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Abstract

Introduction—Outcome of cardiac resynchronization therapy is severely worsened by 

myocardial scar at the left ventricular (LV) pacing site. We aimed to describe the diagnostic 

performance of electrocardiographic (ECG) criteria based on the Selvester QRS scoring system, 

first in localizing myocardial scar and second in screening for any non-septal scar in patients with 

strictly defined LBBB.

Methods and Results—In 39 cardiomyopathy patients with LBBB, 17 with scar, 22 without 

scar, late gadolinium-enhancement cardiac magnetic resonance images (CMR-LGE) and 12-lead 

ECGs were analyzed for scar presence in 5 LV wall segments. The ECG criteria with the best 

diagnostic performance in detecting scar in each segment and in the four non-septal segments 

together were identified. Criteria for detecting non-septal scar had 75% (95% CI: 51%–90%) 

sensitivity, 95% (78%–99%) specificity, 92% (67%–99%) positive predictive value and 84% 

(65%–94%) negative predictive value. For each individual wall segment, 40%–60% sensitivities 

and 77%–100% specificities were found.
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Conclusions—The 12-lead ECG can convey information about scar presence and location in 

this population of cardiomyopathy patients with LBBB. ECG screening criteria for scar in 

potential CRT LV pacing sites were identified. Further exploration is required to determine the 

clinical utility of the 12-lead ECG in combination with other imaging modalities to screen for scar 

in potential LV pacing sites in CRT candidates.
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Introduction

Cardiac resynchronization therapy (CRT) has been shown to reduce heart failure morbidity 

and mortality in populations with left ventricular ejection fraction (LVEF) ≤ 35% and 

prolonged QRS duration.1–4 However, many patients do not benefit from CRT. Several 

studies have shown that presence of left bundle branch block (LBBB) is an important 

predictor of CRT efficacy.4–6 Furthermore, recently proposed strict LBBB criteria7 have 

been found to be a stronger predictor of CRT outcome than the classic LBBB criteria.8 In 

addition, it is recognized that the distribution of myocardial scar is important when selecting 

a left ventricular (LV) pacing site.9–13 Scar at the LV pacing site has been shown to 

adversely affect clinical outcome.14,15 Several studies have found that most (82%–84%) 

CRT LV leads are placed in the lateral wall,11,16,17 and that the remainder are distributed 

among the apical, anterior and inferior wall segments. Therefore it is important to screen for 

any non-septal scar in candidates for CRT. Thus, an inexpensive and clinically widely 

available method of screening for and localizing scar could potentially improve patient 

selection.

Myocardial scar can be assessed by the surface 12-lead electrocardiogram (ECG) using the 

Selvester QRS scoring system.18 This system translates the morphology of the QRS 

complex into information about myocardial scar presence, size and location.18 The accuracy 

of the score has been previously validated in patients without conduction abnormalities by 

comparison with post-mortem pathology analysis.19–26 The development and physiological 

background of the Selvester QRS score has been summarized in a recent review article.18

Conduction abnormalities such as LBBB have been traditionally believed to obscure ECG 

signs of infarction.27 However, modified versions of the QRS score have recently been 

shown to accurately quantify scar determined by cardiac magnetic resonance imaging with 

late gadolinium enhancement (CMR-LGE) in patients with conduction abnormalities, 

including LBBB,29 and to predict response to CRT.29 Further, each criterion in the LBBB 

version of the QRS score is assigned to one of five LV wall segments in a five-segment LV 

subdivision model.30 However, the diagnostic performance of the Selvester QRS score to 

localize myocardial scar to specific LV wall segments in the presence of LBBB has not been 

determined.
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Study aim

In this study, we aimed to assess the diagnostic performance of the LBBB Selvester QRS 

score criteria in correctly localizing scar presence in each of the five segments of the LV, as 

well as in screening for scar in any of the non-septal segments. The performance was 

determined by identifying the LBBB Selvester QRS score ECG criteria that attain the 

optimal combination of sensitivity and specificity in individually localizing septal, anterior, 

lateral, inferior, apical and any non-septal scar, when using CMR-LGE as the gold standard.

Methods

Patients

This study was an analysis of all LBBB patients enrolled in the CMR imaging arm of the 

PROSE-ICD (Prospective Observational Study of Implantable Cardioverter 

Defibrillator).31–33 Enrollment occurred between November 2003 and December 2010. 

Details of the inclusion and exclusion criteria were previously published.33 Patients with 

LVEF ≤ 35% scheduled for primary prevention ICD placement according to clinical 

indications underwent CMR and 12-lead ECG prior to device placement. Among the 235 

enrolled patients, we identified 45 with LBBB using recently proposed strict LBBB criteria.7 

Two of these were excluded due to insufficient ECG recording quality for accurate QRS 

scoring. One was excluded due to incomplete CMR image coverage of the LV. Three more 

were excluded due to having CMR-detectable amount of myocardial scar between 1% and 

2% as explained below in the CMR analysis section. Analysis was performed on the 

remaining 39 patients.

Both chronic ischemic and non-ischemic cardiomyopathy patients were included. Patients 

were categorized as having either an ischemic or non-ischemic etiology based on coronary 

angiographic and prior history of infarction or revascularization.33 Patients gave written 

consent and the study protocol was approved by the Johns Hopkins Institutional Review 

Board, the Duke Institutional Review Board and FDA Research in Human Subjects 

Committee.

ECG acquisition and analysis

ECGs were obtained using a GE Marquette system. Analysis was performed by two 

independent observers. Disagreements were adjudicated to reach consensus. First, analysis 

for the presence of LBBB was performed using criteria proposed by Strauss et al.7: “V1 

terminal negative deflection (rS or Q wave), QRS duration ≥ 140 ms for men (≥ 130 ms for 

women) and mid-QRS (after 40 ms) notching/slurring/slowing in ≥ 2 of leads V1, V2, V5, 

V6, 1 or aVL.” Patients who did not fulfill these strict LBBB criteria were excluded (n = 

190).

The LBBB Selvester QRS score criteria (Table 1) were applied to the included patients’ 

ECGs. A detailed guide on how to apply the LBBB Selvester QRS score criteria30 was used 

as a reference during the process of scoring the ECGs. For a more detailed description of the 

scoring process in the present study, see Appendix A.
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A five-segment LV subdivision model

In the Selvester QRS scoring system,18 each point represents scarring in approximately 3% 

of the total LV mass. Each point in the LBBB version is assigned to one of five LV wall 

segments in a previously described five-segment subdivision model18 (Fig. 1). That model is 

based on a 12-segment model that was developed with consideration of the typical coronary 

arterial perfusion beds. The specifics of this subdivision model have been published 

previously.34 The anatomical names of some of the five segments were changed in this 

study compared to previous publications involving the Selvester QRS score to match current 

standard cardiac imaging nomenclature.35 The term “septal” is used instead of 

“anteroseptal”, “anterior” instead of “anterosuperior” and “lateral” instead of 

“posterolateral.” We have consequently re-labeled certain Selvester QRS criteria listed in 

Table 1. The terms “septal” and “lateral” are used instead of “anterior” and “posterior” as in 

previous publications involving the Selvester QRS score.

CMR acquisition and analysis

The CMR protocol has been described previously.28,31–33 Between 8 and 15 short-axis 

slices were analyzed per patient. Slice thicknesses were 8 mm in all patients and for most 

patients (n = 31) inter-slice spacing was 2 mm. In nine patients the inter-slice spacing was 0 

mm and in two patients the inter-slice spacing was 4 mm.

All CMR-LGE images were analyzed manually to determine whether scar was present, 

represented by elevated signal intensity (SI) with confirmation in two different views. The 

scar (LGE) borders were semi-automatically outlined in short-axis slices. Scar areas were 

divided into “core” and “gray zone” scar using SI as previously described.28 Total scar 

extent was calculated as core LGE + ½ gray zone LGE.

The total LV long-axis length, slice thickness and inter-slice spacing thickness were used to 

determine which slices were in the apical third of the LV. Segmentation into four quadrants 

was done in the short-axis slices by using the anterior RV insertion as reference point to 

mark the border between the anterior and septal quadrants. Three other points were 90° apart 

and used to mark the borders between the other quadrants (see Fig. 1).

In the slices in the apical third of the LV, the scar volumes for all quadrants were summed to 

determine the total scar volume in the apical segment. In three cases where the thickness of a 

slice was deemed to be part in the apical third and part in the middle third of the LV, the scar 

volumes of the border slices were divided accordingly.

In the basal and mid-slices, the scar volumes for each of the quadrants from each of the 

slices were summed to determine the total scar volume in each quadrant segment. In patients 

with inter-slice spacing, the scar volume for each segment was corrected by instead using 

“scar volume + (scar volume × spacing/thickness).” Scar extent in each segment was 

converted to % of total LV volume. To calculate LV volume, LV mass measured in the 

CMR-LGE images was divided by the density of myocardium, 1.05 g/cm.3,36 Segments 

were considered to be scarred if they contained scar ≥ 3% the LV mass as quantified by 

CMR. In the cohort in which we assessed specificity of the Selvester QRS score criteria (n = 

22) we only included patients with absence of CMR-detectable myocardial scar. Thus 
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patients who had scar detected by CMR-LGE but who did not have ≥ 3% of the LV mass in 

any segment were excluded (n = 3).

Statistical analysis

Subsets of LBBB Selvester QRS score criteria that diagnosed scar presence with the 

maximum combination of sensitivity and specificity were identified for each of the five LV 

wall segments, respectively, as well as for the four non-septal wall segments together. This 

was done using a stepwise criteria selection process detailed in Appendix B. In summary, 

this selection process involved selecting the individual criteria that made the greatest 

contributions to sensitivity for the criteria subset while maintaining predefined specificity 

levels. Several subsets of criteria for each LV segment with varying sensitivities and 

specificities were yielded and an ROC graph (Fig. 2) was used to select the one subset for 

each LV segment that had the optimal combination of sensitivity and specificity.

Results

Characteristics of the study cohort (n = 39) are shown in Table 2. Seventeen patients (44%) 

had CMR-LGE detected scar ≥ 3% of the LV volume in at least 1 LV wall segment. There 

were 16 patients (41%) with scar ≥ 3% of the LV volume in at least one of the four non-

septal segments.

The ROC graph that was used for selecting the optimal subset of Selvester scoring criteria 

for each LV wall segment is shown in Fig. 2. Each candidate criteria subset is represented as 

a data point in the graph. The subset of criteria for each location that was closest to the upper 

left corner in the ROC graph was selected as the subset that attained the maximum 

combination of sensitivity and specificity.

Identified criteria for the individual segments

For the five individual LV wall segments, subsets of the Selvester QRS score criteria were 

identified (Table 3) that detected scar with sensitivities ranging from 40% to 60% and 

specificities ranging from 77% to 100%. The subsets of criteria for the septal, anterior, 

inferior and apical segments had similar diagnostic performances, whereas the subset for the 

lateral segment had higher specificity but lower sensitivity. The subset for the lateral 

segment, consisting of a single QRS score criterion (S/S′ ≥ 1.5 in V2), had a specificity of 

100% (22/22) and a sensitivity of 40% (2/5) which corresponded to positive and negative 

predictive values of 100% (2/2) and 84% (22/25), respectively. However, the number of 

patients with scar in the lateral segment was low (n = 5). Examples of ECGs in study 

subjects that illustrate these Selvester QRS scoring criteria for scar in the lateral LV wall 

segment are presented in Fig. 3A and B.

Identified criteria for screening of non-septal scar

A subset of criteria was also identified that detected non-septal scar with 95% specificity 

(95% CI: 78%–99%) and 75% sensitivity (95% CI: 51%–90%), which corresponded to a 

positive predictive value of 92% (95% CI: 67%–99%) and a negative predictive value of 

84% (95% CI: 65%–94%) (Table 4). The identified non-septal criteria subset indicates scar 
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if any of five criteria are present: S/S′ ≥ 1.5 in V2 OR R/S ≤ 1 in lead I OR R/S ≤ 0.5 in aVL 

OR Q ≥ 30 ms in lead II OR Q ≥ 40 ms in aVF. The S/S′ and R/S criteria are further 

explained in Fig. 3A–D.

Discussion

The results of this study show that ECG criteria can be used to identify and localize scar in 

LBBB patients. Furthermore, a set of ECG screening criteria were identified to detect scar in 

potential CRT LV lead placement sites. The diagnostic performance of the identified non-

septal scar screening criteria (75% sensitivity, 95% specificity) is comparable to a set of 

three normal conduction Selvester QRS score scar screening criteria (77%–84% sensitivity 

for anterior/inferior infarcts respectively and 95% specificity)19 for detecting single infarcts 

in patients without any type of conduction abnormality.

It is traditionally thought that LBBB confounds ECG diagnosis and localization of 

myocardial scar.27 However, Strauss et al.28 showed that chronic myocardial scar could be 

quantified using the ECG despite the presence of LBBB. In addition, Sweeney et al.29 

demonstrated that increasing Selvester QRS score predicted decreased response to CRT. The 

results of the present study further show that the ECG can convey information about scar 

localization in patients with LBBB.

The lateral wall screening criterion, S/S′ ≥ 1.5 in V2 (illustrated in Fig. 3A and B), had 

100% specificity and 40% sensitivity, yielding a positive predictive value of 100%. Potential 

CRT recipients who meet the lateral screening criterion (S/S′ ≥ 1.5 in lead V2) are thus 

highly likely to have scar in the lateral wall. However, this result should be interpreted with 

caution due to the limited number of patients (n = 5) with lateral scar in the study 

population.

Notably, the identified set of screening criteria for non-septal scar (S/S′ ≥ 1.5 in V2 OR R/S 

≤ 1 in lead I OR R/S ≤ 0.5 in aVL OR Q ≥ 30 ms in lead II OR Q ≥ 40 ms in aVF) had 

92%positive (95%CI: 67%–99%) and 84%negative (95% CI: 65%–94%) predictive values 

in this cohort. This is of interest since several larger studies11,16,17 have shown that while 

the majority (82%–84%) of CRT LV leads are implanted in the lateral wall, the remainder 

(16%–18%) are distributed among the anterior, apical and inferior wall segments.

Even though location of scar can be determined with greater accuracy using other imaging 

modalities such as CMR-LGE directly, the standard 12-lead ECG as a screening tool has the 

advantage of being inexpensive, almost universally clinically available and having virtually 

no contraindications.

There is evidence supporting the hypothesis that one-third of patients are misdiagnosed with 

LBBB when using conventional LBBB criteria and new strict LBBB criteria have been 

proposed.7 These strict LBBB criteria were used in the current study and were recently 

shown to be a strong predictor of response to CRT.8 To further validate these new strict 

LBBB criteria, their reproducibility in repeat ECGs could be measured in a future study.
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Limitations

The major limitation of this study is the size of the study population. However, this is the 

first study in which location of LBBB scar using the Selvester QRS score has been tested. 

The number of patients with lateral scar was particularly low, which made the ability of the 

Selvester QRS score to locate such scars more difficult to evaluate comprehensively. The 

prevalence of the different scar locations may be different in this cohort than in others, 

which would affect the positive and negative predictive values. As with all stepwise 

regression analysis methods, there is an inherent risk of finding correlations that are specific 

for the population being tested. Therefore the sets of screening criteria identified in this 

study will need to be confirmed in other populations which were not used to develop the 

criteria.

Clinical implications

The major clinical implication of this study is that the 12- lead ECG may be useful in 

screening for non-septal scar in cardiomyopathy patients with LBBB. This is important 

because it suggests the potential for the ECG to help elucidate solutions to the clinical 

problem of identifying CRT candidates with scar in potential LV pacing sites. Today, almost 

no patients undergo imaging to detect LV scar such as CMR-LGE prior to CRT 

implantation. Rather than all patients undergoing relatively costly investigations such as 

CMR-LGE, the 12-lead ECG may potentially be used as a risk-stratifying tool to increase 

cost-effectiveness by selecting the CRT candidates who would benefit the most from such 

imaging prior to implantation. This requires further study.

Conclusions

In conclusion, the results suggest that the majority of non-septal scars can be detected by the 

12-lead ECG in the presence of chronic cardiomyopathy and LBBB. The performance of the 

subsets of screening criteria identified in this study should be confirmed in larger 

independent populations. The role of the 12-lead ECG in optimizing patient selection for 

CRT, particularly with regard to its potential to be used for scar screening, should be further 

investigated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Division of the LV into five segments in the subdivision model used in conjunction with the 

LBBB version of the Selvester Scoring system. Panel A shows a bullseye plot of the LV 

divided into the five wall segments. The apical segment consists of the apical 1/3 of the LV. 

Panel B shows a long-axis CMR cine image depicting how the LV was divided into basal, 

middle and apical thirds. A base to apex line from the middle of the atrio-ventricular plane 

to the LV apex was drawn (horizontal red line). The apical segment consists of the apical 

third of the LV marked “Ap” left of the vertical blue line. Total LV length (horizontal red 

line) and short-axis slice thickness were used to determine which short-axis slices depicted 

the apical segment. Panel C shows a short-axis CMR-LGE image illustrating the subdivision 

of the two basal thirds of the LV into septal (S), anterior (An), lateral (L) and inferior (I) 

quadrants. The anterior RV insertion point (arrow) serves as the reference point to 

distinguish between the septal (S) and the anterior (An) wall segments. The other borders 

between the quadrants are spaced 90° apart. The red area marks “core” scar and the yellow 

area marks “gray zone” scar.
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Fig. 2. 
A receiver operator characteristics (ROC) diagram showing the specificity and sensitivity of 

the subsets of screening criteria identified for each LV segment for the different thresholds 

of required specificity: 95%, 90%, 85%, 80%, 75% and 70%. Each segment is represented 

by its own symbol. Using the different specificity thresholds, two “candidate subsets” for 

screening criteria were identified for the septal segment, three or the anterior segment, one 

for the lateral segment, two for the inferior segment, three for the apical segment and five 

for the non-septal segments together.
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Fig. 3. 
ECG examples of Selvester QRS score criteria in the identified subset for non-septal scar. 

Panel A shows an example of the criterion S/S′ ≥ 1.5 in V2. In the context of this criterion S 

is defined as: “The first nadir, notch or beginning of the slur”30 and S′ is defined as “the 

second peak/nadir, notch, or end of the slur after the initial 40 ms of the QRS complex.”30 

Panel B shows an example in which the criterion S/S′ ≥ 1.5 in V2 is not met. Panel C shows 

an example in which the “R/S ≤ 0.5 in aVL” criterion is met. Importantly, the R and S 

amplitudes in the context of the “R/S” Selvester criteria are defined as the maximum positive 

and maximum negative amplitudes in the entire QRS complex, respectively. Consequently, 

if the R′ amplitude is greater than the R amplitude, the R′ amplitude is used instead to 

calculate the R/S ratio. Panel D depicts an example in which the high amplitude of the R′ 

waveform makes the “R/S ≤ 0.5 in aVL” criterion negative.
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Table 1

The 45 individual LBBB Selvester QRS score criteria.

Septal Inferior Lateral Anterior Apical

V1 sep: NchInit40 II: Q ≥ 40 ms V1 lat: S/S′ ≥ 2 I: R/Q ≤ 1.5 I: Any Q

V1 sep: R ≥ 0.3 mV II: Q ≥ 30 ms V1 lat: S/S′ ≥ 1.5 I: R/S ≤ 1.5 I: R/Q ≤ 1

V1 sep: R ≥ 30 ms II: R/Q ≤ 0.5 V1 lat: S/S′ ≥ 1.25 aVL: Q ≥ 50 ms I: R/S ≤ 1

V1 sep: R ≥ 0.2 mV II: R/S ≤ 0.5 V2 lat: S/S′ ≥ 2.5 aVL: Q ≥ 40 ms I: R ≤ 0.2 mV

V1 sep: R ≥ 20 ms aVF: Q ≥ 50 ms V2 lat: S/S′ ≥ 2 aVL: R/S ≤ 0.5 V5: any Q

V2 sep: NchInit40 aVF: Q ≥ 40 ms V2 lat: S/S′ ≥ 1.5 aVL: R/Q ≤ 0.5 V5: R/R′ ≥ 2

V2 sep: R ≥ 0.4 mV aVF: R/S ≤ 0.5 aVL: R/S ≤ 1 V5: R/R′ ≥ 1

V2 sep: R ≥ 30 ms aVF: R/Q ≤ 0.5 aVL: R/Q ≤ 1 V5: R/S ≤ 2

V2 sep: R ≥ 0.3 mV V5: R ≤ 0.5 mV

V2 sep: R ≥ 20 ms V6: Q ≥ 20 ms

V6: R/R′ ≥ 2

V6: R/R′ ≥ 1

V6: R/S ≤ 2

V6: R ≤ 0.6 mV

The LBBB Selvester QRS score criteria are arranged according to what segment they predict scar presence in. The individual criteria included in 
the identified optimal subsets of screening criteria for each of the five LV segments are highlighted.

Lat, lateral; NchInit 40, Notch in the initial 40 ms of the QRS complex; Sep, septal.
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Table 2

Study population characteristics (n = 39).

n (%) or
mean ± SD

NYHA class

  1 2 (5)

  2 15 (39)

  3 22 (57)

Gender

  Male 23 (59)

  Female 16 (41)

Ethnicity

  Caucasian 30 (77)

  African American 9 (23)

Age (y) 61 ± 10

LVEF (mean %) 26 ± 8

Patients with scar ≥ 3% of the LV volume in at least 1 segment 17 (44)

Total number of scarred segments (scar ≥ 3% of LV volume) 41

  Septal scar 10 (24)

  Inferior scar 8 (20)

  Lateral scar 5 (12)

  Anterior scar 9 (22)

  Apical scar 9 (22)

Patients with any non-septal scar 16 (41)

Etiology

  Ischemic 11 (28)

    With scar ≥ 3% of LV 11 (28)

  Non-ischemic 28 (72)

    With scar ≥ 3% of LV 6 (15)

Number of scarred segments

  1 4 (10)

  2 3 (7)

  3 9 (21)

  4 1 (2)

  5 0 (0)

Median (range)

QRS duration (ms)

  Entire cohort 162 (134–196)

    Male 168 (140–196)

    Female 153 (134–176)

    Ischemic 164 (134–196)

    Non-ischemic 156 (136–192)
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n (%) or
mean ± SD

    Scarred 162 (134–196)

    Non-scarred 158 (136–180)

NYHA, New York Heart Association; LVEF, center ventricular ejection fraction; LV, center ventricle.
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Table 4

Diagnostic performance of identified screening criteria for any non-septal scar.

Individual sensitivity,
% (cases, n/n)

Individual specificity,
% (cases, n/n)

V2: S/S′ ≥ 1.5 OR 31 (5/16) 100 (22/22)

I: R/S ≤ 1 OR 19 (3/16) 95 (21/22)

aVL: R/S ≤ 0.5 OR 13 (2/16) 100 (22/22)

II: Q ≥ 30 ms OR 13 (2/16) 100 (22/22)

aVF: Q ≥ 40 ms 13 (2/15) 100 (22/22)

Cumulative diagnostic performance

Sensitivity % [95% CI] (cases, n/n) 75 [51–90] (12/16)

Specificity % [95% CI] (cases, n/n) 95 [78–99] (21/22)

PPV % [95% CI] (cases, n/n) 92 [67–99] (12/13)

NPV % [95% CI] (cases, n/n) 84 [65–94] (21/25)

CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value.
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