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Abstract

Background: Electrocardiographic left ventricular hypertrophy (ECG-LVH) repre-
sents preclinical cardiovascular disease and predicts cardiovascular disease morbid-
ity and mortality. While the newly developed Peguero-Lo Presti ECG-LVH criteria
have greater sensitivity for LVH than the Cornell voltage and Sokolow-Lyon criteria,
its short-term repeatability is unknown. Therefore, we characterized the short-term
repeatability of Peguero-Lo Presti ECG-LVH criteria and evaluate its agreement with
Cornell voltage and Sokolow-Lyon ECG-LVH criteria.

Methods: Participants underwent two resting, standard, 12-lead ECGs at each of
two visits one week apart (n = 63). We defined a Peguero-Lo Presti index as a sum
of the deepest S wave amplitude in any single lead and lead V, (i.e., Sy + SV,) and
defined Peguero-Lo Presti LVH index as 2 2,300 uV among women and > 2,800 uV
among men. We estimated repeatability as an intraclass correlation coefficient (ICC),
agreement as a prevalence-adjusted bias-adjusted kappa coefficient (x), and precision
using 95% confidence intervals (Cls).

Results: The Peguero-Lo Presti index was repeatable: ICC (95% Cl) = 0.94 (0.91-0.97).
Within-visit agreement of Peguero-Lo Presti LVH was high at the first and second
visits: k¥ (95% Cl) = 0.97 (0.91-1.00) and 1.00 (1.00-1.00). Between-visit agreement
of the first and second measurements at each visit was comparable: x (95% Cl) =
0.90 (0.80-1.00) and 0.93 (0.85-1.00). Agreement of Peguero-Lo Presti and Cornell
or Sokolow-Lyon LVH on any one of the four ECGs was slightly lower: x (95% Cl) =
0.71 (0.54-0.89).

Conclusion: The Peguero-Lo Presti index and LVH have excellent repeatability and

agreement, which support their use in clinical and epidemiological studies.
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1 | INTRODUCTION

Left ventricular hypertrophy (LVH) has been shown to increase
the risk of cardiovascular morbidity and mortality as much as a
prior myocardial infarction (Koren et al., 1991; Levy et al., 1988;
Sullivan et al., 1993). Although LVH is frequently asymptomatic
and underdiagnosed, it is associated with hypertension (Casale
et al., 1986; Dahlof et al., 1992) and several other cardiac dis-
eases (Levy et al., 1988; McDonagh et al., 1997), including sud-
den death, end-stage renal disease (Silberberg et al., 1989; Spirito
et al., 2000), and heart failure. Although hypertension detection
and control have improved in the United States (Egan et al., 2010;
Hajjar & Kotchen, 2003), a large proportion of the population is
at risk of developing LVH by virtue of elevated blood pressure.
The widespread need to identify and manage left ventricular dys-
function highlights the need for repeatable, sensitive, and specific
measures of LVH (McDonagh et al., 1997).

While echocardiographic diagnosis of LVH has shown to be
remarkably accurate, echocardiograms are not generally used
in the absence of indications that motivate their use (Devereux
et al., 1986; Woythaler et al., 1983). Electrocardiograms (ECGs),
in contrast, are used routinely to detect and manage conditions at
asymptomatic stages or at an early onset (Fortmann et al., 1986).
Electrocardiographic and echocardiographic LVH have been shown
to be equally predictive of incident heart failure, stroke, and atrial
fibrillation, suggesting that the routinely used ECG can be an ex-
cellent clinical tool for evaluating potential LVH and predicting
subsequent cardiovascular events (Almahmoud et al., 2015; Leigh
et al., 2016; O'Neal et al., 2015; Patel et al., 2017). Even so, prior
research has shown a wide range of electrocardiographic LVH
prevalence estimates (Cuspidi et al., 2012; Levy et al., 1988; Vakili
et al., 2001). The variation in these estimates highlights the need for
simple and accurate indicators of LVH to ensure similar ECG diag-
nostic success with this disease compared to other cardiac diseases.

The Peguero-Lo Presti index, defined as the sum of the deepest
S wave amplitude (uV) in any single lead and lead V4, (S, + SV,), was
recently developed to diagnose electrocardiographic LVH with a re-
ported sensitivity of 0.62 (95% Cl 0.50-0.72) with LVH defined by
echocardiograms (Peguero et al., 2017) and sensitivity of 0.47 (95%
Cl 0.39-0.55) with LVH defined by cardiac magnetic resonance im-
aging (Guerreiro et al., 2020). The diagnosis of LVH using the most
widely used criteria (Cornell voltage) has a specificity of 0.90, but
comparatively low sensitivity (0.2-0.4) (Peguero et al., 2017). In
addition to its higher sensitivity, Peguero-Lo Presti LVH has been
shown to be as predictive of increased risk of mortality as Cornell
voltage LVH (Afify et al., 2018). Because of this, there is evidence
that its use in clinical practice would improve detection of LVH and
thereby provide opportunities for reducing LVH-related morbidity
and mortality. However, repeatability of Peguero-Lo Presti has not
been reported. Knowledge of the short-term repeatability of such a
measure contributes important information on the reliability of its
use in clinical practice, inform study design, and aid in the interpre-

tation of analytic results.

The aim of this study was to estimate the short-term repeatability
of the Peguero-Lo Presti index and LVH. To aid in the application of
these results to study design development and interpretation of re-
sults, we estimated changes in the Peguero-Lo Presti index based on
the variance and sample size for one- and two-sample study designs.
Additionally, we compared the agreement between Peguero-Lo
Presti LVH and other widely used electrocardiographic LVH criteria.

2 | METHODS
2.1 | Participants

The analytic data set was drawn from a study conducted in Chapel
Hill, North Carolina between July and October 2001, ancillary to
the Atherosclerosis Risk in Communities (ARIC) Study. Adults aged
45-64 years were eligible for this study if they were free from
diabetes, congestive heart failure, kidney disease, antiarrhythmic
medication use, and were not pregnant. Prior to the visit, partici-
pants were asked to avoid intense physical activity, smoking, eat-
ing, or drinking alcoholic beverages for 10 hr before the visits. Study
participants underwent two standardized visits one to two weeks
apart (the mean was 10 days between visits, and the range was 7 to
29 days). Participants provided written informed consent, and the
study was approved by the University of North Carolina at Chapel
Hill Institutional Review Board.

2.2 | Electrocardiographic methodology

Details of the ECG methodology for this study have been reported
(Schroeder et al., 2004; Vaidean et al., 2005). Technicians instructed
participants to breathe freely and not to talk during ECG record-
ings. After participants rested for 15 min in the supine position,
trained and certified technicians following the standardized protocol
used in the ARIC study ("The Atherosclerosis Risk in Communities
(ARIC) Study: design and objectives. The ARIC investigators, 1989)
to obtain two 10-s, standard 12-lead ECGs at each visit (ECG1 and
ECG2 at the initial visit and then ECG3 and ECG4 one to two weeks
later). Technicians separated the recordings by 1 to 2 min and did
not remove the electrodes between the two recordings. ECGs were
recorded using the MAC PC Personal Cardiograph (Marquette
Electronics, Inc.,). The Epidemiological Cardiology Research Center
(Wake Forest School University of Medicine, Winston Salem, NC)
processed all ECGs and used the GE Marquette GE 12-SL software
(GE, Milwaukee, WI) to obtain waveform measurements needed to
calculate the Peguero-Lo Presti index. We defined the index as the
sum of the deepest S wave amplitude (uV) in any single lead and lead
V4 (S + SV,) and identified Peguero-Lo Presti LVH when the index
was = 2,300 uV among women and = 2,800 pV among men (Peguero
etal., 2017). We also identified Cornell voltage LVH (when S, ; + R,
was > 2,800 pV among men and > 2,200 uV among women) and
Cornell voltage product LVH (when [S,,; + R,,] xQRS duration
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was = 244,000 uV*sec). For both Cornell metrics, we added 600 pV
to the voltage sum for women. Additionally, we defined Sokolow-
Lyon LVH (when S,,, + [greater of R,; or R,,] was 2 3,500 pV). We
excluded participants with complete bundle branch blocks, ventricu-
lar pacemakers, Wolff-Parkinson-White Syndrome, and major intra-

ventricular conducting defects (n = 1).

2.3 | Statistical analysis

We calculated summary measures for the Peguero-Lo Presti index
and LVH, computing average and absolute differences between
pairs of measurements within visits (ECG2 - ECG1 and ECG4 - ECG3)
and between visits (ECG3 - ECG1 and ECG4 - ECG2). We used ran-
dom effects, mixed models to parse the variance of the Peguero-Lo
Presti index into between-participant (czp), between-visit (czbv), and
within-visit components (62wv)' We calculated the intraclass correla-
tion coefficient (ICC) by dividing the between-participant variance
by the total variance. We calculated the standard error of measure-
ment (SEM) as V(c?,, + o°,,,). To assess within- and between-visit
agreement of Peguero-Lo Presti LVH, we calculated the prevalence-
adjusted, bias-adjusted kappa coefficient (k) (Byrt et al., 1993). We
also used k to assess agreement between Peguero-Lo Presti and
Cornell voltage or Sokolow-Lyon LVH on any one of the four ECGs
(ECG1, ECG2, ECG3, or ECG4). We estimated precision of the ICC
and k using 95% confidence intervals (Cls). To assess agreement
between visits, we created a Bland-Altman plot using the average
Peguero-Lo Presti index for each visit.

To inform study design development and interpretation of
the repeatability results, we calculated the minimal detectable
change with 95% confidence between two time points for an indi-
vidual that reflects true change above that of measurement error
[MDC,, = SEMxv2 x 1.96]. For a two-sample study design, we
calculated the minimal detectable difference (MDD) between two
measurements as MDD = [(V2 x chtal)/N] X (ta(df)+tmdf)). We also
calculated the MDD as a percent of the grand mean. The statistical
analyses were done using SAS version 9.4 statistical software (SAS
Institute, Inc.,).

3 | RESULTS

The study population was 49% female and 32% nonwhite (n = 63;
Table 1). The prevalence of Peguero-Lo Presti LVH was 7.9% (n = 5).
At baseline, 1 participant had a bundle branch block. Five partici-
pants (7.9%) deviated from protocol (ate or smoked within 10 hr of
the visit ECGs). The average body mass index (BMI) of participants
was 26.9.

The Peguero-Lo Presti index had an overall mean value of
1639.9 uV and a range of 2,622.0 uV (Table 2). When evaluating
the mean values across the four ECG measurements, the larg-
est difference in the mean of the Peguero-Lo Presti index was

90.5 uV, showing that there is little variation between visits. The

TABLE 1 Participant-level characteristics of the ECG
repeatability study, N = 63

Number (percent) or

Variable mean (min, max)
Female 31 (49.2)
Nonwhite race 20(31.8)
Age (years) 52.0 (45.1, 64.6)
Body mass index (Kg/mz) 26.9 (19.4,42.6)

Heart rate (beats/min) on the first ECG*
QRS Duration (ms) on the first ECG!

59.7 (34.0,92.0)
93.3(74.0, 116.0)

Bundle branch block 1(1.6)
Medication Use
Anticholinergic 5(7.9)
Beta-Blocker 1(1.6)
Selective serotonin reuptake inhibitor 10 (15.9)
Sympathomimetic 4(6.4)
Deviation from protocol at either visit 5(7.9)
Peguero-Lo Presti LVH at any measurement 5(7.9)

In = 62; mean 10 days between visits (range 7-29); participants
were advised to not eat, drink or smoke for at least 10 hr before the
procedures.

between-participant variation accounted for 93.6% of the total
variation of the Peguero-Lo Presti index, while the between-visit
variation and within-visit variation were 5.5% and 0.9%, respec-
tively (Table 3). The index had an ICC of 0.94 (95% ClI 0.91-0.97)
and a SEM of 133.7 pV (Table 4). The minimal detectible change was
370.7 uV (Table 4). The minimal detectable difference indicated that
a population of 1,000 would be needed to detect a difference ap-
proximately 5% of the mean (Table 5). The Bland-Altman plot of the
agreement between visits 1 and 2 showed an average mean differ-
ence of =70.9 nV, and the majority of the differences are within the
95% limits of agreement (Figure 1). The differences are consistent
across the range of the measurement.

Within-visit x for Peguero-Lo Presti LVH was 0.97 (0.91-1.00)
at the first visit and 1.00 at the second (Table 6). Between-visit
for Peguero-Lo Presti LVH was 0.90 (0.80-1.00) for the first mea-
surements at each visit and 0.93 (0.85-1.00) for the second mea-
surements (Table 6). Values of k for Peguero-Lo Presti and Cornell
voltage or Sokolow-Lyon LVH on any one of the four ECGs varied
from 0.68 for Sokolow-Lyon LVH to 0.90 for Cornell voltage prod-
uct LVH (Table 7). The x was 0.71 (0.54-0.89) for agreement be-
tween Peguero-Lo Presti and any LVH based on Cornell voltage LVH,
Cornell voltage product LVH, or Sokolow-Lyon LVH.

4 | DISCUSSION

To our knowledge, this study is the first to report the repeatability
of the Peguero-Lo Presti index and LVH. Our analysis showed that
among healthy adults, the continuous Peguero-Lo Presti index is

highly repeatable, as reflected by its intraclass correlation coefficient
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Measure Total ECG1 ECG 2
N 249 62 63
Mean (uV) 1639.9 1692.1 1662.3
Median (uV) 1591.0 1627.5 1601.0
Standard Deviation 525.3 497.7 528.4

(uV)

TABLE 3 Sources of Variation in the Peguero-Lo Presti index.
ECG repeatability study (N = 63)

Standard % Total Coefficient of
Source of Variation  Deviation Variation Variation (%)
Between-subject 512.1 93.6 31.2
Between-visit 123.9 5.5 7.6
Within-visit 50.4 0.9 3.1
Total 529.2 100.0 32.3

Note: Peguero-Lo Presti population mean = 1639.9 uV.

TABLE 4 Repeatability estimates and minimal detectable change
(MDC,;) for the Peguero-Lo Presti index. ECG repeatability study

Measure Estimate
Standard Error of Measurement (uV) 133.7
Minimal Detectable Change (uV) 370.7

Intraclass Correlation Coefficient (95% Cl) 0.94 (0.91-0.97)

TABLE 5 Minimal Detectable Difference (MDD) in the Peguero-
Lo Presti index between 2 independent samples, each of size N

Peguero-Lo Presti index (uV)

%

N MDD (uV) Mean
5 1,394.26 85.0
10 907.65 55.3
50 385.81 23.5
100 271.28 16.5
500 120.79 7.4
1,000 85.36 5.2
5,000 38.16 2.3
10,000 26.98 1.6
50,000 12.07 0.7
100,000 8.53 0.5

Note: Peguero-Lo Presti population mean = 1639.9 uV

of 0.94 (95% Cl 0.91-0.97). Furthermore, most of its observed vari-
ance originated from differences between individuals (93.6%). As ex-
pected, the within-visit measurements showed greater repeatability
than the between-visit measurements. Indeed, only 5.5% and 0.9%
of the variance originated between and within visits. Despite low
prevalence of LVH in the study population, we found that the within-

and between-visit agreement of Peguero-Lo Presti LVH was good.

TABLE 2 Peguero-Lo prestiindex

ECG3 ECG4 summary statistics, ECG repeatability
63 61 study (N = 63)
1603.3 1601.6
1567.0 1,489.0
535.4 545.8

Previous studies of the repeatability of other (e.g., Sokolow-
Lyon and Cornell voltage) electrocardiographic LVH indices reported
varied repeatability measurements. Within- and between-visit « in
one study were 0.89 and 0.63 and 1 and 0.77 for Sokolow-Lyon and
Cornell voltage LVH, respectively (Van Den Hoogen et al., 1992).
When dichotomized, the between-visit agreement of Peguero-Lo
Presti LVH in this study was excellent (0.90 and 0.93) based on «.
When taking into consideration the low prevalence of LVH in our
study population, these results are comparable. To quantify the ac-
curacy of Peguero-Lo Presti LVH, a larger population with a higher
prevalence of LVH is needed.

The Cornell voltage is currently one of the most widely used
ECG indices of LVH. In the same study population, we previously
reported that the ICC for the continuous Cornell voltage index was
0.97 (95% Cl: 0.96-0.98) (Meyer et al., 2020). When comparing to
the Peguero-Lo Presti index, the Cornell voltage index showed sim-
ilar repeatability (determined by the overlapping 95% confidence
intervals). Our repeatability and agreement results suggest that the
measurement properties of the continuous version of this index sup-
port its use in clinical settings, given the previously reported high
sensitivity and specificity of the Peguero-Lo Presti index in detect-
ing LVH. The index is easy to derive from the standard 12-lead ECG
and therefore can be easily used in general practice.

The estimates of the SEM, MDC,;, and MDD for the Peguero-Lo
Presti index can aid in estimating sample sizes and evaluating
whether differences in the Peguero-Lo Presti index are meaningful
within-participant or between-participant groups. The MDC, for
the Peguero-Lo Prestiindex was 2 133.7 uV, suggesting that a change
of at least this magnitude may be necessary in order to determine
whether a difference in the Peguero-Lo Presti index exceeds mea-
surement error and intraindividual variability. It is unknown whether
a 133.7 pV change in the Peguero-Lo Presti index is clinically rele-
vant. However, The Health 2000 Survey, a population-based study
in Finland, showed that a 100 pV increase in the Peguero-Lo Presti
index was associated with a 1.03-fold (95% Cl 1.01-1.05) risk of sud-
den cardiac death (Porthan et al., 2019).

The prevalence of electrocardiographic LVH varies by criterion,
which has been observed in prior studies evaluating differences in
prognostic values (Afify et al., 2018; Porthan et al., 2019). In this
study, the agreement between Peguero-Lo Presti and Cornell volt-
age LVH was higher than with Sokolow-Lyon LVH. Agreement of
electrocardiographic LVH metrics also varies among them, with
greater overlap between Peguero-Lo Presti and Cornell voltage LVH
(Porthan et al., 2019). However, agreement between electrocar-

diographic LVH criteria was not formally assessed in the previously
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FIGURE 1 Bland-Altman plot of the 400
agreement between visits 1 and 2 for the
Peguero-Lo Presti index (n = 60). Middle 300 1 e a
line represents the mean difference, and e °
the two outer lines represent the 95% o 200 o
limits of agreement = .
S 100 ] . . °
[ )
| L] e
a0 ¢ e - S .
@ % o oo LYy s
>, 100 | o« . ¢ D
> e “ o °
= -200 | * o o e ¢
g
=1
g -300 . o °.
2 .
A -400 -
-500 ¢ .
-600
0 1000 2000 3000
Mean, pV (Visit 1 + Visit 2)/2
TABLE 6 Between-Visit and Within- VL el e . s e
Visit Prevalence-Adjusted Bias-Adjusted arI:jl 9 ’ arI:jl 2 ’ Vlirsjts 1 arYId 2 V?:ict):l and’2
Kappa (k) Coefficient and 95% Confidence
Interval Estimates for the Peguero-Lo K 0.97 (0.91-1.00) 1.00 (1.00-1.00) 0.90 0.93(0.85-1.00)
Presti LVH (0.80-1.00)
n (%) of ECG1:2(3.2) ECG3:5(8.2) ECG1:2(3.2) ECG2: 3 (4.9)
ECG-LVH+ ECG2: 3 (4.8) ECG4:5(8.2) ECG3:5(8.1) ECG4:5(8.2)
N (total) 62 61 62 61

TABLE 7 Agreement (x) between
Peguero-Lo Presti and Cornell voltage or
Sokolow-Lyon LVH on any one of the four
ECGs (N = 63)

LVH Measure

Peguero-Lo Presti

Cornell voltage

Cornell voltage product

Sokolow-Lyon

Any Cornell or
Sokolow-Lyon

Agreement with Peguero-Lo

Prevalence of ECG-LVH n (%) Presti LVH (x, 95% Cl)

5(7.9) -

1(1.6) 0.87(0.75-0.99)
2(3.2) 0.90(0.80-1.00)
7(11.1) 0.68 (0.50-0.86)
8(12.7) 0.71(0.54-0.89)

Note: Abbreviations: Cl: 95% confidence interval; LVH: left ventricular hypertrophy; k: prevalence-
adjusted bias-adjusted kappa.

cited, population-based study. The differences in electrocardio-
graphic LVH criteria could be due to the wide range in their sen-
sitivity for LVH (Pewsner et al., 2007), anatomic differences, and
conduction alterations (Bacharova et al., 2017). Understanding the
underlying differences in electrocardiographic LVH criteria would
inform strategies to identify LVH.

As a limitation of this study, we point to the small number of
individuals with electrocardiographic LVH in our study population,
which constrained the precision of our estimates. However, we
used the prevalence-adjusted and bias-adjusted x to account for

its low prevalence. Further, the study was adequately powered

for the continuous measurements (Donner & Eliasziw, 1987). As
this was a study of volunteers, those who participated were likely
healthier than patient populations with a higher frequency of LVH.
Despite the training of the study personnel and their adherence to
a standardized study protocol, measurement variability may have
been introduced by the repeated manual placement of ECG leads.
Finally, participants in this study were instructed not to eat, drink,
or smoke during the 10 hr prior to the ECG procedure. As pre-
sented in Table 1, 8% of the study population reported violating
one or more of these instructions. We opted for keeping these

observations in the analyses as it will more accurately simulate a
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real clinical setting. However, the ICC estimates were similar after
excluding participants with a protocol violation, measurements of
lower quality, and records with a PR interval > 200 ms indicative
of an AV block.

Based on our results and the unselected nature of our study
population, we submit that assessment of the repeatability and
agreement of the Peguero-Lo Presti LVH criterion in patient popu-
lations would be useful. Additionally, varying the study conditions,
such as lengthening follow-up time, may facilitate understanding of
measurement variability over greater lengths of time or with varying
LVH severity.

The short-term repeatability of the Peguero-Lo Presti index and
LVH criterion was excellent and comparable to Cornell voltage in this
study population of mostly healthy volunteers, suggesting that this
novel electrocardiographic ECG criterion can be used to characterize
left ventricular hypertrophy. Further studies of the repeatability of
Peguero-Lo Presti LVH in larger populations with higher LVH prev-
alence are needed.
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