mechanical dispersion reported from this large gen-

eral cohort ranged from 9 to 180 ms, with a mean value of

39.4 § 14.7 ms, and the mean QRS duration was 93 §
13.2 ms. A healthy subgroup was also analyzed and found

to have an upper limit of normal for mechanical dispersion

of 61 ms. Our patients had higher mean values of mechani-

cal dispersion, 56.2 § 24.2 ms, and also higher QRS dura-

tions, 107.9 § 11.9 ms. Compared with the previously

mentioned findings, in our study group, there was a higher

prevalence of coronary artery disease (27.1% vs. 5.9%),

hypertension (69.5% vs. 59.1%) and diabetes (18.6% vs.

6.7%), comorbidities that were found to be strong contribu-

tors to mechanical dispersion and thus represent a possible

explanation for these differences between the two cohorts. In

addition, as there are significant differences between vendors

regarding the range of normal values for global longitudinal

left ventricular strain assessed by speckle-tracking echocardi-

ography (Farsalinos et al. 2015), we might expect the same

for the strain-derived parameters, but there is no available

information to date.

From a clinical practice perspective, analyzing the

results of our study, we observed that even after applying the

mutual information method for the correlation assessment

between the different parameters studied, one of the most

frequently used ECG arrhythmic risk markers, the QTc inter-

val, did not correlate significantly with longitudinal strain-

derived mechanical dispersion. On the other hand, the more

recently proposed parameter Tpe and its derivatives corre-

lated moderately with the indices of mechanical dispersion.

The magnitude and pattern of the mechano-electrical corre-

lation might vary between different pathophysiologic mech-

anisms involved in the myocardial substrate changes. As the

ECG and echocardiographic methods of assessment we used

exhibit good reproducibility and are readily available, by

combining them we might obtain a refinement in the

arrhythmic risk stratification strategy and also might be able

to more profoundly characterize the myocardial substrates

for different cardiac conditions.

Synthesizing our findings, three important aspects

are revealed: (i) There are relevant correlations between

mechanical contraction inhomogeneities and electrical

repolarization dispersion. (ii) The traditional prognostic

ECG parameter, QTc interval, has its limitations, corre-

lating to a weaker extent than newer ECG parameters of

repolarization with mechanical dispersion. (iii) The tem-

poral mechanical contraction inhomogeneities reflected

by mechanical dispersion parameters, rather than the

deformation magnitude reflected by GLS, correlates

with ECG measures of repolarization dispersion.

As cutoff values for mechanical dispersion and

ECG parameters of conduction and repolarization in

relation to prediction of ventricular arrhythmias are still

being debated, the results of our study emphasize the

importance of a complex assessment for arrhythmic risk
stratification, using several non-invasive and readily

available methods like resting electrocardiography and

echocardiography.

Several limitations of the present study should be

noted. First, this included a small cohort, was exploratory

in nature and tested the feasibility of combining ECG and

echocardiographic parameters of arrhythmic risk. The

results should be confirmed by future studies in larger

cohorts. Second, our study group, reflecting the real-life

models of outpatients, was at low risk for malignant

arrhythmias, and we did not assess arrhythmic events. A

greater extent of myocardial heterogeneities might be more

revealing. Hypothesis-driven studies investigating the val-

ues of these ECG and echocardiographic indices for

arrhythmic risk stratification should be conducted for spe-

cific disease cohorts such as heart failure and myocardial

infarction.

CONCLUSIONS

There is a moderate linear correlation between ECG

indices reflecting repolarization heterogeneities and

speckle-tracking-assessed mechanical dispersion. In

addition, mutual information reveals a non-linear corre-

lation pattern between ECG parameters of conduction

and/or repolarization and myocardial longitudinal strain-

derived parameters.

Acknowledgments—This research did not receive any specific grant
from funding agencies in the public, commercial, or not-for-profit sec-
tors.

Conflict of interest disclosure—The authors declare no competing
interests.

SUPPLEMENTARYMATERIALS

Supplementary material associated with this article

can be found in the online version at doi:10.1016/j.ultra

smedbio.2021.01.027.

REFERENCES

Aagaard EN, Kvisvik B, Pervez MO, Lyngbakken MN, Berge T, Enger
S, Orstad EB, Smith P, Omland T, Tveit A, Røsjø H, Steine K. Left
ventricular mechanical dispersion in a general population: Data
from the Akershus Cardiac Examination 1950 study. Eur Heart J
Cardiovasc Imaging 2020;21:83–190.

Al-Khatib SM, Stevenson WG, Ackerman MJ, Bryant WJ, Callans DJ,
Curtis AB, Deal BJ, Dickfeld T, Field ME, Fonarow GC, Gillis AM,
Granger CB, Hammill SC, Hlatky MA, Joglar JA, Kay GN, Matlock
DD, Myerburg RJ, Page RL. 2017 AHA/ACC/HRS guideline for
management of patients with ventricular arrhythmias and the preven-
tion of sudden cardiac death. Circulation 2018;138:e272–e391.

Bazoukis G, Yeung C, Wui Hang Ho R, Varrias D, Papadatos S, Lee S,
Ho Christien Li K, Sakellaropoulou A, Saplaouras A, Kitsoulis P,
Vlachos K, Lampropoulos K, Thomopoulos C, Letsas KP, Liu T,
Tse G. Association of QT dispersion with mortality and arrhythmic
events—A meta-analysis of observational studies. J Arrhythmia
2019;36:105–115.

Bogaert J, Rademakers FE. Regional nonuniformity of normal adult human
left ventricle. Am J Physiol Circ Physiol 2001;280:H610–H620.

https://doi.org/10.1016/j.ultrasmedbio.2021.01.027
https://doi.org/10.1016/j.ultrasmedbio.2021.01.027
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0021
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0021
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0021
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0021
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0021
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0001
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0001
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0001
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0001
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0001
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0001
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0002
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0002
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0002
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0002
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0002
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0002
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0003
http://refhub.elsevier.com/S0301-5629(21)00051-X/sbref0003


1420 Ultrasound in Medicine & Biology Volume 47, Number 5, 2021
Ciobanu A, Tse G, Liu T, Deaconu M V, Gheorghe GS, Ilieşiu AM,
Nanea IT. Electrocardiographic measures of repolarization disper-
sion and their relationships with echocardiographic indices of ven-
tricular remodeling and premature ventricular beats in
hypertension. J Geriatr Cardiol 2017;14:717–724.

Colli Franzone P, Pavarino LF, Scacchi S. Joint influence of transmural
heterogeneities and wall deformation on cardiac bioelectrical activ-
ity: A simulation study. Math Biosci 2016;280:71–86.

Diamant I, Klang E, Amitai M, Konen E, Goldberger J, Greenspan
H. Task-driven dictionary learning based on mutual information
for medical image classification. IEEE Trans Biomed Eng
2017;64:1380–1392.
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