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Abstract
Background—To minimize participants’ burden and the need for disrobing, a 7-lead
electrocardiogram (ECG) recording using a single mid-sternal chest lead was recorded at the
initial stages of The REasons for Geographic And Racial Differences in Stroke (REGARDS)
Study. ECG-detected left ventricular hypertrophy (ECG-LVH) by Cornell voltage (RaVL +SV3)
cannot be assessed from this method because of the absence of V3. We examined the possibility
that the S wave amplitude in the mid-sternal lead (SV) could be used as a surrogate for SV3.

Methods—The REGARDS study is a US national study where 7-lead ECGs were performed in
8,330 (29%) participants and standard 12-lead EGCs were performed in 20,811 (71%). Cornell
voltage was calculated as the sum of aVL amplitude + SV (in the 7-lead group) or SV3 (in the 12-
lead group). Logistic regression analysis was used to examine and compare the magnitude of the
association between the LVH risk factors with ECG-LVH in both groups, and Cox Proportional
Hazards analysis was used to examine and compare the hazard ratios of overall mortality and
cardiovascular mortality associated with ECG-LVH in both groups.

Results—Regardless of the Cornell voltage calculation method, ECG-LVH was significantly
associated with LVH risk factors, and with the exception of sex there was no evidence of a
difference in the magnitude of the association. ECG-LVH from both approaches were significantly
and similarly associated with both all cause and cardiovascular mortality.

Conclusion—ECG-LVH by Cornell voltage calculated from a 7-lead ECG (using SV in the
formula) has demographic and clinical associations that are similar to that calculated from a
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standard 12-lead ECG (using SV3). In epidemiologic studies recording 7-lead ECG, SV could be
used as an alternative to SV3 in the Cornell voltage formula.

INTRODUCTION
Electrocardiogram (ECG) recording using a single mid-sternal lead instead of the standard 6
chest leads has been suggested to minimize participants’ burden and the need for disrobing
in The REasons for Geographic And Racial Differences in Stroke (REGARDS) Study, a US
national study with more than 30,000 participants (1). Using a mid-sternal electrode plus the
standard 4 limb electrodes provides only 7-lead ECG, from which standard approaches for
calculation of the Cornell voltage criteria of left ventricular hypertrophy (LVH) cannot be
performed, as it requires measurement of S wave amplitude in V3 (SV3) (2). As the
REGARDS study progressed and experience with the cohort was gained, concerns
decreased regarding the additional participant burden and barriers from more complete
disrobing required by a standard 12-lead ECG. Furthermore, 12-lead ECG will provide more
information regarding anterior or anterolateral myocardial infarction/ischemia as well as
more options to detect ECG-LVH, a major risk for stroke and a component of the
Framingham stroke risk score (3). Therefore, after recording 7-lead ECGs (using the mid-
sternal electrode) in almost one third of the study population, the possibility of collecting
more information from the standard chest leads including calculation of Cornell voltage led
to recording standard 12-lead ECGs in the rest of the study participants. In an effort to detect
ECG-LVH by Cornell voltage in the REGARDS participants with 7-lead ECG, we
conducted this analysis. We hypothesized that S wave amplitude in the mid-sternal lead
(SV) could be used as an alternative to SV3 in the Cornell voltage formula. Our hypothesis
is based on the assumption that there is redundancy in the 12-lead ECG which stems from
the fact that the 6 precordial sites are close to each other (4–8). This in turn infers that a mid
sternal lead, which is anatomically close to V3, may contain similar information to V3. If
this hypothesis is true, calculating Cornell voltage using SV should detect ECG-LVH that
has demographic and clinical associations that are not different from the ECG-LVH detected
by the conventional Cornell voltage using the standard SV3. This analysis has the potential
to enable similar epidemiologic studies which used 7-lead ECGs to detect ECG-LVH by
Cornell voltage criteria in their participants.

METHODS
Study population

The REasons for Geographic And Racial Differences in Stroke (REGARDS) Study is a
national longitudinal study initiated in January 2003 to elucidate the causes of geographic
and racial disparities in stroke mortality (1). REGARDS was designed to recruit 30,000
community-dwelling black and white participants (50% from each group) from the
continental US with oversampling from the stroke belt, an area of excess stroke mortality.
Participants were recruited from those randomly selected from a commercially available
nationwide list purchased from Genesys. The study originally recruited individuals 55 years
and older; however, because the larger black/white disparities in mortality at younger ages
the age eligibility was broadened in May 2004 to include those aged 45 to 54. Participants
were contacted by mail, then telephone. Participants completed a standardized telephone
interview including demographic information and medical history. An in-home examination
was performed subsequently to obtain physical measures (blood pressure, height, and
weight), ECG, medication inventory, and fasting blood and urine samples. Participants are
followed by telephone twice per year for stroke and myocardial infarction events. Efforts are
currently underway to retrieve medical records and death certificates for all death events to
allow adjudication of the cause of death; however for this analysis, CVD mortality was
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defined as death from coronary or stroke causes as reported by family members. Written
informed consent was obtained using methods approved by the institutional review boards
of all participating institutions. Race was defined by self-report requesting participants to
select their race from a list. Age, sex, education level, annual family income and use of
antihypertensive therapy were based on self-report; history of stroke, TIA, and heart disease
(myocardial infarction or heart attack, coronary artery bypass surgery, coronary angioplasty,
or stenting) were defined based on self-report of a physician diagnosis. Blood pressure was
the average of two measurements taken by a trained technician after the participant was
seated for 5 minutes, measured using a standard protocol and regularly tested aneroid
sphygmomanometer. Diabetes was defined as fasting glucose greater than 6.99mmol/L
(126mg/dl), non-fasting glucose greater than 11.1mmol/L (200mg/dl), or self-reported
medication use for diabetes. Both the phone interview and in-home examination were
completed for 30,239 participants. Participants with missing data and those with QRS
duration >120 ms in their ECGs were excluded from these analyses. Excluded participants
did not differ in sociodemographic characteristics from included participants.

ECG recording in REGARDS
The ECG recording in REGARDS initially aimed to only diagnose atrial fibrillation (AF),
being one of the major risk factors for stroke. Hence, the first 8,330 REGARDS participants
underwent 7-lead ECG recording acquired by applying the standard 4 limb electrodes and a
mid-sternal electrode. However, during the course of the study, it was felt that 12-lead ECG
should (and could) be used. Therefore, the rest of REGARDS participants (N= 20,811)
underwent a standard 12-lead-ECG recording. The change in the ECG protocol and the
broadening of the age eligibility to include those aged 45 to 54 occurred at approximately
the same time, and as such there are relatively few participants aged 45 to 54 evaluated by
the 7-lead protocol. All ECGs were read centrally at the EPICARE center located at Wake
Forest University School of Medicine. Cornell voltage was calculated as the sum of the SV+
aVL and SV3+aVL in participants with 7-lead ECGs and 12-lead respectively. LVH was
diagnosed if Cornell voltage ≥ 2200 ms in women or ≥2800 ms in men (2).

Statistical analysis
Frequency distributions of all variables were first inspected to identify anomalies and
outliers. Series of logistic regression models were developed to examine associations
between demographic and LVH risk factors (exposure variables) with ECG-LVH by 7-lead
ECG and 12-lead ECG, separately (outcome variable). A first model assessed associations
with age, sex and race. To examine LVH associations with demographic factors, adjusted
body mass index (BMI), hypertension, and diabetes, each of those variables were introduced
individually into a second set of demographic adjusted models. The final set of models
included all the variables in the first and second set of models (age, sex, race, BMI,
hypertension and diabetes). In all cases, models included separate estimates for those with 7-
lead and for those with 12-lead data of the association of each predictive factors with the
prevalent ECG-LVH (for example, the same model was used to estimate the regression
coefficient for age was estimated for those with 7-lead data, and the separate regression
coefficient for age was estimated for those with 12-lead data). The difference in the
magnitude of the association between those with 7-lead and 12-lead studies was assessed
using a linear contrast of the estimated coefficients from this model.

Cox proportional hazards analysis was used to examine the hazard ratios (and 95% CI) for
all cause mortality and reported cardiovascular (CVD) mortality, separately, associated with
LVH by 7-lead ECG and 12-lead ECG, separately. The models were first adjusted for age,
sex and race. Hypertension, diabetes, BMI, history of heart disease, and history of previous
stroke or transient ischemic attacks (TIA) were then included in a second set of models. The
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final models included all the variables in the second set of models in addition to socio-
economic status (SES). SES was defined by education level defined at four levels: less than
high school graduate, high school graduate, some college, or a college graduate; and annual
family income also defined at four levels: < $20K, $20k to $35K, $35K to $75K, or over
$75K. In all cases, a separate term assessing the hazard ratio for LVH assessed by 7-lead
and 12-lead protocols was estimated, and the difference between these hazard ratios assessed
by a linear contrast.

RESULTS
Of the 30,239 participants in REGARDS, 29,566 (97.8%) participants had complete ECG
data. An additional 29 (<0.1%) participants were deleted because of missing data regarding
the ECG date, and a further 396 (1%) were deleted because the time between telephone
interview and in-home visit (including the ECG) was greater than 183 days, resulting in an
analysis cohort of 29,141 participants. Of these, 8,330 (29%) were studied with a 7-lead
ECG and 20,811 (71%) with a standard 12-lead ECG. There was no overlap in the 12-lead
and 7-lead groups.

Table 1 shows the characteristics of the study population stratified by ECG recording
method. Compared to the 12-lead group, participants who underwent 7-lead ECG were older
(67.0 ± 8.2 vs. 64.0 ± 9.7) with fewer females (35.8% vs. 62.8%) but more African
Americans (42.2% vs. 40.9%). Differences in age and sex were anticipated as a product of
the eligibility criteria and protocol adjustments for selecting individual participants. Except
the BMI, which was almost equal between groups, the 7- lead group had more CVD risk
factors (hypertension and diabetes) and more history of heart disease and stroke, reflecting
the larger proportion of males and older people assessed early in the study.

Given the significant differences in the demographic and clinical characteristics between the
7-lead group and 12-lead group, with the earlier having more LVH risk factors, it was not
surprising that the crude unadjusted age-, sex-, and race-specific prevalence of LVH was
higher in the 7-lead group (Table 2). However, as shown in Table 3, after adjusting for the
confounding effect of age, sex and race, there were no statistically significant differences
between the associations of ECG-LVH and the demographic characteristics or LVH risk
factors by each method. The odds ratios associated with ECG-LVH in the 7-lead group were
not statistically different from those in the 12-lead groups (P values for odds comparison
>0.05). Although male sex was significantly associated with LVH detected by both the
modified Cornell voltage (7-lead group) and the conventional Cornell voltage (standard 12-
lead group), the earlier group showed higher odds ratio [(OR (95% CI) in the full model:
3.86 (3.20 – 4.65) vs. 2.27 (1.94 – 2.65) respectively; P-value for OR comparison <0.0001)].

Table 4 shows the association between ECG-LVH (calculated from each of the 7-lead and
12-lead ECGs) and all cause mortality and CVD mortality, separately, in Cox proportional
hazards analysis. In all models, regardless of the ECG recording method, ECG-LVH was
significantly associated with all cause mortality and CVD mortality. Notably, there were no
statistically significant differences in the HRs associated with ECG-LVH detected between
the two ECG recording methods. As shown in Figure 1, the multivariable adjusted event free
survival curves of ECG-LVH by the modified Cornell (7-lead group) are overlaying those
curves of the LVH by the conventional Cornell voltage method for both all cause mortality
and for CVD mortality.
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DISCUSSION
The ECG is the oldest method for detection of LVH (9). Although newer imaging
techniques provide a more accurate assessment of ventricular myocardial mass than does the
ECG, they do not obviate the clinical use of the ECG. A number of ECG abnormalities have
been shown to have independent clinical prognostic value (10) including ECG-detected
LVH. The current epidemiological significance of ECG-LVH is primarily in the realm of
risk evaluation and prediction (11) rather than providing crude estimates of prevalence/
incidence. Therefore, in this analysis we validated the proposed modified Cornell voltage
ECG-LVH (in which SV from a mid-sternal lead was used) by comparing it to the ECG-
LVH calculated by the conventional Cornell voltage (in which the standard SV3 was used)
in terms of associations rather than in terms of crude prevalence estimates. This included
associations with demographic characteristics and LVH risk factors as well as associations
with overall mortality and CVD mortality. As shown in the results, there were no
statistically significant differences between the associations of ECG-LVH and other factors,
when LVH was determined by either method. The higher odds ratio of ECG-LVH
associated with male sex in the 7-lead group compared to the 12-lead group is possibly due
to the effect of female breast that might have attenuated SV3 in the standard 12-lead.
Nevertheless, ECG-LVH by either method was associated with male sex as expected.

Based on the results of this analysis, S wave in the mid-sternal lead (SV) could be used as an
alternative to S wave in V3 (SV3) to calculate the Cornell voltage formula. This finding
would enable those studies that are using single mid-sternal lead instead of the standard set
of chest leads to detect ECG-LVH by Cornell voltage. Noteworthy, we are not here
advocating ECG recording using a single mid-sternal lead. Recording standard 12-lead ECG
should be always sought in epidemiologic studies. This analysis should be read in the
context of providing a solution to the inability to calculate Cornell voltage from non-
standard ECGs that lack SV3. Without this solution, it would not be possible to measure
ECG-LVH (and subsequently Framingham risk score) in a study like REGARDS in which
8,330 participants (29% of the study population) have only mid-sternal chest lead. Although
there are other methods for calculating LVH from limb leads only (12–17), all these
methods are not superior to Cornell voltage (18) in terms of association with cardiovascular
events.

Using SV instead of SV3 without any significant impact on the ECG-LVH by Cornell
voltage, as shown in the results, confirms what has been reported as redundancy in the 12-
lead ECG, especially the 6 chest leads (8,19). Actually, missing chest leads could be
reconstructed from only 2 chest leads if data from limb leads is included. (4–7). However,
including more chest leads would provide more accuracy in reconstructing the missing chest
leads. Given the accumulating evidence of redundancy of chest leads, it may be the time to
rethink the number/site of chest electrodes. Any modifications in the number/sites of chest
electrodes, however, would be challenged by the inability to compare ECGs recorded using
modified chest leads and those using the current standard.

The assessment of the performance of the 7-lead versus 12-lead ECG to establish LVH
would be strengthened by an experiment where ECG results were contrasted against a “gold
standard” such as LVH assessment by echocardiography or magnetic Resonance Imaging
(MRI). While this approach seems reasonable on the surface, the cost of performing
echocardiograms or MRI in such a large cohort makes the approach infeasible. Given this
constraint, we have taken the alternative approach of assessing whether presence/absence of
LVH defined by the two approaches has either different associations with risk factors where
associations are strongly anticipated, or with outcomes that we anticipate are associated with
the presence of LVH. Our finding that the performance of these two outcomes are so similar
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in such a large study suggests that either approach is reasonable and that it is acceptable to
define LVH under either approach (i.e., if LVH defined by a 7-lead protocol “walks like a
duck, and quacks like a duck, we may be safe in thinking that it is a duck”!). A cohort with
both sets of leads (12 and 7 leads) that are simultaneously recorded would be ideal to further
confirm our findings.

Noteworthy, we are not advocating the use of the non-standard ECG recording in
epidemiologic studies. We believe that non-standard ECG recording such as using mid-
sternal electrode should be used only if it is not feasible to record standard 12-lead ECG. In
such exceptional circumstances, using S wave in mid-sternal lead instead of the standard
SV3 in the Cornell voltage formula would be appropriate.
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Figure 1.
All-cause mortality and cardiovascular (CVD) mortality shown by ECG recording method
and presence/absence of ECG-LVH. Survival estimates are shown “crude” or unadjusted,
and after adjustment for age, race, sex, hypertension, diabetes, history of heart disease, and
history of previous stroke or TIA. A: Unadjusted all-cause mortality, B: adjusted all-cause
mortality, C: unadjusted CVD mortality, D: adjusted CVD mortality.
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Table 1

Characteristics of the study population stratified by ECG recording method

7-Lead ECG
N= 8,330

12-Lead ECG
N=20,811

Age (years) 67.0 + 8.2 64.0 + 9.7

Black (%) 42.2 40.9

Female (%) 35.8 62.8

Body Mass Index (Kg/m2) 29.01 ± 5.76 29.43 ± 6.37

Hypertension (%) 61.9 58.2

Systolic Blood Pressure (mmHg) 130.3 ± 17.0 126.5 ± 16.6

Diastolic Blood Pressure (mmHg) 77.3 + 10.4 76.2 + 9.8

Diabetes (%) 24.0 21.1

History of Heart Disease (%) 24.2 22.1

History of Stroke or TIA (%) 11.3 9.5

Continuous variables are shown as mean± SD
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Table 2

Unadjusted “crude” age-, sex, race-specific prevalence of ECG-LVH stratified by the ECG recording method

Strata 7-Lead ECG
N (%)

12-Lead ECG
N (%)

Age (Years) 45–54 59 (6.8%) 3606 (3.0%)

55–64 3550 (6.4%) 7557 (3.9%)

64–74 3029 (7.4%) 6342 (5.7%)

75+ 1692 (10.7%) 3297 (8.2%)

Sex Female 2985 (14.7%) 13059 (6.3%)

Male 5345 (3.6%) 7752 (2.7%)

Race African American 3513 (12.5%) 8516 (7.6%)

White 4817 (4.0%) 12295 (3.2%)
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