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Abstract
Electrocardiographic left ventricular hypertrophy (LVH) diagnosed by Cornell product and the Sokolow–Lyon voltage are
associated with anatomical LVH; therefore, we investigated whether Cornell product and the Sokolow–Lyon voltage were
associated with echocardiographic regional wall motion (measured by 2D-strain imaging). We reviewed data on 288 consecutive
hypertensive patients who underwent both echocardiography and electrocardiography. Electrocardiographic LVH was calculated as
follows: Cornell voltage, S in lead V3+R in lead aVL; Cornell product, Cornell voltage (+0.6mV for females) × QRS duration;
and Sokolow–Lyon voltage, S in lead V1+R in lead V5. The mean age of the subjects was 64.3 ± 13.2 years; 47.9% were men,
and 65.2% were taking antihypertensive medications. Both Cornell product (r= 0.392, P < 0.001) and the Sokolow–Lyon voltage
(r= 0.315, P < 0.001) were significantly related to left ventricular mass index (LVMI), and the relationship between Cornell
product and LVMI (beta= 0.24, P= 0.001) was independent of the Sokolow–Lyon voltage (beta= 0.25, P < 0.001). In
multivariate linear regression analysis in which the two ECG-LVH were included together, Cornell product was related to global
longitudinal strain (beta= 0.24, P= 0.002), even after adjusting for the Sokolow–Lyon voltage (P= 0.835). Additionally, the
Cornell voltage was related to the inner/outer ratio of circumferential strain (beta= 0.17, P= 0.033) after adjusting for the
Sokolow–Lyon voltage (P= 0.318). By contrast, the Sokolow–Lyon voltage was related to the relative wall thickness and E/e′ on
tissue Doppler imaging, even after adjusting for Cornell product. In conclusion, Cornell product and voltage were associated with
longitudinal regional wall motion and with the transmurality of regional wall motion in the short axis direction.
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Introduction

Left ventricular hypertrophy (LVH) is associated with an
increased risk of cardiovascular events in hypertensive
patients [1]. On the electrocardiogram, the Sokolow–Lyon
voltage and, more recently, Cornell voltage and product are
used to estimate anatomical LVH corresponding to the left
ventricular mass index (LVMI) [2, 3]. Both the

Sokolow–Lyon voltage and Cornell product are reported to be
independent predictors of future cardiovascular events and
stroke [4–6], with Cornell product and voltage being stronger
predictors of future stroke than the Sokolow–Lyon voltage in
the general population [5]. LVH diagnosed by the Cornell
product has been associated with obesity [7] and diabetes [5,
8], in addition to aging and high systolic blood pressure, but
LVH diagnosed by the Sokolow–Lyon voltage has not
demonstrated this association. Therefore, LVH diagnosed by
Cornell product could develop when metabolic abnormalities
cause microvascular damage and fibrosis in the heart.

Patients with LVH could have myocardial fibrosis and
diastolic dysfunction, leading to an increased risk of heart
failure with preserved ejection fraction (HFpEF) [9, 10]. In
hypertrophic myocardium, the inner layer of the myocardium
contracts more than the outer layer of myocardium; therefore,
the systolic function, measured as EF, could overestimate the
left ventricular systolic function [11, 12]. Longitudinal myo-
cardial function, measured by tissue Doppler imaging (TDI)
[13] and global longitudinal strain (GLS), could be sensitive
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markers of decreased myocardial function in patients with
LVH [14, 15]. Additionally, the inner/outer ratio of cir-
cumferential strain (CS) and the inner/outer ratio of radial
strain (RS) have been reported to be markers of hypertensive
heart disease and cardiac fibrosis [16, 17].

Therefore, we evaluated whether the Cornell product,
Cornell voltage, and Sokolow–Lyon voltage were asso-
ciated with abnormal regional wall motion measured as
myocardial 2D-strain on echocardiography.

Methods

Subjects

We reviewed echocardiography data obtained when
screening consecutive hypertensive outpatients for target

Table 1 Characteristics of the patients

Age, years 63.4 ± 13.2

Male, % 47.9

Body mass index, kg/m2 24.8 ± 4.4

Systolic blood pressure, mmHg 147.9 ± 24.1

Diastolic blood pressure, mmHg 86.2 ± 15.0

Pulse rate, beats/min 72.5 ± 11.8

Antihypertensive drug use, % 65.2

Smoking status

Past smokers, % 20.5

Current smokers, % 16.1

Regular alcohol intake, % 26.1

Diabetes, % 15.3

Dyslipidemia, % 41.1

Sokolow–Lyon voltage ≥ 3.8 mV, % 5.9

Cornell product ≥ 244 ms × mV 24.5

Data are shown as the mean ± standard deviation or percentage

N=268
r=0.315
P<0.001

Sokolow-Lyon voltage, mV

2

N=268
r=0.406
P<0.001

2

Cornell voltage, mV

N=268
r=0.392
P<0.001

2

Cornell product, mV×msec

a b

c

Fig. 1 a Relationship of the Sokolow–Lyon voltage to the left ventricular mass index. b Relationship of the Cornell voltage to the left ventricular
mass index. c Relationship of the Cornell product to the left ventricular mass index
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organ damage at a general hospital between January 2010
and June 2014. There were 345 sets of echocardiographic
and electrocardiographic data [3], after excluding patients
with the following: (1) significant arrhythmia, (2) complete
left or right bundle branch block, (3) unclear echocardio-
graphic images, (4) a history of ischemic heart disease, and
(5) asynergy of left ventricular wall motion. In the present
investigation, we analyzed data on 288 patients after
excluding duplicate echocardiography studies (N= 57).

ECG recording and interpretation

ECGs were recorded using an automated12-lead ECG monitor
(Fukuda Denshi, Inc., Tokyo, Japan). The monitor auto-
matically measured the QRS duration, S in lead V1, and R in
lead V5 (Sokolow–Lyon criteria), while R in lead aVL and S in
lead V3 (Cornell voltage) were measured manually. Then, the
Cornell product was calculated as the Cornell voltage (+0.6
mV in females) ×QRS duration. A Cornell voltage ≥2.8mV in
males and ≥2.0mV in females, a Cornell product ≥244mV×
ms and a Sokolow–Lyon voltage ≥3.8mV were the diagnostic
criteria for ECG-LVH in the Losartan Intervention For End-
point (LIFE) Reduction in Hypertension Study [8].

Echocardiography

The first author performed most of the echocardiography
examinations using an Altida (Toshiba, Japan) with a 3.5
MHz transducer. The absence of apparent asynergy of LV
wall motion was confirmed in all patients. Two-dimensional
B-mode images were recorded according to the guidelines
of the American Society of Echocardiography [18]. Then,
the LV mass was calculated using the following formula:
0.8 × 1.04 × [(IVS+ LVID+ PW)3− (LVID)3]+ 0.6,
where IVSd is the diastolic interventricular septal diameter,
LVDd is the diastolic LV dimension, and PWd is the dia-
stolic posterior wall diameter. LVMI was calculated as LV
mass divided by body surface area [19]. The mean inter-
observer difference of LVMI was 6.6 ± 19.5 g/m2.

Analyses of TDI and strain were performed with an off-
line system (ULTRA EXTENDED ver. 2.7, Toshiba,
Japan). TDI was performed in the apical 4-chamber view.
The mitral valve annulus velocity was measured at the
septal wall, and the septal peak longitudinal systolic (s′) and
early diastolic (e′) velocities were used for analysis. The
transmitral E to e′ ratio (E/e′) was also calculated.

Two-dimensional strain imaging was performed using a
semi-automatic speckle-tracking method. GLS, RS, and CS
were measured in 12 segments, with the region of interest
being placed on both the inner and outer layers of the LV
wall in each segment. Mid-wall strain was also measured
for GLS. Total RS and CS were also calculated as the total
average of the inner and outer myocardial layers in the

12 segments. The inner/outer strain ratio was also calculated
to evaluate the transmurality of regional wall motion.

When intra-operator reproducibility was assessed in
10 randomly selected patients, the results were as follows:
RS was 1.13 ± 8.29% (inner layer, 0.93 ± 9.73%; outer
layer, 0.93 ± 8.30%), CS was 0.39 ± 2.12% (inner layer
0.95 ± 3.84%; outer layer, 0.20 ± 1.23%), and GLS was
0.38 ± 1.33% (inner layer 0.26 ± 1.42%; outer layer, 0.16 ±
1.96%).

Informed consent

The institutional review board of the General Hospital
approved this study. We did not obtain written informed
consent because this was a retrospective analysis of routine
clinical data.

Statistical analysis

Results are shown as the means ± SD for continuous vari-
ables or as percentages for categorical variables. Correla-
tions were evaluated between the ECG indexes of LVH
and LVMI, RWT, septal e′, E/average of septal and lateral
e′ (E/e′), or strain by calculating Pearson’s correlation
coefficients. Independent associations between ECG-LVH
and echocardiographic LVH parameters were assessed by
multiple linear regression analysis in unadjusted and
adjusted models (age, sex, BMI, diabetes, dyslipidemia,
SBP, and antihypertensive drug use). The results of multiple
linear regression analysis are shown by unstandardized B
and 95% confidence interval (CI), and standardized beta.
The odds ratio for an increased transmitral E/average of

Table 2 Multiple linear regression analysis of the relation between
LVMI and the Cornell voltage or Cornell product and the
Sokolow–Lyon voltage

B LCI UCI Beta P

Cornell voltage

Unadjusted model

Sokolow–Lyon voltage 8.12 3.29 12.95 0.24 0.001

Cornell voltage 10.63 4.55 16.71 0.25 0.001

Model adjusted for conventional risk factors

Sokolow–Lyon voltage 9.00 4.27 13.73 0.26 0.000

Cornell voltage 7.95 2.06 13.85 0.19 0.008

Cornell product

Unadjusted model

Sokolow–Lyon voltage 8.83 4.06 13.60 0.26 0.000

Cornell product 0.08 0.03 0.13 0.22 0.002

Model adjusted for conventional risk factors

Sokolow–Lyon voltage 8.55 3.90 13.20 0.25 0.000

Cornell product 0.08 0.04 0.13 0.24 0.001

Age, sex, BMI, diabetes, dyslipidemia, SBP, and antihypertensive
drug use were included in the adjusted models

B indicates unstandardized coefficient, LCI lower 95% confidence
interval, UCI upper 95% confidence interval, beta standardized
coefficient
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septal and lateral e′ (>14) to ECG-LVH was calculated
using logistic regression analysis. There were no significant
collinearities (all variance inflation factors <2.0) or inter-
actions between Cornell product and the Sokolow–Lyon
voltage. IBM SPSS statistical software (version 25.0, Chi-
cago, IL, USA) was used for all analyses, and P < 0.05 was
considered to indicate statistical significance.

Results

Subjects

The characteristics of the subjects (N= 288) are displayed
in Table 1. Their mean age was 63.4 ± 13.2 years, and
47.9% were men. In addition, 65.2% of the patients were
taking antihypertensive drugs, 15.3% had diabetes, and
41.1% had hyperlipidemia.

Relationship between ECG-LVH and LVMI or RWT

Scatter plots of LVMI vs. the Sokolow–Lyon voltage,
Cornell voltage, and Cornell product are shown in Fig. 1.
These ECG-LVH criteria were all significantly related to
LVMI. Both the Cornell voltage and Sokolow–Lyon vol-
tage were independently correlated with LVMI, as was
Cornell product (Table 2).

While the Sokolow–Lyon voltage (r= 0.137, P=
0.024), Cornell voltage (r= 0.151, P= 0.023), and Cornell
product (r= 0.156, P= 0.010) were all significantly related
to the relative wall thickness (RWT), the Sokolow–Lyon
voltage (B= 0.028, 95%CI 0.005–0.052, beta= 0.186, P=
0.018) was related to RWT even after adjusting for the
Cornell voltage (B= 0.013, 95%CI −0.016 to 0.043, beta
= 0.068, P= 0.378) in the multivariate adjusted model. The
Sokolow–Lyon voltage (B= 0.029, 95%CI 0.005–0.052,
beta= 0.186, P= 0.017) was also related to RWT even

N=260
r=0.132
P=0.034

Sokolow-Lyon voltage, mV

N=260
r=0.248
P<0.001

Cornell voltage, mV

N=260
r=0.279
P<0.001

Cornell product, mV×msec

a b

c

Fig. 2 a Relationship of the Sokolow–Lyon voltage to global longitudinal strain. b Relationship of the Cornell voltage to global longitudinal strain.
c Relationship of the Cornell product to global longitudinal strain
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after adjusting for Cornell product (beta= 0.068, P=
0.375) in the multivariate adjusted model.

Relationships of ECG-LVH to the E/A ratio, e′ and E/e′
on Doppler imaging

The Sokolow–Lyon voltage (r= 0.013, P= 0.829), Cornell
voltage (r= 0.042, P= 0.494), and Cornell product (r=
0.031, P= 0.616) were not correlated with the E/A ratio of
mitral valve inflow. By contrast, the Sokolow–Lyon voltage
(r= 0.264, P < 0.001), Cornell voltage (r= 0.202, P=
0.001), and Cornell product (r= 0.260, P < 0.001) were all
significantly correlated with E/e′ on TDI. However, the
Sokolow–Lyon voltage (B= 1.488, 95%CI 0.887–2.088,
beta= 0.348, P < 0.001) was related to E/e′ even after
adjusting for the Cornell voltage (beta= 0.014, P= 0.848) in
the multivariate adjusted model. The Sokolow–Lyon voltage
(B= 0.1486, 95%CI 0.888–2.083, beta= 0.348, P < 0.001)
was also related to E/e′ even after adjusting for Cornell pro-
duct (beta= 0.016, P= 0.823) in the multivariate adjusted
analysis. In logistic regression analysis, the Sokolow–Lyon
voltage had a marginally increased risk for E/e′ > 14 (odds
ratio 2.02 per 1 mV increase, 95% CI 0.94–4.37, P= 0.073),
but Cornell product did not (odds ratio 0.99 per 1 mV ×ms
increase, 95% CI 0.983–1.005, P= 0.272).

The Sokolow–Lyon voltage (r=−0.163, P= 0.008),
Cornell voltage (r= 0.261, P < 0.001), and Cornell product
(r= 0.273, P < 0.001) were all significantly correlated with

e′ of septal mitral annulus velocity on TDI. The Cornell
voltage (B=−0.463, 95%CI −0.856 to −0.070, beta=
−0.178, P= 0.021) was related to e′ even after adjusting
for the Sokolow–Lyon voltage (beta=−0.103, P= 0.180)
in multivariate adjusted analysis. Both Cornell product (B
=−0.004 per 1 mV ×ms increase, 95%CI −0.007 to
−0.001, beta=−0.200, P= 0.003) and the Sokolow–Lyon
voltage (B=−0.320 per 1 mV increase, 95%CI −0.594 to
−0.045, beta=−0.155, P= 0.023) were independently
related to reduced septal e′ in multivariate adjusted analysis.

Relationship of ECG-LVH to GLS, RS, and CS

The Sokolow–Lyon voltage, Cornell voltage, and Cornell
product were all related to GLS (Fig. 2). However, the
Cornell voltage and Cornell product were related to GLS
even after adjusting for the Sokolow–Lyon voltage
(Table 3). The Sokolow–Lyon voltage (r= 0.118, P=
0.058), Cornell voltage (r= 0.103, P= 0.097), and Cornell
product (r= 0.046, P= 0.461) were not related to the inner/
outer ratio of GLS.

In addition, the Sokolow–Lyon voltage, Cornell voltage,
and Cornell product were not related to RS or to the inner/
outer ratio of RS.

The Cornell voltage (r= 0.184, P= 0.003) and Cornell
product (r= 0.160, P= 0.010) were related to CS, while the
Sokolow–Lyon voltage was not (r= 0.055, P= 0.378).
However, the relationship of the Cornell voltage (beta=
0.072, P= 0.375) or Cornell product (r= 0.066, P= 0.408)
to CS disappeared after adjusting for confounding factors,
including the Sokolow–Lyon voltage. In addition, the
Cornell voltage and Cornell product were significantly
related to the inner/outer ratio of CS, but the Sokolow–Lyon
voltage was not (Fig. 3). The Cornell voltage was still
significantly related to the inner/outer ratio of CS even after
adjusting for confounding factors, including the
Sokolow–Lyon voltage (Table 4).

Discussion

This study showed that the Cornell voltage, Cornell pro-
duct, and the Sokolow–Lyon voltage were all independently
related to LVMI, but the Sokolow–Lyon voltage was related
to RWT and E/e′ even after adjusting for the Cornell vol-
tage or Cornell product. Additionally, the Cornell voltage
and product were related to GLS even after adjusting for the
Sokolow–Lyon voltage, and the Cornell voltage was related
to the transmurality (i.e., the inner/outer ratio) of CS.

In patients with hypertension, GLS and the transmurality
of CS were reported to be sensitive markers of reduced
regional wall motion and end-systolic wall stress due to
fibrosis of the inner layer of the myocardium [17]. The inner

Table 3 Multiple linear regression analysis of the relation between
global longitudinal strain and the Cornell voltage or Cornell product
and the Sokolow–Lyon voltage

B LCI UCI Beta P

Cornell voltage

Unadjusted model

Sokolow–Lyon voltage 0.05 −0.45 0.55 0.02 0.843

Cornell voltage 0.87 0.24 1.50 0.21 0.007

Model adjusted for conventional risk factors

Sokolow–Lyon voltage 0.19 −0.32 0.70 0.06 0.455

Cornell voltage 0.86 0.23 1.49 0.21 0.008

Cornell product

Unadjusted model

Sokolow–Lyon voltage 0.05 −0.436 0.54 0.02 0.835

Cornell product 0.01 0.003 0.01 0.24 0.002

Model adjusted for conventional risk factors

Sokolow–Lyon voltage 0.05 −0.436 0.54 0.02 0.835

Cornell product 0.01 0.003 0.01 0.24 0.002

Age, sex, BMI, diabetes, dyslipidemia, SBP, and antihypertensive
drug use were included in the adjusted models

B indicates unstandardized coefficient, LCI lower 95% confidence
interval, UCI upper 95% confidence interval, beta standardized
coefficient
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layer of the myocardium contracts greater than the outer layer;
therefore, in hypertensive patients with LV hypertrophy, the
EF (measured at the endomyocardial layer) may overestimate
LV systolic function [12]. Cardiac function of longitudinal
direction by TDI (i.e., e′ or E/e′) had been evaluated to be a
marker of diastolic function in patients with LVH. Recently,
regional systolic wall motion in the longitudinal direction
could be reduced in patients with LVH, and GLS has been
evaluated in patients with a HFpEF [15]. Patients with LVH
had an increased risk of developing reduced EF, which could
cause a reduction in wall motion in the short axis direction
(RS and CS) in the future (eccentric remodeling). Cornell
product and voltage could be markers of reduction of GLS in
patients with preserved EF and could also be markers of the
beginning of the reduction of wall motion in the short axis
direction (i.e., CS).

Cornell product and the Sokolow–Lyon voltage might
have some different associations with left ventricular

function. The Cornell voltage and Cornell product were
influenced by obesity and diabetes, probably because R in
lead aVL and S in lead V3 are more likely to be affected by
obesity. Thus, the Cornell voltage might reflect metabolic
LVH caused by myocardial fibrosis. By contrast, R in lead
V5 is more likely to be affected by the distance from the
chest wall to the cardiac apex, and patients with obesity
could have an underestimated R in lead V5. In the present
study, the Sokolow–Lyon voltage was related to RWT,
which is an age-related change of LV geometry [20, 21]. E/
e′ was reported to show an association with elevation of LA
pressure, a marker of diastolic dysfunction in elderly
hypertensive patients with LV concentric remodeling. Thus,
the Sokolow–Lyon voltage might be a marker of age-related
LVH.

Both the Cornell voltage and Sokolow–Lyon voltage
were independently related to LVMI and e′ of mitral
annulus velocity in TDI, which has been reported to show

N=258
r=0.110
P=0.078

Sokolow-Lyon voltage, mV

N=258
r=0.207
P=0.001

Cornell voltage, mV

N=258
r=0.196
P=0.002

Cornell product, mV×msec

a b

c

Fig. 3 a Relationship of the Sokolow–Lyon voltage to the inner/outer ratio of circumferential strain. b Relationship of the Cornell voltage to the
inner/outer of circumferential strain. c Relationship of the Cornell product to the inner/outer of circumferential strain
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an association with increased left ventricular stiffness. It
was reported that Cornell product and the Sokolow–Lyon
voltage were independent predictors of future cardiovas-
cular events in previous studies [5, 6].

LVH includes hypertrophy of myocardial cells and
interstitial fibrosis in the heart. It was reported that an
increased LVM was associated with a larger Cornell voltage
and Sokolow–Lyon voltage, but an increase of diffuse
myocardial fibrosis quantified by myocardial extracellular
volume fraction, which was measured by contrast-enhanced
cardiovascular magnetic resonance imaging, was associated
with a lower Cornell voltage and Sokolow–Lyon voltage
[22]. ECG-LVH could be influenced by the proportion of
hypertrophy of myocardial cells and cardiac fibrosis. Since
we enrolled outpatients with hypertension in this study, it
was unclear whether the results of this study were applied to
those with an advanced stage of hypertensive target organ
damage in the heart and to those with HFpEF. Additionally,
we need to evaluate the results in a prospective study.

Conclusion

The Cornell voltage and Cornell product were related to the
reduction of regional wall motion detected by measurement
of the GLS and inner/outer ratio of the CS even after
adjusting for the Sokolow–Lyon voltage.
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