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ABSTRACT

The ability to estimate left ventricular mass (LVM) from the standard 12-lead
electrocardiogram (ECG) has been shown to be limited, since there is a considerable
variability of the normal 12-lead ECG due to demographic and anthropometric variables. We
sought to study LVM, in healthy subjects, and its relationship with QRS duration and
established electrocardiographic criteria for left ventricular hypertrophy (LVH). Cardiac
magnetic resonance imaging (CMR) was used to measure LVM. Seventy-one healthy
volunteers (36 males, age range 21-82 years) were studied. All ECG criteria tested showed a
statistically significant relationship with LVM. The highest R-value was found between LVM
and QRS duration as well as the 12-lead voltage-duration product (R = 0.59, p <0.001 for
both). The lowest R-value was found for the Sokolow-Lyon voltage criterion (R =0.25, p =
0.033). LVM differed significantly between sexes, as did all ECG criteria except the
Sokolow-Lyon criterion. Thus, in healthy subjects, QRS duration alone is equally or more

strongly correlated to LVM than are established electrocardiographic LVH criteria.

Keywords: left ventricular mass, magnetic resonance imaging, 12-lead ECG, healthy

subjects, left ventricular hypertrophy



INTRODUCTION

The ability to estimate left ventricular mass (LVM) from the standard 12-lead
electrocardiogram (ECGQG) is limited. Demographic and anthropometric variables such as age,
sex, height, weight and body fat all contribute to variability of the 12-lead ECG (1-12). Thus,
heterogeneity with respect to these determinants may explain the limited accuracy of the 12-
lead ECG in estimating LVM. Previous studies (13, 14) have shown that electrocardiographic
criteria for left ventricular hypertrophy (LVH) which consider both QRS voltages and QRS
duration are more strongly correlated to LVM than are QRS voltage criteria alone.

In recent years, the clinical use of cardiac magnetic resonance (CMR) has increased
substantially because of its high image quality in almost all patients and its great ability to
depict soft tissue. These features permit CMR to measure cardiac structures and function with
high accuracy and reproducibility, often superior to those achieved by other imaging
modalities, such as echocardiography (15-17).

Normal variability of QRS duration and voltages due to differences in LVM measured by
CMR, in a population of healthy subjects over a wide age range, has not yet been explored.
We therefore sought to investigate the relationship between LVM and QRS duration as well
as various established electrocardiographic LVH criteria in healthy subjects, and to test the
hypothesis that there is a strong relationship between LVM and QRS duration in comparison
to the relationship between LVM and established electrocardiographic LVH criteria in this
population. We also sought to explore the influence of demographic and anthropometric

variables on the various ECG criteria.



MATERIALS AND METHODS

Study population and study design

Seventy-one healthy volunteers (36 males, 35 females; age range, 21-82) were prospectively
recruited from the local community in Lund, Sweden. Inclusion criteria were a) no history or
clinical signs of cardiovascular disease, systemic or metabolic disease or treatment with
medication b) normal 12-lead ECG (no signs of bundle branch block, fascicular block, pre-
excitation or ischemic heart disease) c) normal blood pressure (systolic < 140 mmHg and
diastolic <90 mmHg). No subject was excluded on the basis of global or local LV
dysfunction or cardiac pathology on CMR. The study was approved by the local ethics
committee at Lund University and all subjects gave their written, informed consent to

participate in the study.

Magnetic resonance imaging and analysis
MR imaging was performed in supine position with head first on a commercially available
1.5T scanner (Vision, Siemens Medical Solutions, Erlangen, Germany) using a phased-array
body coil. As previously described (18) a turbo fast low-angle shot scout imaging protocol
permitted identification of the cardiac axis for performance of diagnostic short-axis imaging.
Sequential gradient echo short-axis cine images (base to apex; slice thickness 10 mm, field of
view 380 mm, matrix 126x256, repetition time 100 ms (echo-shared resulting in phases every
50 ms), time to echo 4.8 ms) covering the entire LV were acquired during breath hold after
normal expiration. Three long-axis images (two-, three- and four-chamber views) were also
acquired. The acquisition was triggered by ECG.

The gradient echo short-axis images were used to measure LVM by planimetry of the

manually defined endocardial and epicardial borders on each short-axis image covering the



entire LV (Fig 1). The measurement was performed in both end-diastole (Fig 1a) and end-
systole (Fig 1b) to enable calculation of left ventricular ejection fraction. Papillary muscles
were included in the LVM.

To examine the interobserver variability a subset of 20 subjects was analyzed by 2

observers blinded to each other’s results.

Electrocardiographic recording and analysis
The 12-lead ECGs were recorded on a MEGACART-R (Siemens-Elema AB, Solna, Sweden)
with a sampling rate of 500 Hz and the frequency response set at the range of 0.05-150Hz.
The ECG measurements were performed by computer. Before analysis, the ECGs were
screened for abnormalities by an experienced ECG reader (GW).
The following ECG criteria were examined: 12-lead sum of voltages (the sum of Q, R and
S wave amplitudes in all 12 leads) (13), Sokolow-Lyon voltage (sum of S-wave amplitude in
lead V1 and R-wave amplitude in lead V5 or V6) (19), Cornell voltage (sum of R-wave
amplitude in lead aVL and of S-wave amplitude in lead V3) (13), Gubner-Ungerleider voltage
(sum of R-wave amplitude in lead I and S-wave amplitude in lead III) (20), RVS voltage (R-
wave amplitude in lead V5) and QRS duration. A voltage-duration product for each criterion

was also calculated by multiplying the voltage criterion by QRS duration.

Statistical analysis

All measurements are expressed as mean = SD. Continuous data were subjected to the
Kolmogorov-Smirnov test to determine their distribution. A Gaussian distribution was found
for all variables, except for the Gubner-Ungerleider product. However, since a large number
of subjects was included in the study, parametric tests were performed throughout. Mean
values for males and females were compared using independent Student’s t-test. The Pearson

correlation coefficient was used to assess the strength of the relationship between LVM and



various ECG criteria. Differences in correlation coefficients between QRS duration and the
ECG voltage criteria as well as the difference for each of the corresponding voltages and
voltage-duration products were compared by two-tailed tests after application of Fisher’s Z
transformation. Multiple regression analysis with forward selection was used to assess the
influence of LVM, age, height, weight, and BSA on the various ECG criteria. The
contributions of individual variables were reported as the partial R-value. Inter-observer
variability was assessed by Pearson’s correlation coefficient. P-value < 0.05 was considered
to indicate statistical significance. SPSS for Windows, version 12.0 (SPSS Inc., Chicago, II)

was used for all statistical analyses.



RESULTS

Study population characteristics
The study population was well distributed into different age groups (Table 1). There was a

good balance between sexes. The LVM ranged from 96g — 223¢.

Relation between LVM and ECG criteria

The correlations between LVM and the ECG criteria are shown in Table 2. The ECG criteria
with the highest R-values were the QRS duration (Figure 2A) and 12-lead voltage-duration
product (R =0.59, p <0.001 for both). The Sokolow-Lyon voltage criterion (Figure 2B)
showed the lowest R-value (R = 0.25, p = 0.033). QRS duration was more strongly correlated
to LVM than were the Sokolow-Lyon voltage, Gubner-Ungerleider voltage and RV5 criteria
(p=0.005, p=0.029 and p = 0.030, respectively). However, the differences between QRS
duration and Cornell voltage as well as 12-lead sum of voltages were not significant (p = 0.29
and p = 0.32). For all ECG criteria, the R-value increased when voltage-duration product was
considered instead of the voltage criterion alone. This was most prominent for the Sokolow-
Lyon criterion. Although the trend was clear, the increase in R-value was not statistically
significant for any of the voltage-duration products. The variability of LVM measurement

was 0.5 + 4g between readers (R = 0.99).

Influence of demographic and anthropometric variables
The influence of demographic and anthropometric variables on the ECG criteria is shown in
Table 3. LVM was the only independent predictor of the Cornell voltage and voltage-duration

product criteria as well as the RVS5 voltage-duration product criterion. In addition to LVM,



height remained significant for prediction of QRS duration. Of interest, LVM was not an

independent predictor of the Sokolow-Lyon voltage criterion.

Sex differences

The sex differences in demographic and anthropometric variables as well as the various ECG
criteria are shown in Table 4. LVM differed significantly between males and females (186g +
21g vs. 138g £23g). A significant sex difference was also found for all other demographic
and anthropometric variables except for age (p = 0.75). Furthermore, a significant difference
was found between males and females for all ECG criteria, except for the Sokolow-Lyon

voltage criterion (p = 0.13).



DISCUSSION

The main result of this study was that in healthy subjects QRS duration alone is equally or

more strongly correlated to LVM than are established electrocardiographic LVH criteria.

Influence of demographic and anthropometric variables on the QRS complex

The data show a clear trend towards increased correlation coefficients for LVM and
established electrocardiographic LVH criteria when multiplying the voltage criterion with
QRS duration (voltage-duration product). Sugita et al (10) have previously shown that the
correlation between LVM assessed by echocardiography and RVS is significantly better in
adolescents within the low and middle body-fat range than adolescents in the high body-fat
range. It may be that in the absence of conduction disturbances due to LVH, the amount of
body fat affects QRS voltages more than QRS duration, thus explaining why R-values for
voltage-duration products are equal or lower than that of QRS duration alone in subjects with
no cardiac disease. Body fat was, however, not considered in the present study.

All ECG criteria that depend on absolute voltages in single leads (all ECG criteria except
QRS duration and thel2-lead sum of voltages in the present study) are sensitive to the
electrical axis in the frontal or horizontal plane. Hence, independence of electrical axis might
explain why QRS duration and 12-lead voltage-duration product showed higher correlation
coefficients than the other electrocardiographic LVH criteria.

The finding that the correlation coefficients increased for all ECG criteria when the QRS
voltage-duration product was considered instead of the simple voltage criteria is supported by
the findings in a previous study by Okin et al (14) in which LVM was assessed by

echocardiography. In that study, however, QRS duration alone was not as strongly correlated
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to LVM as for instance the Sokolow-Lyon voltage criterion, which showed the weakest

correlation to LVM in the present study.

Left ventricular hypertrophy versus physiological differences in LVM

Previous animal and human studies have shown that the pathologically changed myocardium
found in LVH differs from the healthy myocardium at molecular, cellular and tissue level (21-
27). Thus, LVH may lead to changes in the myocardial conduction properties and alter the
ECG in different ways than a physiologically large heart. Changes in QRS-duration with
increasing LVM within normal physiological limits may be attributed to a longer time

required to activate the increased amount of myocardium itself.

Sex differences

There was a significant difference between males and females with regard to all variables
examined except age and the Sokolow-Lyon voltage criterion. These findings are in
accordance with previous reports on sex differences of LVM and ECG measures (1, 16, 28,
29). The lower voltages found in females might be explained by the lower LVM, height,
weight and body surface area found in this group. It has previously been shown, however, that
some sex differences in ECG measures persist after correcting for these anthropometric
variables (5). Another variable potentially contributing to differences in voltages between
males and females might be the increased distance between the precordial leads and the
myocardium in females caused by increased amount of breast tissue in this group (30). In fact,

increased QRS voltages have been found after mastectomy (31).
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Limitations of the study

In the present study a relatively small number of subjects was studied, compared to previous
studies comparing LVM and ECG criteria (10, 14, 32). In these previous studies, however,
LVM was assessed by echocardiography, which has considerably lower accuracy than CMR
for quantitative measurements of LVM (17). Furthermore, the range of LVM was limited
compared to these previous studies since only healthy subjects were studied. The ECG criteria
tested were all developed to diagnose LVH. The aim of the present study was, however, to
study how these ECG criteria vary with LVM in healthy subjects. Furthermore, the study
population was well balanced regarding both sexes and age. The gradient-echo MR technique
used in the present study has been shown to slightly overestimate LVM (33) compared to the
more recent developed steady state free precession MR technique. It does, however, not affect
the relationship between LVM and the ECG criteria examined in the present study, since this

was a systematic difference.

CONLUSION

In healthy subjects QRS duration alone is equally or more strongly correlated to LVM than

are established electrocardiographic LVH criteria.



12

REFERENCES

Macfarlane P. Normal limits. In: Macfarlane P, Lawrie T, editors. Comprehensive
electrocardiology: Theory and practice in health and disease. 1st ed. New York:
Pergamon press; 1989. p. 1441.

Wershing JM, Walker CH. Influence of Age, Sex, and Body Habitus on the Mean
Qrs Electrical Axis in Childhood and Adolescence. Br Heart J 1963;25:601-9.
Bachman S, Sparrow D, Smith LK. Effect of aging on the electrocardiogram. Am J
Cardiol 1981;48(3):513-6.

Green LS, Lux RL, Haws CW, et al. Effects of age, sex, and body habitus on QRS
and ST-T potential maps of 1100 normal subjects. Circulation 1985;71(2):244-53.
Okin PM, Roman MJ, Devereux RB, et al. Gender Differences and the
Electrocardiogram in Left Ventricular Hypertrophy. Hypertension 1995;25(2):242-
249.

Norman JE, Jr., Levy D. Improved electrocardiographic detection of
echocardiographic left ventricular hypertrophy: results of a correlated data base
approach. J] Am Coll Cardiol 1995;26(4):1022-9.

Norman JE, Jr., Levy D. Adjustment of ECG left ventricular hypertrophy criteria for
body mass index and age improves classification accuracy. The effects of
hypertension and obesity. J Electrocardiol 1996;29 Suppl:241-7.

Okin PM, Roman MJ, Devereux RB, et al. ECG identification of left ventricular
hypertrophy. Relationship of test performance to body habitus. J Electrocardiol

1996;29 Suppl:256-61.



10.

11.

12.

13.

14.

15.

16.

13

Tochikubo O, Miyajima E, Shigemasa T, et al. Relation between body fat-corrected

ECG voltage and ambulatory blood pressure in patients with essential hypertension.

Hypertension 1999;33(5):1159-63.

Sugita S, Takada K, Takada H, et al. The relationship between R amplitude in lead

V5 (RVS5) and left ventricular mass in the groups of adolescent subjects classified by

body composition. Jpn Circ J 1998;62(12):893-9.

Sugita S, Takada K, Hayano J. Influence of body composition on
electrocardiographic identification of left ventricular hypertrophy in adolescents.
Cardiology 1999;91(2):127-33.

Regecova V, Andrasyova D. [Relation between anthropometric indicators and
electrocardiogram variability]. Vnitr Lek 2002;48 Suppl 1:120-9.

Molloy TJ, Okin PM, Devereux RB, et al. Electrocardiographic detection of left
ventricular hypertrophy by the simple QRS voltage-duration product. J] Am Coll
Cardiol 1992;20(5):1180-6.

Okin PM, Roman MJ, Devereux RB, et al. Electrocardiographic identification of
increased left ventricular mass by simple voltage-duration products. J Am Coll
Cardiol 1995;25(2):417-23.

Semelka RC, Tomei E, Wagner S, et al. Interstudy reproducibility of dimensional
and functional measurements between cine magnetic resonance studies in the
morphologically abnormal left ventricle. Am Heart J 1990;119(6):1367-73.
Semelka RC, Tomei E, Wagner S, et al. Normal left ventricular dimensions and
function: interstudy reproducibility of measurements with cine MR imaging.

Radiology 1990;174(3 Pt 1):763-8.



17.

18.

19.

20.

21.

22.

23.

24.

25.

14

Bellenger NG, Davies LC, Francis JM, et al. Reduction in sample size for studies of
remodeling in heart failure by the use of cardiovascular magnetic resonance. J
Cardiovasc Magn Reson 2000;2(4):271-8.

Engblom H, Hedstrom E, Palmer J, et al. Determination of the left ventricular long-
axis orientation from a single short-axis MR image: relation to BMI and age. Clin
Physiol Funct Imaging 2004;24(5):310-5.

Sokolow M, Lyon TP. Ventricular complex in left ventricular hypertrophy as
obtained by unipolar precordial and limb lead. Am Heart J 1949;37:161-186.
Gubner R, Ungerleider H. Electrocardiographic criteria of left ventricular
hypertrophy. Arch Intern Med 1943;72:196-209.

Toyoshima H, Park YD, Ishikawa Y, et al. Effect of ventricular hypertrophy on
conduction velocity of activation front in the ventricular myocardium. Am J Cardiol
1982;49(8):1938-45.

Winterton SJ, Turner MA, O'Gorman DJ, et al. Hypertrophy causes delayed
conduction in human and guinea pig myocardium: accentuation during ischaemic
perfusion. Cardiovasc Res 1994;28(1):47-54.

Cooklin M, Wallis WR, Sheridan DJ, et al. Changes in cell-to-cell electrical coupling
associated with left ventricular hypertrophy. Circ Res 1997;80(6):765-71.

MclIntyre H, Fry CH. Abnormal action potential conduction in isolated human
hypertrophied left ventricular myocardium. J Cardiovasc Electrophysiol
1997;8(8):887-94.

Peters NS, Green CR, Poole-Wilson PA, et al. Reduced content of connexin43 gap
junctions in ventricular myocardium from hypertrophied and ischemic human hearts.

Circulation 1993;88(3):864-75.



26.

27.

28.

29.

30.

31.

32.

33.

15

Goldfine SM, Walcott B, Brink PR, et al. Myocardial connexin43 expression in left
ventricular hypertrophy resulting from aortic regurgitation. Cardiovasc Pathol
1999;8(1):1-6.

Yamamoto S, James TN, Sawada K, et al. Generation of new intercellular junctions
between cardiocytes. A possible mechanism compensating for mechanical overload
in the hypertrophied human adult myocardium. Circ Res 1996;78(3):362-70.

Lorenz CH, Walker ES, Morgan VL, et al. Normal human right and left ventricular
mass, systolic function, and gender differences by cine magnetic resonance imaging.
J Cardiovasc Magn Reson 1999;1(1):7-21.

Salton CJ, Chuang ML, O'Donnell CJ, et al. Gender differences and normal left
ventricular anatomy in an adult population free of hypertension. A cardiovascular
magnetic resonance study of the Framingham Heart Study Offspring cohort. J Am
Coll Cardiol 2002;39(6):1055-60.

Hashida E, Nishi T. Constitutional and echocardiographic variability of the normal
electrocardiogram in children. J Electrocardiol 1988;21(3):231-7.

LaMonte CS, Freiman AH. The electrocardiogram after mastectomy. Circulation
1965;32(5):746-54.

Crow RS, Prineas RJ, Rautaharju P, et al. Relation between electrocardiography and
echocardiography for left ventricular mass in mild systemic hypertension (results
from Treatment of Mild Hypertension Study). Am J Cardiol 1995;75(17):1233-8.
Francois CJ, Fieno DS, Shors SM, et al. Left ventricular mass: manual and automatic
segmentation of true FISP and FLASH cine MR images in dogs and pigs. Radiology

2004;230(2):389-95.



16

FIGURE LEGENDS

Figure 1
Delineation of endocardium and epicardium on cardiac magnetic resonance short-axis images.
The left ventricular mass was delineated in both end-diastole (A) and end-systole (B) to

enable determination of left ventricular ejection fraction.

Figure 2
The relationship between LVM and (A) QRS duration and (B) the Sokolow-Lyon voltage
criterion. QRS duration showed the highest R-value and Sokolow-Lyon voltage criterion the

lowest of the ECG criteria examined.



Table 1. Study population characteristics

mean + SD
Age (yrs) 47 £ 17
20-29 n=13
30-39 n=15
40 - 49 n=13
50 - 59 n=14
60 - 69 n= 7
>70 n= 9
Sex (males/females) 36/35
Weight (kg) 74 £ 13
Height (cm) 175+9
Body surface area (m?) 1.89 +0.19
Left ventricular mass (g) 162 + 32
End-diastolic volume (ml) 140+ 31
End-systolic volume (ml) 55+ 18
Ejection fraction (%) 618




Table 2. The univariate relationships between electrocardiographic criteria and left

ventricular mass

Voltage-duration

Voltage alone product
ECG criterion R (R?) P value R (RY) P value
Sokolow-Lyon 0.25 (0.06) 0.033 0.42 (0.18) <0.001

Gubner-Ungerleider 0.32 (0.10) 0.007 0.42 (0.18) <0.001

RV5 0.36 (0.13) 0.002  0.47(0.22) <0.001
Cornell 0.49 (0.24) <0.001  0.57(0.32) <0.001
12-lead sum 0.49 (0.24) <0.001  0.59 (0.35) <0.001

QRS duration 0.59 (0.35) <0.001 - -




Table 3. Stepwise multiple linear regression analysis of electrocardiographic criteria with

demographic and anthropometric variables.

ECG criteria B-coefficient Partial R Overall R P value
Sokolow-Lyon voltage 0.53 <0.001
Age -0.32 -0.35 0.003
Height 0.60 0.45 <0.001
Weight -0.51 -0.39 0.001
Sokolow-Lyon product 0.62 <0.001
LVM 0.40 0.33 0.007
Age -0.24 -0.28 0.021
Height 0.51 0.39 0.001
Weight -0.55 -0.42 <0.001
Gubner-Ungerleider voltage 0.45 <0.001
LVM 0.39 0.39 0.001
Age 0.32 0.33 0.005
Gubner-Ungerleider product 0.50 <0.001
LVM 0.48 0.48 <0.001
Age 0.29 0.31 0.008
RV5 voltage 0.51 <0.001
LVM 0.43 0.33 0.006
Height 0.42 0.30 0.012
Weight -0.52 -0.36 0.002
RV5 product 0.47 <0.001
LVM 0.47 <0.001
Cornell voltage 0.49 <0.001
LVM 0.49 <0.001
Cornell product 0.57 <0.001
LVM 0.57 <0.001
12-lead sum voltage 0.63 <0.001
LVM 0.69 0.54 <0.001
Age -0.27 -0.32 0.008
Weight -0.38 -0.34 0.004
12-lead sum product 0.66 <0.001
LVM 0.74 0.58 <0.001
Age -0.20 -0.25 0.036
Weight -0.30 -0.28 0.018
QRS duration 0.62 <0.001
LVM 0.40 0.36 0.002
Height 0.28 0.25 0.034




Table 4. Sex differences (mean + SD).

Males Females P value

Age (yrs) 46 + 16 47 £ 17 0.75

Weight (kg) 81+9 67 £ 13 <0.001
Height (cm) 181+ 6 169 *+ 6 <0.001
BSA (m°) 201+0.13 1.76+0.17 <0.001
LVM (g) 186 £ 21 138 + 23 <0.001
QRS duration (ms) 96+ 9 856 <0.001
12-lead sum of voltages (mV) 16.8+ 3.6 14.0+ 28 0.001
12-lead sum product 1630 £ 446 1193 + 257 <0.001
RV5 (mV) 1.8+£05 14+04 0.002
RV5 product 127 = 57 122+ 34 <0.001
Sokolow-Lyon voltage 27x0.7 24+0.6 0.13

Sokolow-Lyon product 258+ 74 207 £ 53 0.001
Cornell voltage 15+05 0.9%+0.3 <0.001
Cornell product 144 + 52 80 29 <0.001
Gubner-Ungerleider voltage 1.0+x0.2 08*05 0.02

Gubner-Ungerleider product 95 =+ 47 65+ 21 0.001
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