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ABSTRACT

Purpose. Evaluation of different electrocardiographic criteria for left ventricular hypertrophy

(ECG–LVH criteria) using left ventricular mass index (LVMI) determined by magnetic

resonance imaging (MRI). In addition, the relation between LVMI regression after aortic

valve replacement and corresponding ECG changes regarding LVH was studied. Methods.

A group of 31 patients with severe aortic valve disease was studied to assess the presence of

ECG–LVH and to measure LVMI and LV end-diastolic volume index (LVEDVI); 13 patients

were restudied at 9.8 ^ 2.7 months after aortic valve replacement. Results. Three criteria

had a sensitivity of 100% (SV1 þ RV5 or RV6 . 3.0 mV; SV1 or SV2 þ RV5 $ 3.5 mV; SV1

or SV2 þ RV5 or RV6 . 3.5 mV), at the cost of specificity (50%, 44.4% and 44.4%,

respectively). The R in I . 1:4 mV had a specificity of 100%, at the cost of both sensitivity

and accuracy (13.6% and 54.5%, respectively). The Romhilt-Estes point score system, using

$4 points as cut-off value for LVH, provided the overall best accuracy of 79.5%. The number

of Romhilt-Estes points also showed the best correlation with LVMI, both before and after

aortic valve replacement (r ¼ 0:81 and r ¼ 0:67; respectively). Conclusions. Substantial

differences in sensitivity, specificity, accuracy, and correlation with LVMI were found among

several ECG–LVH criteria. No single criterion performed optimally since the highest

sensitivity, specificity, accuracy, and correlation with LVMI were found with different

criteria. The present study may therefore contribute to a more targeted use of the existing

ECG–LVH criteria.
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INTRODUCTION

Left ventricular hypertrophy (LVH) is a well-known

risk factor for cardiovascular morbidity and mortality

(Kannel, 1983; 1991; Koren et al., 1991; Levy et al.,

1990a). Detection of LVH is important since treatment of

its cause may result in LVH regression and improve

prognosis (Devereux et al., 1996; Kahn et al., 1996; Levy

et al., 1994; Muiesan et al., 1995). In patients with aortic

regurgitation, electrocardiographically diagnosed LVH

and the presence of a “strain” repolarization pattern

(Devereux and Reichek, 1982; Huwez et al., 1992;

Pringle et al., 1989) is associated with depressed left

ventricular (LV) function (Roman et al., 1987;

Scognamiglio et al., 1988). Regression of electrocardio-

graphic signs of LVH (ECG–LVH) also reduces the

cardiovascular event risk and improves prognosis (Kahn

et al., 1996; Levy et al., 1994). However, the definition of

ECG–LVH is ill defined since many different ECG–

LVH criteria have been reported in the literature

(Braunwald, 2001; Casale et al., 1985; Chou, 1991;

Dijkstra et al., 2000; Norman and Levy, 1995; Romhilt

and Estes, 1968; Sokolow and Lyon, 1949; Wayne

Alexander et al., 1997). Until now, there is no consensus

about which criteria should be used in daily practice

(Dijkstra et al., 2000). In general, most ECG–LVH

criteria lack sensitivity, ranging from 11 to 56% (Chou,

1991; Levy et al., 1990b; Reichek and Devereux, 1981;

Woythaler et al., 1983). The specificity, however, is

usually quite high, with values reported up to 97%

(Chou, 1991; Levy et al., 1990b; Reichek and Devereux,

1981; Woythaler et al., 1983). Most ECG–LVH studies

rely on M-mode or 2D echocardiography as reference

standard for measurement of LV mass. Recent studies

have demonstrated that magnetic resonance imaging

(MRI) is a more accurate and reproducible tool to

quantify LV mass, particularly in distorted left ventricles,

because no geometric assumptions are made (Shapiro,

1994). MRI should therefore be considered the present

reference standard for noninvasive quantification of LV

mass and dimensions (Allison et al., 1993; Bottini et al.,

1995; Collins et al., 1989; Friedman et al., 1985; Gardin,

1999; Germain et al., 1992; Missouris et al., 1996;

Shapiro, 1994).

The purpose of the present study was to assess the

sensitivity, specificity, and accuracy of several well-

established and less well-known ECG–LVH criteria,

using MRI as reference standard for measurement of left

ventricular mass index (LVMI). Furthermore, the

correlation between LV weight and size [LVMI and

left ventricular end-diastolic index (LVEDVI)] and each

ECG–LVH criterion was determined. Finally, we

studied the correlation between changes of LVMI and

LVEDVI due to aortic valve replacement, and con-

comitant ECG changes, to evaluate which ECG–LVH

criterion performs best in monitoring LVH regression.

METHODS

Patient Population

The patient population consisted of 31 patients (23

men, eight women) with severe aortic valve disease [20

aortic valve stenosis (measured invasively, peak-to-peak

gradients), 11 aortic regurgitation] who were studied

with a standard 12-lead ECG and by MRI. A subgroup of

13 patients (10 men, 3 women; 10 aortic valve stenosis, 3

aortic regurgitation) was restudied at 9.7 ^ 2.8 months

after aortic valve replacement. The patient characteristics

are summarized in Table 1. At baseline there were no

statistically significant differences between the group of

31 patients and the subgroup of 13 patients with follow-

up. The research protocol was approved by the hospital’s

Human Research Committee. All subjects gave informed

consent prior to investigation.

ECG–LVH Criteria

Several cardiology text books and ECG text books

were used to select 22 well-known and less well-known

ECG–LVH criteria (Braunwald, 2001; Casale et al.,

1985; Chou, 1991; Dijkstra et al., 2000; Norman and

Levy, 1995; Romhilt and Estes, 1968; Sokolow and

Lyon, 1949; Wayne Alexander et al., 1997). Although

many other ECG–LVH criteria exist, the selection used

in the present study contains most of the criteria used in

recent studies and daily practice (Dijkstra et al., 2000).

The ECG–LVH criteria tested in the present study are

listed in Table 2. All electrocardiograms were manually

evaluated by two experienced cardiologists.

Assessment of the Left Ventricle by MRI

MRI was performed on a 1.5 Tesla ACS-NT15

system (Philips Medical Systems; Best, The Nether-

lands) using prospective electrocardiographic gating.

The imaging protocol was similar as reported previously

(Lamb et al., 1996). Briefly, a stack of short-axis images

consisting of 10–12 slices with a thickness of 8 mm and

an intersection gap of 1–2 mm (depending on heart size)

were acquired using breath hold multi-shot echo planar
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imaging. Images encompassed the entire left ventricle.

Normal values for LVMI, LVEDVI, and the cut-off point

for LVH in the present study were based on an MRI study

in healthy adults by Lorenz et al. (1999). In the present

study LVMI values above the reported upper limit of the

95% confidence interval (.113 g/m2 for males

and . 95 g/m2 for females) were considered to represent

LVH (Lorenz et al., 1999). The normal values for

LVEDVI were 69 ^ 11 ml/m2 (95% confidence interval:

47–92 ml/m2) for males and 61 ^ 10 ml/m2 (95%

confidence interval: 41–81 ml/m2) for females (Lorenz

et al., 1999).

Statistical Methods

Quality assessment of the different ECG–LVH

criteria was performed by measurement of the sensi-

tivity, specificity, and accuracy of each criterion for

detection of LVH as diagnosed with MRI. Additionally,

the correlation between ECG–LVH criteria and LVMI

and LVEDVI was determined using all 44 patient-MRI

studies (31 before aortic valve replacement, 13 after

aortic valve replacement) and the corresponding electro-

cardiograms. The accuracy was assessed by calculating

the percentage of correct diagnoses: “LVH” or “no

LVH” for each ECG–LVH criterion, using the patient-

MRI studies as gold standard.

At follow-up, the correlation between ECG changes

and changes in LVMI and LVEDVI due to aortic valve

Table 2. ECG–LVH criteria.

Romhilt-Estes point score system ($4 points; $5 points),

Romhilt and Estes (1968)

SV1 þ RV5 or RV6 . 3.5 mV (Sokolow-Lyon voltage),

Sokolow and Lyon (1949)

SV1 þ RV5 or RV6 . 3.0 mV

SV1 or SV2 þ RV5 $ 3.5 mV

SV1 or SV2 þ RV5 or RV6 . 3.5 mV

SV1 þ RV5 . 3.0 mV

SV2 þ RV5 . 3.5 mV

SV2 þ RV4 or RV5 . 3.5 mV

RaVL þ SV3 . 2.8 mV (male) . 2.0 mV (female) (Cornell

voltage), Norman and Levy (1995)

Rmax þ Smax . 4.0 mV (sum of tallest R and tallest S in

V1 – 6 . 4.0 mV)

Rmax þ Smax . 4.5 mV (sum of tallest R and tallest S in

V1 – 6 . 4.5 mV)

RSmax . 3.5 mV (sum of R and S from tallest RS in

V1–6 . 3:5 mV)

Total QRS deflection . 17.5 mV (sum of all QRS voltages

in 12 leads . 17.5 mV)

RV5 or RV6 . 2.6 mV

RV5 . 2.6 mV

RV6 . 2.0 mV

RI . 1.4 mV

RI þ SIII . 2.5 mV (Gubner-Ungerleider voltage)

ðRI � RIIIÞ þ ðSIII � SIÞ $ þ17 (Lewis voltage)

RaVL . 7.5 mV

RaVL . 1.1 mV

“Strain pattern” ($1 mV ST depression and asymmetric

T-wave inversion)

Table 1. Patient characteristics.

All patients

pre AVR ðn ¼ 31Þ

With follow-up

pre AVR ðn ¼ 13Þ

With follow-up

post AVR ðn ¼ 13Þ

Age (years) 61.9 (10.7) 57.9 (12.7) 58.8 (12.5)

Systolic BP (mmHg) 121.4 (25.6) 123.6 (22.2) 126.4 (13.2)

Diastolic BP (mmHg) 67.6 (9.9) 66.4 (6.3) 72.2 (8.2)a

Aortic valve gradient (mmHg) 61.8 (32.6) 61.5 (34.0) N.D.

Aortic regurgitation grade 1.9 (1.5) 2.0 (1.5) N.D.

MR characteristics

LVMI (g/m2) all 129.7 (34.2) 126.3 (26.4) 92.8 (27.2)a

LVMI (g/m2) men 139.4 (32.9) (n ¼ 23) 134.7 (22.1) (n ¼ 10) 101.4 (25.1)a

LVMI (g/m2) women 101.8 (20.0) (n ¼ 8) 98.3 (21.3) (n ¼ 3) 63.9 (1.0)

LVEDVI (ml/m2) all 100.5 (35.4) 103.2 (35.6) 76.3 (15.7)a

LVEDVI (ml/m2) men 108.3 (37.6) (n ¼ 23) 110.3 (37.6) (n ¼ 10) 79.2 (16.4)a

LVEDVI (ml/m2) women 78.1 (12.5) (n ¼ 8) 79.5 (12.7) (n ¼ 3) 66.8 (9.8)

LVMI/LVEDVI (g/ml) 1.34 (0.25) 1.28 (0.22) 1.21 (0.20)

AVR: aortic valve replacement; ND: not done; BP: blood pressure; LVMI: left ventricular mass index; LVEDVI: left ventricular end-

diastolic volume index.
a p , 0:01 (paired two-tailed Student’s t-test, pre AVR vs. post AVR).
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replacement was determined from 26 patient-MRI

studies (13 before aortic valve replacement, 13 after

aortic valve replacement) and the corresponding electro-

cardiograms. Paired two-tailed Student’s t-tests were

used to compare pre- and postoperative data. Corre-

lations were determined using linear regression analysis.

A probability (p) value of less than 0.05 was considered

statistically significant.

RESULTS

ECG–LVH Criteria Before Aortic

Valve Replacement

The sensitivity, specificity, and accuracy of the

different ECG– LVH criteria before aortic valve

replacement are displayed in ranked order in

Table 3A–C. There were four criteria with a sensitivity

$90%: SV1 þ RV5 or RV6 . 3:0 mV; SV1 or SV2 þ

RV5 $ 3:5 mV; SV1 or SV2 þ RV5 or RV6 . 3:5 mV

and SV1 þ RV5 . 3:0 mV: There were four criteria with

a specificity $90%: RI . 1:4 mV; the Romhilt-Estes

point score $5 points; RI þ SIII . 2:5 mV; and

RaVL . 1:1 mV: Finally there were four criteria with

an accuracy $75%: Romhilt-Estes point score $4

points; SV1 þ RV5 or RV6 . 3:5 mV; SV1 þ RV5 or

RV6 . 3:0 mV; and SV1 or SV2 þ RV5 $ 3:5 mV:
The tested ECG–LVH criteria differed widely as to

sensitivity, specificity, and accuracy for LVH detection.

As can be seen in Table 3A–C, some of these differences

resulted from different cut-off values for LVH, like the

Romhilt-Estes point score ($4 points: probable LVH

and $5 points: definite LVH) and SV1 þ RV5 or RV6 .

3:5 mV (Sokolow-Lyon) compared to SV1 þ RV5 or

RV6 . 3:0 mV: The Romhilt-Estes point score, using

$4 points as cut-off value, provided the overall best

accuracy of 79.5%, compared with 70.5% if a cut-off

value for LVH of $5 points was used. If $4 points was

used as a cut-off value for LVH, the sensitivity and

specificity were 77.3% and 77.8% respectively, com-

pared with 45.5% and 94.4% respectively, using a cut-off

value $5 points.

The correlation between different ECG–LVH

criteria and LV weight and size is displayed in Table 4.

There were four ECG–LVH criteria with a correlation

with LVMI $ 0:7 : Romhilt-Estes point score; SV1 þ

RV5; SV1 þ RV5 or RV6, and SV1 or SV2 þ RV5: Three

ECG – LVH criteria had a correlation with

LVEDVI $ 0.7: SV1 or SV2 þ RV5 or RV6; SV1 þ

RV5 or RV6, and RaVL þ SV3: Most ECG–LVH criteria

correlated about equally well with LVMI and LVEDVI.

ECG–LVH Criteria After Aortic

Valve Replacement

At follow-up, the electrocardiograms had changed

markedly and showed lower voltages in most leads. For

example the combined deflection of Rmax þ Smax of each

patient, before and after aortic valve replacement, is

shown in Fig. 1A. Left ventricular mass index and

LVEDVI also decreased significantly in the group with

follow-up (Table 1). The individual changes in LVMI

after aortic valve replacement are shown in Fig. 1B. The

LVMI decreased markedly in 12 out of 13 patients. The

changes in LVMI after aortic valve replacement

correlated well with the corresponding changes in

several, but not all, ECG–LVH criteria (Table 5). Of

all criteria, the changes in number of points according to

the Romhilt-Estes point score system showed the best

correlation with DLVMI (r ¼ 0:67; P , 0:05; Table 5).

Other criteria, like the R wave in lead I and the R wave in

aVL, showed a poor correlation between ECG changes

after aortic valve replacement and DLVMI (r ¼ 20:02;
and r ¼ 20:11; respectively). Some ECG–LVH criteria

like RI þ SIII showed a poor correlation between DECG

and DLVMI ðr ¼ 20:17Þ but a much better correlation

between DECG and DLVEDVI (r ¼ 0:65; p , 0:05;

Table 5).

DISCUSSION

The aim of the present study was to assess the value

of different ECG–LVH criteria by comparing their

sensitivity, specificity, and accuracy in detecting LVH,

using MRI as reference standard for measurement of

LVMI. A second objective was to assess the correlation

between ECG–LVH and both LVMI and LVEDVI.

Finally, we wanted to assess the correlation between

ECG changes following aortic valve replacement and

corresponding changes in LVMI and LVEDVI.

Sensitivity and Specificity of ECG–LVH Criteria

In general, ECG – LVH criteria with a high

sensitivity lacked high specificity and vice versa. The

ECG–LVH criteria based on extremity leads generally

showed a higher specificity and poorer sensitivity

compared with ECG–LVH criteria based on chest

leads. Moreover, the present study shows that ECG–

LVH criteria with a high sensitivity are more accurate

and correlate better with LVMI than ECG–LVH criteria

with a high specificity (Tables 3A–C and 4A).
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The cut-off point for LVH within the same ECG criterion

also strongly influences sensitivity, specificity, and

accuracy. In case of the Romhilt-Estes point score

system, only 45% of the patients with MRI-LVH reached

the cut-off value of $5 points, which is necessary for the

diagnosis definite LVH, whereas 77% of the patients

with MRI-LVH reached the cut-off value of $4 points,

indicating that the cut-off value of $5 points is rather

strict and therefore produces a larger number of false-

negative results.

Accuracy of ECG–LVH Criteria

Accuracy might be considered the most useful

parameter to assess the quality of an ECG–LVH

parameter since it represents the percentage of correct

diagnoses (“LVH” and “no LVH”) and contains

information about false-positive as well as false-negative

results. Some well-known ECG–LVH criteria, like the

Romhilt-Estes point score ($4 points: “probable LVH”)

and SV1 þ RV5 or RV6 . 3:5 mV (Sokolow-Lyon) had

a good accuracy. However, the accuracy of several

ECG–LVH criteria is rather poor, largely due to the low

sensitivity of these criteria. Since for some ECG–LVH

criteria the accuracy barely exceeds the 50% a priori

chance of choosing correctly between LVH or no LVH,

the practical use of these criteria is at least questionable.

Correlation with LVMI and LVEDVI

The present study also demonstrated that most

ECG–LVH criteria correlated similarly well with LVMI

Table 3. Sensitivity, specificity, and accuracy of different ECG–LVH criteria.

3A: Sensitivity % 3B: Specificity % 3C: Accuracy %

SV1 þ RV5 or RV6 . 3.0 mV 100.0 RI . 1.4 mV 100.0 Romhilt-Estes $4 points 79.5

SV1 or SV2 þ RV5 $ 3.5 mV 100.0 Romhilt-Estes $ 5 points 94.4 SV1 þ RV5 or RV6 . 3.5 mV 77.3

SV1 or SV2 þ RV5 or

RV6 . 3.5 mV

100.0 RI þ SIII . 2.5 mV 94.4 SV1 þ RV5 or RV6 . 3.0 mV 75.0

SV1 þ RV5 . 3.0 mV 95.5 RaVL . 1.1 mV 94.4 SV1 or SV2 þ RV5 $ 3.5 mV 75.0

Rmax þ Smax . 4.0 mV 86.4 RaVL þ SV3 . 28 (male) . 20

(female)

88.9 Rmax þ Smax . 4.0 mV 72.7

Total QRS deflection . 17.5 mV 86.4 RV5 . 2.6 mV 88.9 SV1 or SV2 þ RV5 or

RV6 . 3.5 mV

72.7

SV1 þ RV5 or RV6 . 3.5 mV 81.8 RV6 . 2.0 mV 88.9 SV1 þ RV5 . 3.0 mV 72.7

Romhilt-Estes $ 4 points 77.3 RV5 or RV6 . 2.6 mV 88.9 “Strain pattern” 72.7

SV2 þ RV5 . 3.5 mV 77.3 (RI 2 RIII)

þ (SIII 2 SI) $ þ 17

88.9 Rmax þ Smax . 4.5 mV 70.5

SV2 þ RV4 or RV5 . 3.5 mV 77.3 RaVL . 7.5 mV 83.3 Romhilt-Estes $ 5 points 70.5

“Strain pattern” 72.7 Romhilt-Estes $ 4 points 77.8 SV2 þ RV5 . 3.5 mV 68.2

Rmax þ Smax . 4.5 mV 68.2 Rmax þ Smax . 4.5 mV 72.2 RV6 . 2.0 mV 68.2

RSmax . 3.5 mV 59.1 RSmax . 3.5 mV 72.2 RSmax . 3.5 mV 65.9

RV6 . 2.0 mV 50.0 SV1 þ RV5 or RV6 . 3.5 mV 72.2 Total QRS deflection . 17.5 mV 65.9

Romhilt-Estes $ 5 points 45.5 “Strain pattern” 66.7 SV2 þ RV4 or RV5 . 3.5 mV 65.9

RaVL . 7.5 mV 40.9 Rmax þ Smax . 4.0 mV 55.6 RaVL . 7.5 mV 63.6

RV5 . 2.6 mV 31.8 SV2 þ RV5 . 3.5 mV 55.6 (RI 2 RIII)

þ (SIII 2 SI) $ þ 17

61.4

RV5 or RV6 . 2.6 mV 31.8 SV1 þ RV5 or RV6 . 3.0 mV 50.0 RaVL þ SV3 . 28 (male) . 20

(female)

59.1

(RI 2 RIII)

þ (SIII 2 SI) $ þ 17

31.8 SV1 þ RV5 . 3.0 mV 50.0 RV5 . 2.6 mV 59.1

RaVL þ SV3 . 28 (male) . 20

(female)

27.3 SV2 þ RV4 or RV5 . 3.5 mV 50.0 RV5 or RV6 . 2.6 mV 59.1

RaVL . 1.1 mV 22.7 SV1 or SV2 þ RV5 $ 3.5 mV 44.4 RI þ SIII . 2.5 mV 59.1

RI þ SIII . 2.5 mV 18.2 SV1 or SV2 þ RV5 or

RV6 . 3.5 mV

44.4 RaVL . 1.1 mV 56.8

RI . 1.4 mV 13.6 Total QRS deflection . 17.5 mV 33.3 RI . 1.4 mV 54.5
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and LVEDVI, suggesting that LV wall mass and LV

cavity size are both responsible for the ECG character-

istics typical for “LVH” (Tables 4 and 5). Several ECG–

LVH criteria correlated well with LVMI, whereas other

criteria showed a better correlation with LVEDVI,

indicating that some criteria are expected to perform well

in patients with increased LV wall thickness, while other

criteria may perform better in patients with a dilated left

ventricle.

Correlation with LVMI and LVEDVI After

Aortic Valve Replacement

Since other techniques such as 2D echocardiography

and MRI are far more sensitive and accurate instruments

to determine LV mass, and since the day-to-day

variability of ECG voltages is high, the ECG has not

been used to a great extent to quantify LVH regression

following treatment (Allison et al., 1993; Bottini et al.,

1995; Collins et al., 1989; Farb et al., 1990; Friedman

et al., 1985; Gardin, 1999; Germain et al., 1992; Lamb

et al., 1996; Lorenz et al., 1999; de Vries et al., 1996;

Zhou et al., 1993). Most studies related to this subject

have been performed before echocardiography became

widely available, and describe ECG changes following

treatment of hypertension (Helmcke et al., 1957).

However, from a theoretical point of view, we found it

interesting to investigate whether ECG changes after

aortic valve replacement correlated significantly to the

observed changes in LVMI and LVEDVI.

After aortic valve replacement the deflection in most

ECG leads decreased, reflected by a substantial DECG–

LVH for most ECG – LVH criteria. The LVMI

and LVEDVI also decreased markedly in most patients,

and LVMI became normal in all but one patient

according to the cut-off values for men and women

reported by Lorenz et al. (1999). However, the

correlations between DECG–LVH and DLVMI or

DLVEDVI differed widely among the tested ECG–

LVH criteria (Table 5). Some ECG–LVH criteria

correlated well with LVMI before aortic valve replace-

ment, but performed less well after aortic valve

replacement. For example, SV1 þ RV5; before aortic

valve replacement correlated well with LVMI ðr ¼ 0:72Þ;
whereas after aortic valve replacement the correlation of

DSV1 þ RV5 with DLVMI was only 0.38. A possible

explanation for this finding is that muscular LVH

regression proceeds at a different speed as ECG

normalization. Another explanation is the small amount

of subjects with follow-up. However, other criteria like

the Romhilt-Estes point score system (before aortic valve

replacement r ¼ 0:79; after aortic valve replacement

r ¼ 0:67) and SV2 þ RV4 or RV5 (before aortic valve

replacement r ¼ 0:63; after aortic valve replacement

r ¼ 0:65) correlated well with LVMI both before and

Table 4. Correlation between ECG–LVH criteria and LVMI and LVEDVI.

4A: Correlation with LVMI r 4B: Correlation with LVEDVI r

Romhilt-Estes point score 0.79a SV1 or SV2 þ RV5 or RV6 0.70a

SV1 þ RV5 0.72a SV1 þ RV5 or RV6 0.70a

SV1 þ RV5 or RV6 0.71a RaVL þ SV3 0.70a

SV1 or SV2 þ RV5 0.70a Total QRS deflection 0.69a

SV1 or SV2 þ RV5 or RV6 0.69a SV1 or SV2 þ RV5 0.69a

Total QRS deflection 0.69a Romhilt-Estes point score 0.68a

Rmax þ Smax 0.68a SV1 þ RV5 0.68a

SV2 þ RV5 0.66a Rmax þ Smax 0.66a

SV2 þ RV4 or RV5 0.63a SV2 þ RV5 0.64a

RaVL þ SV3 0.62a SV2 þ RV4 or RV5 0.59a

RV5 0.59a RV6 0.58a

RV5 or RV6 0.59a RV5 or RV6 0.56a

“Strain pattern” 0.56a RV5 0.51a

RSmax 0.54a RI 0.50a

RV6 0.53a RSmax 0.49a

RI 0.41b RI þ SIII 0.48b

RI þ SIII 0.36b RaVL 0.43b

RaVL 0.34b “Strain pattern” 0.41b

(RI 2 RIII) þ (SIII 2 SI) 0.28 (RI 2 RIII) þ (SIII 2 SI) 0.40b

ap , 0.001; bp , 0.05.
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after aortic valve replacement, indicating that these

criteria could particularly be useful when the ECG is

used to monitor LVH regression (Table 4A and 5A).

Confirmation of these findings in a larger group of

subjects is needed.

The correlation between DECG – LVH and

DLVEDVI was quite good in RI þ SIII and in ðRI �

RIIIÞ þ ðSIII � SIÞ (r ¼ 0:65 and r ¼ 0:62; respectively),

whereas before surgery other ECG–LVH criteria like

SV1 þ RV5 or RV6 ðr ¼ 0:70Þ correlated better with

LVEDVI. An unexpected finding was that ECG–LVH

criteria that correlated well with LVEDVI before aortic

valve replacement differ from the ECG–LVH criteria

that correlated well with LVEDVI after surgery. The

relevance of investigating the correlation between ECG–

LVH and LVEDVI was demonstrated by Badano et al.,

who found a relation among ECG strain pattern,

increased LVEDV, and impaired systolic function in

patients with aortic regurgitation (Badano et al., 1994).

Furthermore, in patients with coronary artery disease,

Figure 1. A. Graphic representation of the sum of tallest R wave and tallest S wave in V1 – 6 (Rmax þ Smax) before and after aortic

valve replacement (AVR). Note the consistent and significant decrease of the Rmax þ Smax deflection in all patients. B. Graphic

representation of the changes in left ventricular mass index (LVMI) after aortic valve replacement (AVR).
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Heupler et al. demonstrated a stronger correlation

between ischemia and LVEDV than between ischemia

and LV wall thickness (Heupler et al., 1997).

The Optimal Criterion for ECG–LVH

An internationally accepted consensus for the use of

ECG–LVH criteria is difficult to reach, since there is no

criterion that is optimal for each patient or population.

The definition of good-quality and poor-quality

ECG–LVH criteria is partly based on the objective of

the investigator and the characteristics of the study

population. For example, when screening a population

for the presence of LVH, good sensitivity is more

important than high specificity or accuracy. However,

when deciding on medical treatment of LVH, specificity

and accuracy may be more important, thus implying the

use of other ECG–LVH criteria in both cases, since high

sensitivity, high specificity, and high accuracy are found

with different criteria. Since the introduction of

echocardiography and MRI, ECG–LVH has gradually

moved towards functioning as a screening instrument for

LVH, which makes good sensitivity more important than

excellent specificity. Furthermore, it must be stated that

the population in the present study represents a special

group, as prior to aortic valve replacement most patients

had moderate or severe LVH. Other ECG–LVH studies

focused on patients with hypertension, usually with only

modest LVH (de Vries et al., 1996; Zhou et al., 1993).

Criteria that lack sensitivity will perform poorly if

patients have modest LVH only. This may explain the

finding that an ECG–LVH criterion that performed well

in the present study, such as the Romhilt-Estes point

score system, performed less well in other studies

(Reichek and Devereux, 1981; de Vries et al., 1996).

The finding that changes in calculated value of

several ECG–LVH criteria significantly correlated with

DLVMI may result from the relatively large decrease in

LVMI after aortic valve replacement, as compared to the

more modest changes in LVMI following treatment of

patients with hypertension (de Vries et al., 1996; Zhou

et al., 1993).

Limitations

Changes in whole body impedance (after thora-

cotomy) may have influenced the ECG pattern, and may

have potentially influenced results. The current study

focused on the evaluation of LVH in patients with aortic

Table 5. Correlation between ECG changes and changes in LVMI and LVEDVI.

5A: Correlation with DLVMI r 5B: Correlation with DLVEDVI r

Romhilt-Estes point score 0.67a RI þ SIII 0.65a

SV2 þ RV4 or RV5 0.65a (RI 2 RIII) þ (SIII 2 SI) 0.62a

RSmax 0.63a RI 0.41

Rmax þ Smax 0.60a RV6 0.40

SV2 þ RV5 0.58a RaVL 0.38

RV5 or RV6 0.57b RaVL þ SV3 0.37

Total QRS deflection 0.55b Total QRS deflection 0.23

SV1 or SV2 þ RV5 0.51 SV1 or SV2 þ RV5 or RV6 0.20

SV1 or SV2 þ RV5 or RV6 0.49 SV1 þ RV5 or RV6 0.11

RV5 0.46 SV1 or SV2 þ RV5 0.09

“Strain pattern” 0.44 SV2 þ RV5 20.01

SV1 þ RV5 or RV6 0.39 SV1 þ RV5 20.03

SV1 þ RV5 0.38 Rmax þ Smax 20.03

RaVL þ SV3 0.34 SV2 SV2 þ RV4 or RV5 20.06

RV6 0.32 RSmax 20.08

RI 20.02 Romhilt-Estes point score 20.10

RaVL 20.11 “Strain pattern” 20.12

RI þ SIII 20.17 RV5 or RV6 20.16

(RI 2 RIII) þ (SIII 2 SI) 20.23 RV5 20.40

ap , 0.05; bp ¼ 0.05.
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valve disease, and extrapolation of the results to other

patient groups is difficult.

CONCLUSIONS

In patients with moderate to severe LVH due to

aortic valve disease, a large number of ECG criteria for

LVH showed substantial differences in sensitivity,

specificity, accuracy, and correlation with LVMI. Most

ECG–LVH criteria correlated about equally well with

LVEDVI, suggesting that LV volume and mass both

contribute to the ECG characteristics typical for LVH.

The ideal ECG–LVH criterion is not available since the

highest sensitivity, specificity, accuracy, and correlation

with LVMI are not found in a single criterion. The

Romhilt-Estes point score system showed the highest

accuracy and best correlation with LVMI, both before

aortic valve replacement and following LVH regression.

Therefore, the results shown in the present study may

contribute to a more targeted use of the ECG–LVH

criteria, depending on whether high sensitivity, speci-

ficity, accuracy, or good correlation with LVMI is

desired.
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