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ABSTRACT

Background

Left ventricular hypertrophy (LVH) is an important risk factor for adverse cardiovascular outcomes.
Improvement of electrocardiographic criteria for LVH is desirable since electrocardiography is widely
used. We investigated improvement of electrocardiographic LVH detection by adding measures of
adiposity and/or novel electrocardiographic measures.

Methods

We included 1091 participants of the Netherlands Epidemiology of Obesity Study who underwent
cardiac magnetic resonance imaging (MRI). Performance of Sokolow-Lyon and Cornell voltage and
product criteria was assessed. Stepwise regression analyses was performed with each conventional
electrocardiographic criterion and age, sex, body mass index (BMI), waist circumference and waist:hip
ratio (p-entry <0.05, p-removal >0.10). T-wave abnormalities or the spatial QRS-T angle (SA) were
added to the improved models.

Results

The study population had a mean (SD) age of 56 (6)years, BMI of 26.1 (4.0) kg/m? and 46% were men.
MRI-LVH was present in 11% of participants. C-statistic for Sokolow-Lyon voltage was 0.60, R? 0.03
and sensitivity at 90% specificity was 17%, for Sokolow-Lyon product 0.63, 0.04 and 23%, for Cornell
voltage 0.65, 0.03 and 27% and for Cornell product 0.67, 0.04 and 26%. Best performing models with
Sokolow-Lyon criteria were obtained by addition of both BMI and SA (voltage: c-statistic 0.75, R20.12,
sensitivity of 41% at 90% specificity; product: 0.76, 0.13, 43%) and for models with Cornell criteria by
adding BMI (voltage: 0.70, 0.07, 35%,; product: 0.72, 0.07, 36%).

Conclusions

Electrocardiographic detection of LVH improved by adding BMI and SA to a model with conventional
electrocardiographic criteria. This requires little extra effort and application in clinical practice is
feasible. Results should be replicated in high-risk populations.



109

INTRODUCTION

Left ventricular hypertrophy (LVH) is an important risk factor for cardiovascular events
and cardiovascular death 2. Several electrocardiographic criteria for the diagnosis of
LVH exist, e.g. Sokolow-Lyon voltage and Cornell voltage criterion. However these criteria
show limited performance compared with diagnosis of LVH by echocardiography or (the
‘gold standard’) cardiac magnetic resonance imaging (MRI). With acceptable specificities,
sensitivities are often low (7-40% for Sokolow-Lyon voltage and 2-19% for Cornell voltage
criterion) 3. Nevertheless, electrocardiograms (ECG) are more easily obtainable and cost-
effective compared with echocardiography or cardiac MRI, and for those reasons are more
often used in current clinical practice. Therefore, improvement of the electrocardiographic
diagnosis of LVH is desired.

The performance of electrocardiographic criteria for the diagnosis of LVH can be influenced
by body fat. Obesity is often accompanied by systemic hypertension and is associated with
a higher prevalence of LVH, but also, adipose tissue can attenuate electrocardiographic
voltages, which interferes with LVH detection by electrocardiographic criteria *°. To take
measures of body fat together with conventional electrocardiographic criteria into the
diagnostic model for LVH has previously been proposed in the literature as a method that
might lead to improved electrocardiographic LVH detection *®. Several studies investigated
the addition of BMI and showed improved performance 2. However, to our knowledge,
there are no studies investigating the addition of other measures of body fat and body fat
distribution to the conventional electrocardiographic criteria.

Furthermore, LVH is associated with alterations in ventricular repolarization and
depolarization through several mechanisms such as an increase in collagen interstitial
matrix or changes in ionic channels . These changes in ventricular depolarization and
repolarization can be reflected in T-wave abnormalities and the spatial QRS-T angle 2, which
can both be determined from the ECG. Therefore these measures might also be useful in the
electrocardiographic diagnosis of LVH. It was previously shown that a combination of body
surface area and spatial QRS-T angle can improve electrocardiographic diagnosis of LVH 3.

This study aimed to investigate whether addition of measures of body fat and body fat
distribution and additional T-wave abnormalities or spatial QRS-T angle to conventional
electrocardiographic criteria of LVH could improve the electrocardiographic detection of
LVH.

METHODS

Study design and population

The Netherlands Epidemiology of Obesity (NEO) study is a population-based cohort study
including 6671 individuals. Men and women aged between 45 and 65 years with a BMI of
27 kg/m? or higher living in the area of greater Leiden (in the West of The Netherlands) were
eligible to participate in the NEO study. In addition, all inhabitants aged between 45 and 65
years from one municipality (Leiderdorp) were invited irrespective of their BMI, allowing
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for a reference distribution of BMI. Of the participants without contra-indications for MRl
(most notably metallic devices, claustrophobia or a body circumference of more than 1.70
m) a random subsample of approximately 20% of participants underwent cardiac MRI.
Individuals completed a questionnaire with demographic, lifestyle, and clinical information.
At the study centre in the Leiden University Medical Centre (LUMC) all individuals underwent
an extensive physical examination, including anthropometry, blood sampling (after an
overnight fast) and electrocardiography. The present analysis is a cross-sectional analysis
using the baseline measurements of the NEO study. We excluded participants in whom no
cardiac MRI was performed or measurement of left ventricular mass (LVM) was missing,
participants with abnormalities that could interfere with the electrocardiographic detection
of LVH or the assessment of the spatial QRS-T angle, namely individuals with complete
bundle branch block, ventricular pre-excitation (Wolff-Parkinson-White syndrome), previous
myocardial infarction or a paced rhythm, and also individuals with missing values of the
spatial QRS-T angle. Further details of the study design and population have been described
in detail elsewhere . The Medical Ethical Committee of the Leiden University Medical
Center approved the design of the study and all individuals gave their written informed
consent.

Data collection

Ethnicity was self-identified in eight categories and grouped into white and other. Body height
and weight were measured without shoes and 1 kg was subtracted from the weight to correct
for clothing. Waist circumference was measured with a horizontally placed flexible tape in
the middle of the distance between the lowest rib and the iliac crest. Hip circumference
was measured at the maximum circumference of the buttocks. Brachial blood pressure was
measured in a seated position on the right arm using a validated automatic oscillometric
device (OMRON, Model M10-IT, Omron Health Care Inc, IL, USA). Blood pressure was
measured three times with 5 minutes rest between consecutive measurements. The mean
systolic and diastolic blood pressure was calculated. Blood samples were drawn after an
overnight fast of 10 hours. Fasting glucose was measured with the enzymatic colorimetric
method (Roche Modular Analytics P800, Roche Diagnostics Mannheim, Germany).

Electrocardiography

After a resting period of at least 10 minutes, 12-lead ECGs were obtained using a Mortara
Eli-350 (Mortara Instrument Inc., Milwaukee, WI, USA). The raw data were extracted and
transferred to the University of Glasgow ECG core lab where ECGs were automatically
processed and Minnesota codes were assigned using the University of Glasgow ECG
analysis program **. We investigated four conventional electrocardiographic criteria for LVH
(continuous variables): two widely used voltage index electrocardiographic criteria, namely
Sokolow-Lyon voltage and Cornell voltage, and two voltage-duration product criteria,
namely Sokolow-Lyon product, and Cornell product **%°, Sokolow-Lyon voltage was defined
as |SV1|+RV5/6 and Sokolow-Lyon product as Sokolow-Lyon voltage x QRS duration. Cornell
voltage was defined as RaVL+|SV3| with 600 pV added for women and Cornell product was
defined as Cornell Voltage x QRS duration. T-wave abnormalities were defined as Minnesota
Codes 5-1 or 5-2.
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Standard 10-second ECGs were each stored in an 8-lead (I, 11, Il, V1-V6), 5000 sample comma-
separated-value file. The Kors matrix was used to calculate vector cardiograms from the eight
independent ECG leads . ECGs and vector cardiograms were analyzed using the automatic
MATLAB-based (The MathWorks, Natick, MA) program BEATS and the semiautomatic
program LEADS %223, BEATS was used to detect the timings of all QRS complexes and calculated
R-R intervals (ms). The QRS and T integral vectors were approximated by calculating the
numerical sum of x-y-z deflections (amplitudes of positive deflections are added and those
of negative deflections subtracted). The spatial QRS-T angle was defined as the angle (°)
between the integral QRS vector and the integral T vector.

Magnetic resonance imaging

In 1150 participants LVM was assessed using cardiac magnetic resonance imaging. The
heart was imaged in the short-axis orientation by using ECG gated breath-hold balanced
steady-state free precession imaging. Data were analysed using in-house software (MASS
and FLOW; LUMC, Leiden, the Netherlands).

LVM was indexed by height to obtain left ventricular mass index (LVMI). LVM was not indexed
by body surface area to prevent underestimation of the prevalence of LVH in the NEO study
population, which has a high prevalence of overweight and obese individuals #*. Cut-offs
for LVH were based on the sex-specific upper limits of normality (95" percentile) from a
subgroup of 252 healthy individuals from the NEO study, with a BMI<30 kg/m?, normal
blood pressure (<135/<85 mmHg and no use of antihypertensive medication), no history of
cardiovascular disease and normal glucose metabolism (no self-reported diabetes mellitus |
or Il or medication and fasting plasma glucose <7 mmol/L). LVH was defined as LVMI > 78.7
g/m in men and LVMI > 60.0 g/m in women.

Statistical analysis

Adjustments for the oversampling of individuals with BMI > 27 kg/m? in the NEO study
were made to correctly represent baseline associations in the general population %. This
was done by weighting individuals towards the BMI distribution of participants from the
Leiderdorp municipality, whose BMI distribution was similar to the BMI distribution of the
general Dutch population 6. Baseline characteristics are presented as mean (SD), median
(IQR) or as percentage (%).

First, univariate discriminative performance for LVH of the conventional electrocardiographic
criteria, namely Sokolow-Lyon voltage, Sokolow-Lyon product, Cornell voltage and Cornell
product was assessed using the area under the curve (AUC) of the receiver operating
characteristic (ROC) curve. The AUC reflects how well individuals are classified as having
LVH or no LVH. Also, sensitivities of the conventional electrocardiographic criteria were
determined at a specificity of 90%, since especially specificities of 90-100% are clinically
relevant for detection of LVH. Second, univariate discriminative performance for LVH of age,
sex, BMI, waist circumference and waist:hip ratio was assessed with the AUC. Then, stepwise
logistic regression analysis with an entry criterion of p<0.05 and removal criterion of p>0.10
was performed with LVH as dependent variable and each conventional electrocardiographic
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criterion separately with addition of the variables age, sex, BMI, waist circumference and
waist:hip ratio as independent variables. AUC, R? and sensitivity at 90% specificity of the
selected models were assessed. Univariate discriminative performance for LVH of T-wave
abnormalities (dichotomous) and the spatial QRS-T angle was also assessed using the AUC.
Finally, for each conventional electrocardiographic criterion separately, best performing
models were determined, consisting of a combination of the best performing measure of
body fat and the best of T-wave abnormalities and spatial QRS-T angle. AUC, R?, sensitivities
at a specificity of 90% and calibration plots were reported for the new models for LVH
detection. Furthermore, the internal validity of the estimated AUC values was assessed
using bootstrapping. Data were analysed using STATA (Statacorp, College Station, Texas,
USA), version 14.

Table 1. Characteristics of 1091 participants aged 45 to 65 years from the Netherlands Epidemiology

of Obesity study

Age, years 56 (6)

Sex, men, % 46

Ethnicity, white, % 96

Physical activity (MET-hour/week) 16 (32-53)
Systolic blood pressure, mmHg 131.5(18.2)
Diastolic blood pressure, mmHg 84.1(10.8)
Use of antihypertensive therapy, % 22

History of cardiovascular disease, % 4

BMI, kg/m? 26.1 (4.0)
Waist circumference, cm 91.7 (12.6)
WHR 0.9 (0.1)

VM, g 96.7 (25.7)
LVM index, g/m 55.5(12.9)
LVH (MRI based), % 11
Sokolow-Lyon Voltage, uVv 1981 (625)
Sokolow-Lyon Product, pV.ms 182377 (63038)
Cornell Voltage, uv 1366 (437)
Cornell Product, uV.ms 97570 (47978)
Spatial QRS-T angle, ° 52.8 (26.6)
T-wave abnormalities, % 2

Data are presented as mean (SD), median (interquartile range), or percentages.

Results were based on analyses weighted towards the BMI distribution of the general population
(n=1091). History of cardiovascular disease: angina, congestive heart failure, stroke, or peripheral
vascular disease. BMI, body mass index; MET, metabolic equivalent of task; LVH, left ventricular
hypertrophy; LVM, left ventricular mass; MRI, magnetic resonance imaging; WHR, waist:hip ratio
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RESULTS

Cardiac magnetic resonance imaging was performed in 1278 participants. Participants in
whom measurement of LVM was missing (n=128), in addition to participants with left or
right bundle branch block (n=21), history of myocardial infarction (n=14), Wolff-Parkinson-
White syndrome (n=1) or missing spatial QRS-T angle (n=23) were excluded. Baseline
characteristics of the 1091 individuals included in the study are presented in Table 1. The
study population had a mean (SD) age of 56 (6) years and 46% were men. Mean (SD) blood
pressure was 131.5 (18.2)/84.1 (10.8) mmHg and 22% of the study population was taking
antihypertensive medication. According to the MRI-based sex-specific cut-offs, 11% of this
study population was defined as having LVH.

Univariate discriminative performance of the conventional electocardiographic criteria
alone was poor. AUC for Sokolow-Lyon voltage was 0.60 (95%Cl: 0.55, 0.65) and R? 0.03,
for Sokolow-Lyon product 0.63 (0.59, 0.68) and 0.04, for Cornell voltage 0.65 (0.60, 0.70)
and 0.03 and for Cornell product 0.67 (0.62, 0.71) and 0.04. Furthermore, at a specificity of
90%, Sokolow-Lyon voltage showed a sensitivity of 17%, Sokolow-Lyon product a sensitivity
of 23%, Cornell voltage a sensitivity of 27% and Cornell product a sensitivity of 26%. ROC
curves for the conventional electrocardiographic criteria are displayed in Figure 1a.

Univariate discriminative performance of age, sex, BMI, waist circumference and waist:hip
ratio was also estimated with the AUC. BMI (0.67, 95%Cl: 0.63, 0.72), waist circumference
(0.66; 0.61 , 0.70) and waist:hip ratio (0.57; 0.52 , 0.61) showed discriminative power for
LVH, whereas age (0.48; 0.44, 0.53) and sex (0.52; 0.48 , 0.56) did not. ROC curves for age,
sex, BMI, waist circumference and waist:hip ratio are displayed in Figure 1b.
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Figure 1. Receiver Operating Characteristic curves and area under the curve values of
electrocardiographic criteria

(1a) and age, sex, body mass index, waist circumference and waist:hip ratio (1b) for detection of

LVH, in 1091 participants aged 45 to 65 years from the Netherlands Epidemiology of Obesity study.
Results were based on analyses weighted towards the BMI distribution of the general population.
BMI, Body Mass Index; WHR, waist:hip ratio
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Using stepwise regression analyses with the variables age, sex, BMI, waist circumference and
waist:hip ratio, models for each conventional electrocardiographic criterion and additionally
BMI were selected. Addition of BMI to models with Sokolow-Lyon voltage, improved the
AUC to 0.72 (p<0.01) and AUC was improved to 0.74 for Sokolow-Lyon product (p<0.01),
0.70 for Cornell voltage (p=0.01) and 0.72 for Cornell product (p=0.01). The addition of BMI
also led to improvements in R? and sensitivity at 90% specificity, as shown in Table 2.

Table 2. Performances of conventional electrocardiographic criteria for detection of left ventricular
hypertrophy alone and with addition of body mass index, in 1091 participants aged 45 to 65 years
from the Netherlands Epidemiology of Obesity study

AUC R? Sensitivity at 90% specificity
Sokolow-Lyon voltage (Sok V) 0.60 (0.55, 0.65) 0.03 17%
Sok V & BMI 0.72 (0.68, 0.76) 0.10 31%
Sokolow-Lyon product (Sok P) 0.63 (0.59, 0.68) 0.04 23%
Sok P & BMI 0.74 (0.70, 0.78) 0.11 36%
Cornell voltage (Cor V) 0.65 (0.60, 0.70) 0.03 27%
Cor V & BMI 0.70 (0.65, 0.74) 0.07 35%
Cornell product (Cor P) 0.67 (0.62,0.71) 0.04 26%
Cor P & BMI 0.72 (0.67,0.76) 0.07 36%

Results were based on analyses weighted towards the BMI distribution of the general population.
AUC, area under the curve; BMI, body mass index

The addition of waist circumference to models with the conventional electrocardiographic
criteria also led to improvements in R? and sensitivity at 90% specificity, as shown in
supplementary Table 1. Addition of waist circumference led to smaller improvement of the
models than the addition of BMI did.

Presence of T-wave abnormalities (dichotomous) had poor discriminative performance
for LVH with AUC 0.51 and this was 0.61 for spatial QRS-T angle (ROC curves shown in
supplementary Figure 1). When T-wave abnormalities were added to models with each
conventional electrocardiographic criteria in combination with BMI, AUC did not improve
(results not shown).

Addition of spatial QRS-T angle to the models with each conventional electrocardiographic
criterion and BMI did lead to improved performance, as is presented in Table 3. Models with
the conventional electrocardiographic criteria and additionally BMI and for Sokolow-Lyon
voltage and product also additionally spatial QRS-T angle showed the best performance.
ROC curves for these models, compared with models with each electrocardiographic
criterion alone, are presented in Figure 2. The combination of Sokolow-Lyon voltage, BMI
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and spatial QRS-T angle showed an AUC of 0.75, R? of 0.12 and a sensitivity of 41% at a
matched specificity of 90%. This was 0.76, 0.13 and 43% for the combination of Sokolow-
Lyon product, BMI and spatial QRS-T angle, 0.70, 0.07 and 35% for the combination of
Cornell voltage and BMI and 0.72, 0.07 and 36% for the combination of Cornell product
and BMI. For these four models, calibration plots are presented in Supplementary Figure 2.
Furthermore, bootstrapping showed good internal validity for the estimated AUC values. In
conclusion, the best performance in the detection of LVH was reached by a combination of
Sokolow-Lyon product, BMI and spatial QRS-T angle.

Table 3. Performances of conventional electrocardiographic criteria for detection of left ventricular
hypertrophy with addition of BMI alone and both BMI and spatial QRS-T angle, in 1091 participants
aged 45 to 65 years from the Netherlands Epidemiology of Obesity study

AUC R2 Sensitivity at 90% specificity

Sokolow-Lyon voltage (Sok V) & BMI  0.72 (0.68, 0.76) 0.10 31%
Sok V & BMI & spatial QRS-T angle 0.75(0.70, 0.79) 0.12 41%

Sokolow-Lyon product (Sok P) & BMI  0.74 (0.70, 0.78) 0.11 36%
Sok P & BMI & spatial QRS-T angle 0.76 (0.71, 0.80) 0.13 43%

Cornell voltage (Cor V) & BMI 0.70 (0.65, 0.74) 0.07 35%
Cor V & BMI & spatial QRS-T angle 0.70 (0.65, 0.75) 0.07 35%

Cornell product (Cor P) & BMI 0.72 (0.67, 0.76) 0.07 36%
Cor P & BMI & spatial QRS-T angle 0.71(0.67,0.76) 0.08 39%

Results were based on analyses weighted towards the BMI distribution of the general population.
AUC, area under the curve; BMI, body mass index
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Figure 2. Receiver Operating Characteristic curves and area under the curve values of the conventional
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angle for Sokolow-Lyon voltage and product for detection of left ventricular hypertrophy, in 1091
participants aged 45 to 65 years from the Netherlands Epidemiology of Obesity study. Results were
based on analyses weighted towards the BMI distribution of the general population. BMI, body mass
index

DISCUSSION

In this population of middle-aged men and women, in whom cardiac MRI was performed,
adding BMI (which is easily determinable) to conventional electrocardiographic criteria,
more so than waist circumference or waist:hip ratio, improved performance in detection of
LVH. Additionally adding the spatial QRS-T angle to the models with Sokolow-Lyon voltage
and product and BMI improved performance even further. For example, AUC for detection
of LVH of Sokolow-Lyon product was 0.63 and sensitivity at a specificity of 90% was 23%, and
with addition of BMI and spatial QRS-T angle this improved to AUC 0.76 and 43%.

The poor performance of conventional electocardiographic criteria for LVH detection has
previously been described 3. A systematic review showed that in primary care settings,
sensitivity of Sokolow-Lyon voltage criteria ranged from 8-40% at specificities 53-100%
and sensitivity of Cornell voltage criteria ranged from 2-19% at specificities 89-100% 3.
In individuals with systemic hypertension, the combination of Cornell voltage with BMI
improved the performance in LVH detection ©. In a population-based study (n=3351), adding
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both BMI and age to Cornell product improved its performance & and in another study
adding BMI to Sokolow-Lyon voltage or Cornell voltage improved their performance?®. To our
knowledge, few studies investigated addition of spatial QRS-T angle to electrocardiographic
LVH criteria 2. In 196 individuals a combination of body surface area and spatial QRS-T angle
yielded the best diagnostic accuracy for LVH (using echocardiography as reference standard),
superior to that of conventional electrocardiographic criteria 2. In our study, a combination
of BMI and spatial QRS-T angle alone (without other electrocardiographic criteria) would
yield an AUC of 0.69, which is higher than the AUC of the conventional electrocardiographic
criteria alone, but, however not higher than the conventional electrocardiographic criteria
combined with BMI and spatial QRS-T angle.

Interpretation and mechanisms

LVH is a pathological remodelling of the left ventricle, often in response to increased
afterload. Presence of increased afterload is commonly seen with systemic hypertension,
increased peripheral resistance and increased arterial stiffness, which are prevailing in obese
individuals #. Next to the known association of obesity with an increased risk of LVH, several
studies showed that electrocardiographic criteria for LVH have very limited performance,
especially in obese individuals 2¢%°. Also in this present study, discriminative performance
of the conventional electrocardiographic criteria is poor, especially of the Sokolow-Lyon
criteria (AUC Sokolow-Lyon voltage 0.60, Sokolow-Lyon product 0.63). Probably, precordial
electrocardiographic voltages (affecting Sokolow-Lyon voltage and product more than
Cornell voltage and product) are reduced due to the presence of increased epicardial fat
mass and a large chest wall, which corresponds to the findings in this present study. Before
addition of BMI to the conventional electrocardiographic criteria, Sokolow-Lyon voltage
and product performed worse than Cornell voltage and product, and after adjustment for
BMI, performances of Sokolow-Lyon and Cornell criteria were similar. This may partly be
explained by the fact that the Sokolow-Lyon criteria depend more on precordial voltages
than Cornell criteria do.

Hypertrophy of the left ventricle is often accompanied by electrophysiological changes and
repolarization inhomogeneities *. In the hypertrophic heart, action potential duration is
prolonged because of delayed conduction and also several other mechanisms are at play,
among which are alterations in ionic channels and changes in ventricular repolarization
induced by an increase in collagen interstitial matrix *1%31.32, These changes can be reflected
in T-wave abnormalities or widening of the spatial QRS-T angle, as described in literature
3335 Computation of the spatial QRS-T angle from the ECG has become easier and therefore
taking into account the spatial QRS-T angle in detecting LVH, which is shown valuable in this
study, could possibly be translated into clinical practice.

Strengths and limitations

This study has several important strengths. Firstly, LVH was determined by ‘the gold
standard’ MRl in a large number of individuals (n=1091), in whom also electrocardiographic
LVH criteria, spatial QRS-T angle and T-wave abnormalities were available. Also, we were
able to assess addition of several anthropometric measures, whereas other studies could
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only investigate addition of BMI. Several limitations apply to this study. First, since our study
was performed in a population-based cohort of mostly white, middle-aged individuals
(45-65 years), extrapolation to other populations with different ethnic backgrounds, age
ranges or patient populations should be done with caution. Furthermore, in this study we
chose to focus on four widely used electrocardiographic criteria of LVH. However, more
electrocardiographic criteria for LVH diagnosis exist, which were not included in this study,
since they are less often used in clinical practice 3°. Finally, the approach requires to be
validated in relevant patient populations.

Conclusion

ECGs are easily obtainable, low-cost and widely used in clinical practice, and therefore
improvements in electrocardiographic detection of LVH, which is strongly associated with
adverse cardiovascular outcomes, is very relevant. This study shows possible improvement
of electrocardiographic LVH criteria by addition of BMI and the spatial QRS-T angle, which
could be useful in clinical practice. Results provided by this study should first be replicated
in different patient populations or more high-risk populations.
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and body mass index (2d), in 1091 participants aged 45 to 65 years from the Netherlands Epidemiology
of Obesity study
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