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Abstract

Background—Arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) is

characterized by delay in depolarization of the right ventricle, detected by prolonged terminal

activation duration (TAD) in V1–V3. However, manual ECG measurements have shown

moderate-to-low intra- and inter-reader agreement. The goal of this study was to assess

reproducibility of automated ECG measurements in the right precordial leads.

Methods—Pairs of ECGs recorded in the same day from Johns Hopkins ARVD/C Registry

participants [n=247, mean age 35.2±15.6 y, 58% men, 92% whites, 11(4.5%) with definite

ARVD/C] were retrospectively analyzed. QRS duration, intrinsicoid deflection, TAD, and T-wave

amplitude in the right precordial leads, as well as averaged across all leads QRS duration, QRS

axis, T axis, QTc interval, and heart rate was measured automatically, using 12SL TM algorithm

(GE Healthcare, Wauwatosa, WI, USA). Intrinsicoid deflection was measured as the time from

QRS complex onset to the alignment point of the QRS complex. TAD was calculated as the

difference between QRS duration and intrinsicoid in V1, V2, V3. Reproducibility was quantified

by Bland-Altman analysis (bias with 95% limits of agreement), Lin’s concordance coefficient, and

Bradley-Blackwood procedure.

Results—Bland-Altman analysis revealed satisfactory reproducibility of tested parameters. V1

QRS duration bias was −0.10ms [95% limits of agreement −12.77 to 12.56ms], V2 QRS duration

bias −0.09ms [−11.13 to 10.96ms]; V1 TAD bias 0.14ms [−13.23 to 13.51ms], V2 TAD bias

0.008ms [−12.42 to 12.44ms].
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Conclusion—Comprehensive statistical evaluation of reproducibility of automated ECG

measurements is important for appropriate interpretation of ECG. Automated ECG measurements

are reproducible to within 25%.

Keywords

electrocardiogram; automated measurement; ARVD/C; reproducibility; QRS duration; terminal
activation duration

1. Introduction

Assessment of the reproducibility of any measurement technique in medicine is always

needed, because only reproducible measurement techniques can provide reliable results.

During recent years, remarkable advancements in biostatistics have been made, allowing for

comprehensive evaluation of reproducibility. However, neither clinicians nor engineers are

thoroughly familiar with available biostatistical methods for assessment of reproducibility.

This fact motivated us to conduct a study with a comprehensive biostatistical evaluation of

reproducibility.

Arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) is an inherited heart

disorder characterized by fibrofatty replacement of the right ventricular myocardium and

life-threatening ventricular arrhythmias [1,2]. Arrhythmias often precede gross structural

abnormalities in the myocardium and can occur early in the natural history of ARVD/C

[3,4]. Mutations in the genes encoding desmosomal proteins, responsible for cell-to-cell

coupling via gap junctions, have been linked to ARVD/C [5]. Cell-to-cell uncoupling results

in slow, heterogeneous electrical conduction in the right ventricular (RV) free wall and RV

outflow tract, presented as the epsilon wave and QRS prolongation in the right precordial

leads on a surface ECG, and as prolonged RV endocardial activation on an intracardiac

electroanatomic map [6].

An International Task Force has endorsed a set of criteria for the clinical diagnosis of

ARVD/C, with ECG criteria comprising an important component of the diagnostic criteria

[1,2,7]. T-wave inversion in the right precordial leads (V1, V2, and V3) in individuals > 14

years of age in the absence of the complete right bundle branch block (RBBB) and the

presence of the epsilon wave in the right precordial leads, were identified as 2 major criteria

of ARVD/C diagnosis. Terminal activation duration (TAD) of QRS (distance from the S-

wave nadir to the end of QRS) ≥ 55ms in V1, V2 or V3 in the absence of complete RBBB

was identified as a minor criterion. However, a previous study has demonstrated that manual

measurements of many quantitative ECG parameters relevant to ARVD/C diagnosis,

particularly QRS duration, can vary greatly between readers [8].

Automated ECG analysis represents a potentially useful alternative to manual ECG

measurements. Several studies have compared the reproducibility of manual and automated

measurements of averaged QRS duration on 12-lead ECGs [9,10], showing the advantage of

automated ECG measurements. However, reproducibility of automated ECG measurements

in the right precordial leads has not been previously studied. Presence of the epsilon wave or

prolonged terminal activation might result in a local QRS prolongation in the right
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precordial leads, which could be measured automatically by modern ECG machines.

However, only QRS duration averaged across all 12 leads is routinely reported. Local QRS

duration in V1–V3, or TAD in V1–V3 are not routinely available for physicians. The goal of

this study was to assess the reproducibility of automated measurements of QRS duration,

TAD, and other ECG metrics on separate right precordial leads V1, V2, and V3 in ARVD/C

registry participants.

2. Methods

2.1. Study Population

The study population included participants of the Johns Hopkins ARVD/C Registry

(www.ARVD.com). The registry consists of prospectively enrolled consecutive subjects

who were referred to the Johns Hopkins ARVD/C clinic for evaluation. All patients included

in the ARVD/C Registry provided written informed consent. The study was approved by the

Johns Hopkins School of Medicine Institutional Review Board.

In our retrospective study, the study population included only those registry participants who

had a pair of digital 12-lead ECGs recorded at rest on the same date (mean time between

recordings 3.5±2.5 hours).

2.2. ECG Recording

Serial 10-sec digital ECGs (sampling rate 500Hz, amplitude resolution 1µV) of the study

participants were extracted from the JHH ECG MUSE database (GE Healthcare,

Wauwatosa, WI, USA) for subsequent analysis. All 12-lead ECGs used in the study were

recorded using the GE-Marquette MAC 5000 ECG system (GE Healthcare, Wauwatosa, WI,

USA) on the day of the outpatient visit. All study participants had 2 consecutive ECGs

recorded on the same date.

2.3. ECG Analysis

The ECGs were analyzed using 12SL™ algorithm by Magellan ECG Research Workstation

Software (GE Healthcare, Wauwatosa, WI, USA). The ECG pairs were compared by

examining various ECG parameters.

ECG parameters were measured on a “median beat”. Depolarization parameters measured in

the right precordial leads included intrinsicoid deflection, TAD, and QRS duration.

Intrinsicoid deflection in V1–V3 was measured as the time from onset of QRS complex to

the alignment point of the QRS complex (Figure 1). QRS duration in V1–V3 was calculated

by summing the Q, R, S, R’, and S’ durations, measured automatically in those leads by the

software. As previously described, TAD was calculated as the difference between QRS

duration and intrinsicoid deflection in V1, V2, and V3 (Figure 1). In addition, average QRS

duration and QRS axis were calculated across all 12 leads.

Repolarization parameters measured in the right precordial leads included T-wave amplitude

in V1–V4. In addition, QT interval, QTc interval (by Bazett), T axis and heart rate were

averaged across 10 seconds of recording, and across all ECG leads.
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2.4. Statistical Analysis

STATA 13 (StataCorp LP, College Station, TX) was used for all statistical calculations.

First, the distribution of ECG parameters was evaluated. The reproducibility of the

automated ECG measurements was then assessed via Bland-Altman analysis [11]. The

degree of agreement was expressed as the bias (the mean difference) with 95% limits of

agreement (mean±2 standard deviations), and the relative % bias, (the mean difference of

two measurements divided by their mean value). Precision was defined as 100% minus

relative % bias. The statistical correlation between pairs for each parameter was calculated

as Pearson’s correlation coefficient r. In addition, Lin’s concordance correlation coefficient

ρc (rho_c) was calculated to describe the strength of agreement: >0.99 indicates almost

perfect agreement; 0.95–0.99, substantial agreement; 0.90–0.95, moderate agreement; <0.90,

poor agreement. Furthermore, Bradley-Blackwood procedure was used to simultaneously

compare the means and variances of the 2 measurements [12].

3. Results

3.1. Study Population

This study population (n=247) was heterogeneous and included ARVD/C patients, gene-

negative members of gene-positive families, family members of gene-negative and untested

ARVD/C patients, and individuals referred to the clinic for evaluation but who did not meet

criteria for ARVD/C. The goal of this study was to evaluate reproducibility of ECG

parameters, but not their diagnostic value. Therefore, we included all registry participants

with an available pair of ECGs, regardless of their diagnosis. Mean age of study participants

was 35.2±15.6 y. About half of the study population were men (n=144, 58.3%), and most of

the participants were white (n=227, 92%). Clinical characteristics of study participants are

presented in Table 1.

Definite ARVD/C according to the 2010 Task Force criteria [3] was diagnosed in 11

participants. About half of the ARVD/C cases were gene-positive (5 out of 11 [45%]). T-

wave inversion in V1 was observed in all ARVD/C patients, T-wave inversion in V2 and V3

was observed in 7 out of 11 patients (64%), and T-wave inversion in V4 was seen in 5 out of

11 ARVD/C patients (45%). Complete RBBB was observed in 16 individuals, and

incomplete RBBB was observed in other 3 participants. No definite ARVD/C patient had

either incomplete or complete RBBB. QRS duration in V1–V3 was < 110 ms in all but the

fore-mentioned participants with complete RBBB. No intermittent bundle branch block

(present on one ECG, but absent on another) was seen in any study participant.

3.2 Reproducibility of depolarization metrics: automated QRS duration measurements,
averaged across all leads vs. measured in right precordial leads V1–V3

Distribution of ECG parameters was normal. For averaged QRS, there was a negligible bias

of −0.04 ms [0.04%] (Table 2), with 95% limits of agreement from −8.80 ms to 8.80 ms

(Figure 2A). Precision of automated averaged QRS duration measurement was 99.96%.

Lin’s concordance coefficient confirmed substantial agreement (Figure 2B). Bradley-

Blackwood F test was not significant (Table 2), which confirmed that bias did not depend on

average QRS duration value. Therefore, the bias and 95% limits of agreement adequately
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described the differences between two measurements. We can thus conclude that the

agreement between two averaged QRS duration measurements was satisfactory; bias was

negligible, and reproducibility was high. Assessment of heart rate reproducibility (Figures

2C–2D) showed that heart rate was stable for the most of patients.

Figures 3–5 illustrate agreement and concordance between 2 measurements of QRS

duration, intrinsicoid, and TAD, separately for each of the right precordial leads: V1, V2,

and V3. Remarkably, biases of QRS duration measurements in V1–V3 were only slightly

larger than the bias of averaged QRS, and importantly, they were always less than 1 ms

(0.10 ms for V1, 0.09 ms for V2, and 0.32 ms for V3). Similarly, biases of both TAD and

intrinsicoid in V1–V3 were always substantially less than 1 ms, as well. However, 95%

limits of agreement for intrinsicoid and TAD ranged from − 13 ms to + 13 ms, representing

a substantial disagreement. It is important to note that, in some patients, differences between

2 QRS duration measurements exceeded 10 ms, which is a clinically significant

dissimilarity. Figures 3–5 helped to demonstrate important differences of reproducibility

between leads V1 and V2 on one hand, and V3 on the other hand. In leads V1 and V2,

reproducibility of all metrics that assess depolarization (QRS duration, intrinsicoid, TAD)

was very similar. However, in lead V3, only reproducibility of QRS duration fulfilled the

same criteria, whereas reproducibility of intrinsicoid and TAD in V3 was lower: the

concordance was poor (Lin’s ρc < 0.90); precision was substantial but less than 99%, and

bias of TAD in V3 was substantially greater, as compared to TAD bias in V1–V2 (Table 2).

3.3 Reproducibility of repolarization metrics: T wave amplitude measured in right
precordial leads

While the relative biases of T-wave amplitude measurements in the right precordial leads

exceeded the relative biases of QRS duration measurements in the same leads, the biases of

T-wave amplitude were minor, and the definition of T-wave inversion never changed from

one measurement to another. In other words, negative T waves remained negative, and

positive T waves remained positive in both measurements. In addition, the 95% limits of

agreement were relatively small, around ± 0.1 mV. The concordance within each ECG pair

was particularly strong for T-wave amplitude in leads V1–V4, indicating substantial

agreement (Table 2). Reproducibility of heart rate, uncorrected QT interval and T axis was

high, with substantial agreement. However, reproducibility of QTc was poor. Bradley-

Blackwood F test for QTc was significant (Table 2), which showed that the mean bias of

QTc measurements was dependent on mean QTc value. QTc was the only parameter that

demonstrated unsatisfactory reproducibility. However, this was likely due to QT correction

approach [13], rather than due to imprecise measurements.

4. Discussion

Through this study, we found that the reproducibility of QRS duration measurements on

separate right precordial leads V1–V3 was less than reproducibility of QRS duration

averaged across 12 leads, with 95% agreement exceeding 10 ms in value. Reproducibility of

QRS duration averaged across 12 leads was satisfactory. Reproducibility of automated

measurements of TAD on V1–V2 was similar to the reproducibility of QRS duration on V1–
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V2. However, reproducibility of TAD in V3 and QTc was poor. Bradley-Blackwood F test

revealed different reasons for less than satisfactory reproducibility in case of TADV3 as

compared to QTc. Two TADV3 metrics were in true low agreement. However, assessment

of QTc reproducibility in this study was not conclusive, because the bias of QTc metric was

dependent on average QTc value. Thus, our study illustrates the importance of a

comprehensive biostatistical approach to the assessment of reproducibility.

4.1. Reproducibility of Automated ECG Measurements

Our study comprehensively quantified reproducibility by measuring the following

parameters: (1) bias, or the mean difference in ECG metric between 2 ECGs, with 95 %

limits of agreement; (2) relative bias (mean difference in ECG metric between 2 ECGs,

divided by the mean value of studied ECG metric); (3) concordance, quantified by Lin’s ρc

coefficient, and (4) Bradley-Blackwood procedure, which simultaneously compares the

means and variances of the 2 ECG measurements and assesses whether or not bias depends

on mean values of the examined ECG metric.

“Recommendations for Standardization of Leads and of Specifications for Instruments in

Electrocardiography and Vectorcardiography” [14] and recent guidelines [15] recommended

resolution of ECG metrics on the order of 1% and precision above 99%. Amongst other

measures of reproducibility, relative bias estimated precision. Relative bias of most of the

measured ECG parameters was less than 1%, and therefore the precision was above 99%.

While, in this study, precision of QRS duration measurements in V1–V3 and TAD in V1–

V2 was nearly perfect, above 99%, Bland-Altman analysis revealed wide ranges of 95%

agreement values exceeding 10 ms. Differences in detecting the end of the QRS complex

likely explain observed the difference in TAD reproducibility between leads V1–V3. Figure

1B clearly shows how hard could be the detection of the Epsilon wave. The low

reproducibility of the TAD in this study can be largely attributed to patients displaying

Epsilon waves. Our study illustrates the importance of a comprehensive assessment of

reproducibility, beyond sole assessment of precision.

Pairs of ECGs in this study were recorded at the same day, but it is known that even minor

changes in the physiological state between 2 recordings (e.g. food and water intake [16],

smoking) can be responsible for the differences, and likely explain less-than-perfect

precision of T-wave amplitude measurements in V1–V4. In addition, it is well known that

variability of precordial leads placement between 2 ECG recordings could affect

reproducibility of amplitudes [17,18]. Our study confirmed the previously reported finding

of better reproducibility of duration measurements (QRS duration, intrinsicoid, TAD) in the

right precordial leads, as compared to the reproducibility of amplitudes [19]. However, it is

important to note that repeated T-wave amplitude measurements never changed direction

from positive to negative or vice versa, therefore, not impacting the ARVD/C diagnostic

criterion of T-wave inversion in the right precordial leads.

In this study, we employed Bland-Altman analysis [11] to quantify reproducibility. It was

previously shown that a high correlation (measured by Pearson’s correlation coefficient)

does not necessarily mean that measured parameters on 2 ECGs agree. Correlation

coefficient measures the strength of the relation between 2 variables, but not the agreement
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between them. Our study illustrated that data which are in a substantial but not perfect

agreement (such T-wave amplitudes in V1–V4) can produce near perfect correlations

(Pearson’s r = 0.98).

Concordance was another measure of reproducibility in this study. The concordance

correlation coefficient is the product of the measure of precision and the measure of

accuracy. Lin's coefficient increases in value as a function of the nearness of the data's

reduced major axis to the line of perfect concordance (the accuracy of the data) and the

tightness of the data about its reduced major axis (the precision of the data). In our study, the

measure of accuracy was almost uniformly equal to 1, and the observed Pearson correlation

coefficient, r, was nearly identical to the concordance correlation coefficient, rho_c.

Bradley-Blackwood test simultaneously compared the means and variances of the 2

measurements [12]. In this study Bradley-Blackwood F test was significant only for QTc

measurements: the larger the mean QTc, the higher the bias that was observed. Thus, mean

QTc bias did depend on average QTc value. Likely reason for such disagreement of QTc

values is the dependence of Bazett equation on heart rate [13], especially pronounced at

extreme heart rate values, observed in some of our study participants. Importantly, for all

other ECG parameters Bradley-Blackwood F test was not significant. Therefore, the mean

bias and 95% limits of agreement adequately described the differences between the two

ECG measurements, with the exception of QTc.

4.2 Depolarization abnormalities in ARVD/C diagnostic criteria

Localized prolongation in the QRS complex (>110 ms) in the right precordial leads (V1–V3)

and prolonged TAD (≥ 55ms) in V1–V3 are known as important features of ARVD/C

[7,20]. Terminal activation duration of QRS ≥55 ms measured from the nadir of the S wave

to the end of the QRS, including R’, in V1, V2, or V3, in the absence of complete right

bundle-branch block currently serves as a minor ARVD/C criterion [7]. Unfortunately,

moderate-to-poor reproducibility of manual QRS duration measurements in the right

precordial leads highlights the difficulties in accurately measuring the QRS duration, a

problem that has been encountered across multiple studies when using manual ECG

measurements [9,10,21]. In our study, automated measurements of ECGs parameters show a

higher degree of reproducibility when compared to the inter-observer agreement reported by

Jain et al using manual or digital calipers to measure ECG parameters for ARVD/C

diagnosis [8]. Therefore, the use of automated measurements could likely result in more

consistent evaluations of ARVD/C diagnostic criteria. Kasamaki et al [22] similarly

demonstrated that automated measurements exhibited smaller inter-reader differences and

improved reproducibility as compared to manual measurements. Automated measurement of

ECG parameters is also considerably more time-efficient as compared to manual

measurements. This potential improvement in ECG measurements via automated analysis

applies not only to diagnosis of ARVD/C, but also to other conditions that rely on

electrocardiographic diagnostic criteria. For example, QRS duration guides indications for

cardiac resynchronization therapy.
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4.3 Limitations

Our study population was rather heterogeneous, and therefore we did not compare

reproducibility of ECG measurements in patients with vs. without ARVD/C. Furthermore,

the ARVD/C patients in the study were not necessarily at the same stage of the disease.

Nevertheless, study of the reproducibility of automated measurements of important ECG

parameters provided findings that are applicable for all subjects referred to the ARVD/C

clinic for evaluation.

In this study, ECG parameters were measured by only one algorithm (12SLTM by GE

Healthcare). The question whether or not similar results could be obtained with other

manufacturers’ algorithms is required additional study [23].

Of note, our definition of TAD differed from the accepted definition for manual TAD

measurements. The automated algorithm that we used robustly detected the alignment point

of the QRS complex, whereas manual measurements used the nadir of the S wave instead. In

addition, we measured TAD in all study participants and did not exclude ECGs of subjects

with RBBB. The diagnostic value of a slightly different definition of TAD should be tested

in another clinical study.

5. Conclusions

Reproducibility of automated ECG measurements was substantial and demonstrated the

overall robustness of the method. A comprehensive approach is important for adequate

assessment of reproducibility.
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Highlights

• Comprehensive statistical evaluation of reproducibility of automated ECG

measurements is important for appropriate interpretation of ECG.

• Automated ECG measurements of QRS duration and terminal activation

duration in right precordial leads are reproducible to within 25%.

• Precision of automated averaged QRS duration measurement was 99.96%.

• 95% limits of agreement of QRS duration in V1–V3 exceeded 10 ms.
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Figure 1.
Example of ECG measurements in a patient without ARVD/C (A) and in a patient with

definite ARVD/C (B). Intrinsicoid deflection (I), terminal activation duration (TAD)

intervals and Epsilon waves are shown in leads V1–V3 in ARVD/C patient.
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Figure 2.
A. Bland-Altman plots demonstrating agreement of averaged QRS duration measurements

on 2 ECGs. The scatterplot presents paired differences (Y axis), plotted against pair-wise

means (X axis). The reference line indicates the perfect average agreement, Y=0. The

central dashed line indicates the mean difference between the 2 measurements, or mean bias.

Upper and lower lines represent the mean ± 2 standard deviations, or 95% limits of

agreement. B. Concordance scatterplot of the average QRS duration, measured on 2 ECGs.

The reduced major axis of the data goes through the intersection of the means and has the

slope given by the sign of Pearson's r and the ratio of the standard deviations. The reference

line shows the perfect concordance, Y=X. C. Bland-Altman plots demonstrating agreement

of heart rate. D. Concordance scatterplots of heart rate.
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Figure 3.
Bland-Altman plots demonstrating agreement of QRS duration (A), intrinsicoid (B), and

TAD (C) in lead V1. Concordance scatterplots of (D) QRS duration, (E) intrinsicoid, (F)

TAD in lead V1, measured on 2 ECGs. Definitions given in Figure 2.
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Figure 4.
Bland-Altman plots demonstrating agreement of QRS duration (A), intrinsicoid (B), and

TAD (C) in lead V2. Concordance scatterplots of (D) QRS duration, (E) intrinsicoid, (F)

TAD in lead V2, measured on 2 ECGs. Definitions given in Figure 2.
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Figure 5.
Bland-Altman plots demonstrating agreement of QRS duration (A), intrinsicoid (B), and

TAD (C) in lead V3. Concordance scatterplots of (D) QRS duration, (E) intrinsicoid, (F)

TAD in lead V3, measured on 2 ECGs. Definitions provided in Figure 2.
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Table 1

Characteristics of study population

Characteristic N = 247

Age (SD),y 35.2(15.6)

Male gender, n(%) 144(58.3)

White race, n(%) 227(92)

Definite ARVD/C per Task Force 2010 criteria, n(%) 11(4.4)

Definite idiopathic right ventricular outflow tract tachycardia, n(%) 16(6.5)

Complete right bundle branch block, n(%) 16(6.5)
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