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ORIGINAL ARTICLE

Variability and concordance of Cornell and Sokolow-Lyon
electrocardiographic criteria in hypertensive patients
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Abstract

Aim. To assess the variability and concordance of left ventricular hypertrophy electrocardiographic (LVH-ECG) criteria.
Methods and Results. Convenience sampling of hypertensive subjects without coronary disease or bundle branch blocks. Two
electrocardiograms (ECGs) were performed on each patient. Two investigators carried out two blind-readings of each ECG
(Cornell and Sokolow—Lyon criteria). The between-rater and within-rater reliability were assessed (intraclass correlation
coefficient, ICC). Poor concordance was defined: mean voltage difference between both ECGs > 2 mm; 824 ECG readings
were performed in 103 subjects (58.3% females), aged 66.8 = 8.8 years, mean blood pressure 141 = 15.10/78 = 9.0 mmHg.
The between-rater ICCs of the baseline ECG were 0.97(95% CI 0.96-0.98) and 0.98 (95% CI 0.97-0.99) for Cornell
and Sokolow-Lyon criteria, respectively. Poor concordance was found in 39.8% and in 41.7% of the cases for Cornell and
Sokolow-Lyon criteria, respectively. Systolic blood pressure was found to be significant and positively associated with both
criteria. Elderly hypertensive subjects, with higher ECG voltages and lower pulse pressure presented poor concordance of
Cornell criteria. Conclusions. The between-rater and within-rater reliability of Cornell and Sokolow—Lyon criteria is minimal.
Approximately 40% of hypertensive subjects presented poor concordance in a second ECG. Older patients with lower pulse
pressure and higher baseline voltages presented poorer reproducibility of LVH-ECG criteria.
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Introduction . . . .
Hypertension, patients with LVH are considered at

Left ventricular hypertrophy (LVH) is an independent
cardiovascular risk factor associated with subclinical
atherosclerosis (1) and other complications such as
ischemic heart disease, arrhythmias (particularly
ventricular ectopy, but also atrial fibrillation), heart
failure, cerebrovascular disease (2) and sudden death.
In addition, LVH in hypertensive patients is indicative
of organ involvement (3,4) and its presence and pro-
gression is independently associated with increased
cardiovascular morbidity and mortality (5-7).

When assessing the cardiovascular risk of hyperten-
sive patients, based on Clinical Practice Guidelines on

high risk. At present, the electrocardiograms (ECGs)
are systematically employed in the diagnostic evalua-
tion and follow-up of hypertensive patients because of
its accessibility and low cost (8). Compared with
echocardiography, ECG has a low sensitivity for
detecting LVH, which varies between 8% and el 41%,
depending on the criteria used. In contrast, its speci-
ficity is over 90% (9). On the other hand, LVH ECG
voltage criteria constitute a continuous risk variable
that can also be used to monitor the clinical course
and progression of hypertensive patients. Generally,
the higher the voltage, the higher the cardiovascular
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risk. Moreover, the ECG regression of LVH decreases
the cardiovascular risk, independently from other risk
factors (10-12).

As in all diagnostic tests, ECG shows a variability
that has been long analyzed in the past (13). Such
variability is not only dependent on technical factors
(electrode placement (14), posture or the actual read-
ing and interpretation of the ECG) but also on bio-
logical factors, such as gender, body mass index
(BMI), age, skin preparation or respiratory rate
(15,16). Specifically, the variability of ECG voltage
criteria in LVH should be carefully considered when
managing hypertensive patients, especially if such
voltage were so high that it considerably decreased the
diagnostic reproducibility of the ECG.

The objective of the study was to assess, under
standard clinical practice conditions, the variability of
Cornell (17) and Sokolow—Lyon (18) ECG voltage
criteria in hypertensive patients and to determine
which variables are associated with poor concordance
of both criteria in two ECGs performed on the same
patient.

Subjects and methods

This is a diagnostic intervention study carried out in
an urban health center composed of 11 primary care
teams, with a catchment adult population of 11,373
patients and a 26.73% proportion of hypertensive
patients.

The design and conductance of the study were
approved by the IDIAP (Institute for Research in Pri-
mary Care) Jordi Gol.

Eleven general practitioners included hypertensive
patients aged 18 and over, who had been selected using
the convenience sampling method and from whom prior
informed consent had been obtained. Patients who
required shaving prior to undergoing the ECG, patients
with complete right or left bundle branch block, patients
with pacemakers, atrial fibrillation, pre-excitation syn-
dromes, and patients with a past history of coronary
disease (myocardial infarction, angina), as well as hyper-
tensive patients who had been attended to at the center’s
emergency department or at home, were excluded from
the study. The recruitment period was from July 2007 to
November 2008.

Each patient had two 12-lead ECGs (25 mm/s,
1 mV/cm) with the same electrocardiograph device
(Cardioline Delta 3 plus), 10 or less days apart. The
minimum interval between recordings was 1 day. Dur-
ing this time, antihypertensive therapy was not
changed. The two ECGs were randomly performed
by 13 experienced nurses. Subsequent to this, two
experienced physicians (MF and EV, raters) randomly
performed two conventional blind readings of each
ECG on different days. Voltages were determined by
visual estimation with a precision to the nearest 1 mm.
By doing this, each patient had a total of four
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readings of each of his or her ECGs. Therefore, our
data structure presented a cross-classification of ECGs
and physicians who made the readings. The following
parameters were recorded at the baseline visit: weight,
waist circumference and blood pressure taken with the
patient in a decubitus position (mean of two consecu-
tive measurements taken under baseline conditions,
using the automatic validated sphygmomanometer
Omron 705 IT (19) and an arm cuff for obese patients,
when necessary).

One hundred and twenty-eight patients were
recruited. Of these, seven were excluded due to right
bundle branch block and 18 did not keep their appoint-
ment for the second ECG. The final analysis was per-
formed on 103 patients and 824 ECG readings.

The variables analyzed included gender, age, BMI,
waist circumference, heart rate, arterial blood pressure,
a diagnosis of diabetes mellitus (defined as patients
with two or more fasting glycemia episodes =126 mg/
dl, based on criteria from the American Diabetes Asso-
ciation (20)), hypercholesterolemia (total cholesterol
>250 mg/dl, or low-density lipoprotein-cholesterol > 155
mg/dl, or high-density lipoprotein-cholesterol <40 mg/dl
in males or <48 mg/dl in women, or the use of lipid
lowering drugs (21)), diagnosis of active smoking
(defined as a regular daily consumption of any type of
tobacco), associated cardiovascular disease (cerebro-
vascular accident (stroke), chronic renal failure [defined
by the estimation of glomerular filtration rate accord-
ing to Levey’s simplified formula, MDRD <60 ml/
min] (22), peripheral artery disease or heart failure
without coronary disease and antihypertensive therapy.
Cornell (males: RaVL+S8V3 >2.8 mV; females:
RaVL + SV3>2.0mV) and Sokolow—Lyon (SV1 + RV5
o0 V6>3.5 mV) indexes were defined. Based in our
clinical experience, we decided to establish “poor con-
cordance” when the difference in voltage between the
baseline and the final ECG was >2 mm, in absolute
value in both, the Cornell Index or the Sokolow—Lyon
Index (in our opinion differences >2 mm could be
clinically relevant because voltage values could regress
at least 2 mm a year during antihypertensive therapy
(23)).The value of each ECG was calculated based on
all readings.

Stanstical analysis

Descriptive statistics are presented as means (standard
deviation, SD) or as a number (percentage).

The between-rater and within-rater reliabilities
were assessed by means of the intraclass correlation
coefficient (ICC) (24). Inter-ECG reliability was esti-
mated using the ICC and the paired z-test.

The Bland-Altman method and Lin’s coefficient
were used to determine reproducibility of ECG
(25,26).

The coefficients of variation (CV) were used to
assess variability between ECG measurements.
CV was calculated as the SD of differences between
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paired measurements divided by the average value of
the means for each set of repeat measurements and
quoted as a percentage.

As data were non-hierarchical, cross-classified
multilevel linear modeling was employed to assess
the associations between patient-level variables and
Cornell and Sokolow—Lyon criteria and to investi-
gate the variability of these criteria at rater, ECG and
patient level. Rater, ECG and patient were consid-
ered random parameters (27). Both models were
estimated using full maximum likelihood. The pro-
portion of variance accounted for at each level was
calculated with the intraclass correlation coefficient.

The following variables were considered in the
initial models: gender (female as reference), age, BMI,
blood pressure, diabetes mellitus, hypercholester-
olemia, active smoking habit. Age, gender BMI and
diabetes were judged epidemiologically as relevant
variables, and were included in all the final models.

A logistic regression model was performed in order
to assess the factors associated with poor concordance
based on Cornell and Sokolow—Lyon criteria. The
above variables, as well as Cornell and Sokolow—Lyon
baseline voltage values, were considered in the initial
models. Age, gender and diabetes were judged epide-
miologically as relevant variables, and were included
in all the final models.

The alternative models were compared using the
partial likelihood ratio test and Akaike’s information

Table II. Characteristics of electrocardiographic readings.

Table I. Sample characteristics (z=103).

Women 60 £58.3
Age (years), mean = SD 66.8 = 8.8
BMI, kg/m? 29.9+4.8
SBP/DBP, mmHg 141.6 =15.1/78.7*£9.0
Heart rate (beats/min), mean = SD? 72.7+11.2
Waist circumference (cm), mean + SD? 101.9+10.5
Diabetes mellitus 24+233
Hypercholesterolemia 42+40.8
Smoking 15*+14.6
Associated cardiovascular disease 11+£10.7
Antihypertensive therapy 96 +93.2

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic
blood pressure. Figures are number (percentage) ormean*standard
deviation, SD. ®Missing data: Waist circumference 11 (10.7%);
heart rate: 15 (14.6%).

criterion to determine which model provided the best
fit for the data.

All results were expressed along with their 95%
confidence intervals (CIs). Statistical significance was
set at p<<0.05 (two-tailed). The analyses were per-
formed using Stata/SE version 11.1 for Windows
(StataCorp. LP).

Results

Eight hundred and twenty four ECG readings were
performed on 103 hypertensive patients, aged
66.8 = 8.8 years. Of these, 93.2% were receiving

Number of readings
Time between both ECGs (days), mean = SD
ICC, Cornell criterion (within-rater)
First rater
Baseline ECG
Final ECG
Second rater
Baseline ECG
Final ECG
ICC, Sokolow—Lyon criteria (within-rater)
First rater
Baseline ECG
Final ECG
Second rater
Baseline ECG
Final ECG
ICC, Cornell criteria (between-rater?®)
Baseline ECG
Final ECG
ICC, Sokolow—Lyon criteria (between-rater®)
Baseline ECG
Final ECG

824
5.58+3.92

0.96 (0.94-0.97)
0.98 (0.97-0.98)
0.95 (0.93-0.97)
0.92 (0.89-0.95)
0.97 (0.96-0.98)

0.99 (0.98-0.99)

0.96 (0.94-0.97)
0.98 (0.98-0.99)

0,97 (0.96-0.98)
0.97 (0.96-0.98)
0.98 (0.97-0.99)

0.99 (0.98-0.99)

Baseline ECG,
mean = SD of the

Final ECG,
mean = SD of the

Mean + SD of all

4 readings, range 4 readings, range p-value® readings, range
Cornell criteria (mm) 12.91 (4.81), (3-29) 13.16 (4.83), (1-25) 0.381 13.04 (4.89) (1-29)
Sokolow—Lyon criteria (mm) 19.07 (5.74), (8-39) 18.13 (5.75), (6-33) 0.005 18.60 (5.80) (6-39)

Abbreviations: SD: standard deviation; ICC: intraclass correlation coefficient; ECG: electrocardiogram. *Degree of agreement between the

mean of readings for each rater.

bs-value was calculated with paired z-test, comparing the first with the second ECG.
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ECG and the final ECG (mm)
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Mean of all readings (mm)

Concordance measures between baseline ECG and final ECG

ICC Lin's coefficient Mean difference
Cornell 0.81(0.73-0.87) 13.77% 0.81(0.74-0.88) —0.26 (-0.84,0.32)
Sokolow-Lyon 0.84 (0.77-0.89) 9.41% 0.82 (0.76-0.89) 0.94 (0.30,1.59)

ICC: intraclass correlation coefficient, CV: coefficient of variation

The value of each ECG was calculated based on the mean of all its readings.

Figure 1. Bland-Altmann graphs. Difference between the means of the readings of the baseline electrocardiogram (ECG) and the final

ECG with regard to the mean of all readings.

pharmacological antihypertensive therapy. Mean
blood pressure values were 141.6 +15.1/78.7£9.0
mmHg (Table I). Seven patients, all of whom female,
met Cornell ECG criteria for LVH (6.5%), and none
of the patients met Sokolow—Lyon criteria.

The between-rater and within-rater reliability was
very high (ICC>0.9). Even though the magnitude
of the systematic differences between mean Cornell
and Sokolow-Lyon voltages were small (Cornell:
—0.26 =2.97, Sokolow-Lyon: 0.94*+3.30, a signifi-
cant difference was found in the Sokolow—Lyon voltage
(Table II, Figure 1). Consistent with ICCs, a lower
variation was found in ECGs scores in Sokolow—Lyon
voltages compared with Cornell voltages (CV: 13.77%
Cornell versus 9.41% Sokolow-Lyon).

Of the total variability in Cornell voltage, 75.4%
was among patients, 18.8% between ECGs and 0.6%
between raters. The variability for the Sokolow—Lyon
voltage was of similar magnitude. In both cases, the
variability between raters was small. Systolic blood
pressure was significant and positively associated
with both criteria, although such association was
of little magnitude. In the case of Sokolow-Lyon

criteria, having a high BMI was associated with lower
voltage (Table III).

Poor concordance was obtained between both
ECGs in 39.8% of cases for Cornell criteria and in
41.7% of cases for Sokolow—Lyon criteria.

Hypertensive patients of an older age, with higher
voltages in the baseline ECG, lower arterial systolic
blood pressure and higher diastolic blood pressure,
displayed poorer Cornell concordance between both
ECGs. In the case of Sokolow-Lyon criterion,
only the highest voltage in the baseline ECG was
associated with poorer concordance between ECGs
(Table 1IV).

Discussion

In our sample, the prevalence of LVH, as determined
by means of an ECG, was 6.5% (Cornell criteria),
and none of the patients fulfilled the LVH criteria
according to Sokolow—Lyon. Firstly, the high preva-
lence of obesity (mean BMI =29.9 kg/m?) could be
responsible for some attenuation of ECG voltages
and hence a lower detection of LVH criteria. On the
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Table III. Fixed and random parameters from a cross-classified multilevel linear regression model on Cornell and Sokolow-Lyon criteria

(824 electrocardiographic readings).

Cornell Sokolow—Lyon
Adjusted B? (95% CI) p-value Adjusted p? (95% CI) p-value
Fixed parameters
Age, 5 years 0.79 (0.49-1.28) 0.332 0.58 (0.32-1.04) 0.067
Gender (male vs 0.53 (—1.24 to 2.30) 0.558 1.03 (—1.01 to 3.07) 0.321
female)
BMI 0.10 (—0.08 to 0.28) 0.281 —0.37 (—0.58 to—0.16) 0.001
Diabetes mellitus —1.33 (—3.36 to 0.70) 0.200 —1.27 (—3.60 to 1.07) 0.287
SBP 0.07 (0.01 to 0.13) 0.016 0.07 (0.01 to 0.14) 0.035
DBP —0.04 (—0.17 to 0.08) 0.473
Variance (SE) ICC (%)¢ Variance (SE) ICC (%)¢
Random parameters®
Patient-level 16.45 (2.63) 75.4 21.75 (3.47) 76.9
ECG-level 4.10 (0.61) 18.8 5.60 (0.81) 19.8
Rater-level 0.13 (0,06) 0.6 0.08 (0.04) 0.3
Residual 1.13 (0.07) 5.2 0.86 (0.05) 3.0

CI, confidence interval; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; SE, standard error; ICC,
intraclass correlation coefficient. Final models were adjusted for relevant and significant variables. *Adjusted B, regression coefficient of
the association between each variable in the model and Cornell or Sokolow—Lyon criteria, controlling for the other variables in the model.
YRandom parameters are multilevel measures of criterion variation. “The ICC estimates the proportion of total variance in the Cornell or

Sokolow—Lyon criterion that is attributable at each level.

other hand, the fact that they are hypertensive patients
from a primary care setting may also explain this
result.

This prevalence is slightly lower than that of other
studies that also assessed LVH prevalence by means
of ECG voltage criteria in samples of hypertensive
patients attended to in primary care. In these patients
prevalences ranging from 9.8% to 13.7% (28,29)
were observed. The real prevalence of LVH in our
sample is probably much higher, given the known
low sensitivity of ECG to detect this condition
(30,31). Despite this, ECG continues to be regarded
as a fundamental routine test in the management of
hypertensive patients due to its easy accessibility and
low cost. In addition, ECG not only provides infor-
mation on LVH voltage criteria and its clinical course/
progression — understood as a continuous variable

— but it also provides valuable information on poten-
tial arrhythmias, signs of coronary disease, blocks,
pre-excitation syndromes or unspecific changes in
the ST-T segment. When assessing a hypertensive
patient, it is not enough simply to consider the ECG
diagnosis of LVH, a quantification of the conditions
has to be made (32). Because of this, clinical practice
guidelines recommend regular ECG voltage criteria
assessment in hypertensive patients, and to monitor
the clinical course and progression of these patients
over time. A regression of Cornell or Sokolow—Lyon
markers implies an improvement in the prognosis of
hypertensive patients, independently of the improve-
ment of blood pressure (10-12). Voltage values of
LVH are, therefore, continuous variables of cardiovas-
cular risk that are monitored over time, in relation to
the control of blood pressure and the pharmacological

Table IV. Factors associated with poor concordance between baseline and final ECG for Cornell and

Sokolow-Lyon criteria.

Cornell Adjusted? Sokolow—Lyon Adjusted?
Logistic regression model (=103 patients) OR  (95% CI) p-value OR (95% CI) p-value
Sokolow—Lyon baseline ECG 1.20 (1.09-1.32) <0.001 1.10 (1.01-1.18) 0.020
Cornell baseline ECG 1.11 (1.00-1.24) 0.044
Age, 5 years 1.49 (1.09-2.05) 0.013 1.15 (0.90-4.47) 0.258
Gender (male vs female) 0.69 (0.26-1.85) 0.463 1.56 (0.66-3.66) 0.308
Diabetes mellitus 0.90 (0.28-2.90) 0.860 0.57 (0.21-1.58) 0.283
SBP 0.94 (0.90-0.98) 0.002
DBP 1.09 (1.02-1.17)  0.010

Final models were adjusted for relevant and significant variables. The value of each ECG was calculated
based on the mean of all its readings. OR, odds ratio; CI, confidence interval; SBP, systolic blood
pressure; DBP, diastolic blood pressure. 2Adjusted OR represents the association between each variable
in the model and Cornell or Sokolow—Lyon criteria, controlling for the other variables in the model.
A value greater than 1 indicates positive association with poor concordance.



therapy. The objective is to achieve a reduction of
such voltage values, especially in patients who are
already presenting high voltages.

The aim of our study was to determine the vari-
ability and the concordance of Cornell and Sokolow—
Lyon values between the two ECGs performed on
the same patient, independently from the ECG diag-
nosis of LVH. It was observed that in about 40% of
the cases there is a poor concordance of LVH voltage
criteria between two consecutive ECGs, performed
10 days or less apart. This poor concordance cannot
be attributed to the characteristics of the two raters,
given that in all cases, the between-rater and within-
rater reliability was excellent and the percentage of
variability in both criteria due to the raters of the
multilevel model was virtually nil. In addition, the
study was designed so that its results could be extrap-
olated to routine clinical practice. As a result, 13 dif-
ferent nurses, with extensive experience in the
performance of ECG, were the ones in charge of
doing the ECGs. Hence, part of the poor concor-
dance between baseline and final ECG results could
be simply owed to the performance of the ECG, i.e.
to the usual or standard variability seen in the place-
ment of the electrodes in real clinical practice (about
19% of variability in the criteria was owed to the
ECG characteristics). When comparing both criteria
(Cornell and Sokolow—Lyon), we observe that there
is poor concordance in the Sokolow—Lyon criteria,
which is, to a certain extent, understandable, as these
criteria are dependent on the localization of precor-
dial electrodes (V1 and V5-V6). In contrast, Cornell
criteria are not only dependent on the precordial V3
electrode but on an aVL one, the placement of which
would present less variability since it is not a precor-
dial electrode. However, the study design cannot
reach the conclusion that the standard variability of
electrodes placement is the main responsible of the
ECG variability. On the other hand, the variability in
the location of the electrodes would not appear to be
sufficient to explain fully the poor concordance
observed between both ECGs. About 75% of the
variability in the scores of both criteria was caused
by the patient. Therefore, there may be other
characteristics that we have not studied and that per-
tain to the actual patient, such as possible changes
in the skin’s electrical conductivity or the actual pos-
tural, mechanical or electrophysiological cardiac
variability that might explain this variability and poor
concordance.

As in the majority of tests in medicine, our results
confirm that ECG voltage criteria also bear a non-
controllable variability component in real practice, as
already described before. One study found variabilities
slightly higher than ours, which had only been esti-
mated by means of the variation coefficient: between
18.5% (Sokolow—Lyon) and 24.8% (Cornell) (33).
However, other authors describe a variation coeffi-
cient for Sokolow-Lyon criteria of 10%, which is
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very similar to that found in our study (9.4%) (34).
Moreover, the reclassification of the presence or
absence of LVH in patients varies in the published
studies between 3% and 5% (32,35).

Hence, in some instances, it could be advisable
not to take diagnostic or therapeutic decisions based
solely on one single ECG. There appears to be a
group of hypertensive patients with a higher proba-
bility of presenting poorer concordance of Cornell or
Sokolow—Lyon criteria in two different ECGs. This
corresponds to the group of hypertensive patients
with elevated voltage values, especially if they are at
the borderline of the diagnostic cut-off point for
LVH. It appears that in hypertensive patients of an
older age, with lower pulse pressures and with ele-
vated voltages in a first ECG, the possibility that a
second ECG might show a significant variation in
Cornell or Sokolow—Lyon criteria should not be dis-
regarded. An alternative to repeating the ECG could
be to apply, in these cases and in the initial ECG, the
combination of other ECG criteria for LVH, such as
for instance isolated voltage of the R wave in lead
aVL=5.7 mm (36). Another option would be to
consider the addition of alterations of the terminal
segment of the ECG in left ventricular strain patterns
and the presence of a negative component of the P
wave (which is usually seen in leads DII and V1)
(37). These would be ways in which diagnostic
sensitivity could be improved.

One of the limitations of the study is the low
prevalence of ECG LVH. We do not know if the
results would have changed with a sample of hyper-
tensive patients with a higher prevalence of ECG
LVH criteria. This could be an interesting aim of
future research.

The design of our study does not allow relating
neither the variability nor the concordance of LVH
ECG criteria to its diagnostic echocardiographic
confirmation. However, we can confirm that the vari-
ability and electrographic concordance levels of rou-
tine clinical practice would call for, in some instances,
an additional ECG or for the application of a com-
bination of ECG criteria before making clinical or
therapeutic decisions. On the other hand, we should
consider, in some cases, ECG changes that occur
over time and not to systematically attribute these
changes to either a good or poor clinical course of
the particular hypertensive patient.
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