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ABSTRACT
Aims: In patients with left bundle branch block (LBBB), QRS duration (QRSd)
depends on left ventricular (LV) dimension. Previously, we demonstrated that
normalizing QRSd to LV dimension, to adjust for variations in LV size, improved
prediction of hemodynamic response to cardiac resynchronization therapy
(CRT). In addition, sex specific differences in CRT outcome have been attributed
to normalized QRSd. The present study evaluates the effect of normalization of
QRSd to LV dimension on prediction of survival after CRT implantation.
Methods: In this two‐center study, we studied two‐hundred‐fifty heart failure
patients with LV ejection fraction ≤35% and QRSd ≥120ms who underwent
cardiac magnetic resonance (CMR) imaging before CRT implantation. LV end‐
diastolic volumes (LVEDV) were used for QRSd normalization (i.e. QRSd/LVEDV).
The primary endpoint was a combined endpoint of death, LV assist device or
heart transplantation.
Results: During a median follow‐up of 3.9 years, 79 (32%) patients reached the
primary endpoint. Using univariable Cox regression, unadjusted QRSd was
unrelated to CRT outcome (p=0.116). In contrast, normalized QRSd was a strong
predictor of survival (HR 0.81 per 0.1 ms/ml, p=0.008). Women demonstrated
higher normalized QRSd than men (0.62±0.17 ms/ml vs. 0.55±0.17 ms/ml;
p=0.003) and showed better survival after CRT (HR 0.52; p=0.018). A
multivariable prognostic model included normalized QRSd together with age,
atrial fibrillation, renal function and heart failure etiology whereas sex, diabetes
mellitus, strict LBBB morphology and LVEDV were expelled from the model.
Conclusions: Normalization of QRSd to LV dimension improves prediction of
survival after CRT implantation. In addition, sex‐specific differences in CRT
outcome might be attributed to the higher QRSd/LVEDV ratio that was found in
selected women, indicating more conduction delay.

Normalization of QRSd to LV dimension – Clinical Endpoints

INTRODUCTION
Cardiac Resynchronization Therapy (CRT) improves survival of patients with
heart failure and left bundle branch block (LBBB).(1‐3) Guideline
recommendations for CRT primarily depend on QRS duration (QRSd) and QRS
morphology, with a higher class of recommendation for patients with QRSd
≥150ms and LBBB morphology.(4,5) Patient selection by guideline criteria,
however, is imperfect as a substantial portion of the patients with a class I
indication for CRT derive little to no benefit from the therapy.(6) Despite
substantial efforts to improve patient selection for CRT, QRSd remains a pivotal
predictor of the effect of CRT on clinical outcome.(7) Both in narrow QRS
complex and LBBB, however, LV size influences QRSd with more extensive LV
dilation leading to longer QRSd.(8) Although this LV dimension induced increase
in QRSd is expected to result in improved CRT benefit, advanced LV dilation is
actually associated with poor CRT outcome.(9,10)
Previously, we demonstrated that normalizing QRSd to LV dimension improved
prediction of CRT response measured by pressure‐volume loops.(11) In this
proof‐of‐concept study, unadjusted QRSd was unrelated to hemodynamic
changes during CRT whereas normalization of QRSd to LV dimension resulted in
a good correlation with acute hemodynamic CRT response. In addition, women
achieved more pump function improvement during CRT compared to men since
heart size is generally smaller in women. In a subsequent study by Varma et al.,
sex‐specific differences in the QRSd‐response relationship resolved after QRSd
normalization for LV dimension.(12) The present study evaluates the effect of
QRSd normalization to LV dimension on the prediction of survival after CRT
implantation.

METHODS
Study population
Patients who underwent CMR examination within twelve months prior to CRT
implantation between 2005 and 2017 were retrospectively included in this two‐
center observational study (VU University Medical Center, Amsterdam, the
Netherlands; Duke University Hospital, Durham, North Carolina, USA). Inclusion
criteria were moderate to severe heart failure (NYHA class II‐IV), LV ejection
fraction (LVEF) ≤35% measured by CMR and QRSd ≥120ms (strict LBBB or
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intraventricular conduction delay (IVCD)). Exclusion criteria were age under 18
years, right bundle branch block (RBBB) and upgrade procedures from other
implanted non‐CRT devices. Clinical data were collected from medical records.
The electrocardiogram (ECG) before CRT implantation was used for manual QRSd
measurements and assessment of QRS morphology. The presence of strict LBBB
morphology was assessed by two independent specialists using the Strauss
criteria: QRSd ≥130ms (women) or ≥140ms (men), QS or rS in V1‐V2, mid‐QRS
notching or slurring in at least two contiguous leads (V1, V2, V5, V6, I and
aVL).(13) Included patients who did not meet Strauss criteria were classified as
IVCD. LV volumes, mass, diameter and length were measured on short‐axis CMR
cine images and left ventricular end‐diastolic volume (LVEDV) was used as
primary measure for LV dimension since this is the most comprehensive measure
of LV size without influence of contraction. QRSd was normalized to LV
dimension (i.e. QRSd divided by LVEDV). The primary endpoint was a combined
endpoint of all‐cause mortality, left ventricular assist device (LVAD) or heart
transplantation (HTx). The local medical ethics committee of the VU University
Medical Center and Duke University Medical Center approved the study
protocol. The investigation conforms to the principles outlined in the Declaration
of Helsinki. As the data of this study is also used for future publications, the data,
analytic methods, and study materials will not be made available to other
researchers for purposes of reproducing the results or replicating the procedure.
Image acquisition: CMR imaging
Patients underwent CMR examination at VU University Medical Center
(Amsterdam, the Netherlands) or at Duke Cardiovascular Magnetic Resonance
Center (Durham, North Carolina, USA), on a clinical 1.5 Tesla MR scanner
(Magnetom Sonata/Avanto, Siemens, Erlangen, Germany) with dedicated
phased array cardiac receiver coil. Standard CMR cine images were acquired
using a retrospectively ECG‐gated balanced steady‐state free‐precession (SSFP)
sequence during end‐expiratory breath holding. A stack of 8‐12 consecutive
short‐axis cine images was acquired covering the full LV. Typical imaging
parameters were: slice thickness 5mm, slice gap 5mm, voxel size 1.3*1.6mm and
temporal resolution <50ms. Subsequently, LV dimensions, function and mass
were quantified. LVEDV, LV end‐systolic volume (LVESV), LVEF and LV mass were
derived from the short‐axis images using commercially available software on
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locally available workstations. LV length was determined from the four chamber
long‐axis view between the apex and the middle of the mitral valve annulus in
end‐diastole. LV diameter was measured in the mid short‐axis slice in end‐
diastole. Patients were classified as having ischemic cardiomyopathy (ICMP) in
case of a history of myocardial infarction, percutaneous coronary intervention
(PCI), or coronary artery bypass grafting (CABG) accompanied by associated
findings on CMR.
Image acquisition: echocardiography
Part of the patients underwent additional echocardiographic examination before
CRT implantation. LV quantification was performed by experienced operators in
accordance with the guidelines of the American Society of Echocardiography and
European Association of Echocardiography.(14) Typically, echocardiographic
volumes were obtained using the biplane Simpson’s method. If image quality of
the apical two chamber view was deemed unsuitable for reliable biplane volume
assessment, solely the apical four chamber view was used instead.
Statistics
Continuous variables are expressed as mean ± standard deviation (SD) in case
normally distributed or median and interquartile range otherwise. Categorical
variables are presented as absolute numbers and percentages. The
independent‐samples t‐test and a Mann‐Whitney test were used to compare
means and distributions of continuous variables between groups. Pearson’s and
Spearman correlations were calculated as a measure of association depending
on whether distribution was normal or not. Time to occurrence of the combined
endpoint was compared between groups using Kaplan‐Meier curve analysis and
a log‐rank test. The association between baseline parameters and time to the
combined endpoint was tested using univariable Cox regression analysis with
strength expressed by hazard ratios (HR). Parameters that showed a statistically
significant effect on survival in univariable analysis were entered in a
multivariable Cox proportional hazards models, using a backward elimination
procedure. Assumptions of the Cox model were tested by the visual assessment
of log‐minus‐log plots. Beta‐coefficients of the remaining predictors in the model
were used to calculate a composite risk score. Internal validation of the
predictive model was performed by bootstrap analysis of 50 samples with
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variable selection repeated for each bootstrap sample. Discriminative ability of
the model was quantified by the receiver operating characteristic (ROC)
estimated on the original dataset on which the model was build and an ROC
corrected for over‐optimism calculated as part of the internal validation
procedure. A correction factor for the beta‐coefficients in the final risk score
model was applied to prevent over‐optimism when used in new patients.
Patients were then divided in quartiles based on their risk score to estimate the
HR of each quartile relative to the first quartile (reference group). The
commercially available Statistical Package for Social Sciences software (IBM SPSS
Statistics for Windows, Version 20.0. Armonk, NY, USA) was used for statistical
analysis and internal validation was done using the ‘rms’‐package version 5.1‐2
in R version 3.4.2 (R Foundation for Statistical Computing, Vienna, Austria). A P‐
value of <0.05 was considered statistically significant.

RESULTS
Two‐hundred‐fifty patients (34% female, median age 67 years) were included.
After screening a total of 372 patients who underwent a pre‐implantation CMR
examination, 26 patients were excluded from the present analysis based on a
LVEF >35%, 41 patients because of RBBB, 42 patients with QRSd <120ms, 9
patients who were asymptomatic (NYHA class 1), and 4 patients because of
missing data. A detailed description of the patient characteristics is given in table
1. Median time between CMR examination and CRT implantation was 43 (5–114)
days. Over a median follow‐up time of 3.9 (1.8–6.3) years, 79 (32%) patients
reached the combined endpoint of all‐cause mortality, LVAD or HTx.
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Table 1. Patient characteristics
Variables

Age (years)
Sex (n, % female)

Total group
(n=250)

QRSd/LVEDV
<0.52ms/ml
(n=100)

QRSd/LVEDV
≥0.52ms/ml
(n=150)

p‐value

67 (59–74)

64 (57–72)

69 (59–75)

0.105

86 (34%)

24 (24%)

62 (41%)

0.005

NYHA class (n, %)
26 (26%)
48 (32%)
74 (30%)
Class II
172
(69%)
73
(73%)
99 (66%)
Class III
4 (2%)
1 (1%)
3 (2%)
0.465
Class IV
Device
ICD function (CRT‐D) (n, %)
240 (96%)
96 (96%)
144 (96%)
1.000
Quadripolar LV lead (n, %)
47 (19%)
19 (19%)
28 (19%)
0.947
Medical history (n, %)
18 (18%)
31 (21%)
0.603
Atrial fibrillation
49 (20%)
Diabetes Mellitus
58 (23%)
22 (22%)
36 (24%)
0.714
Hypertension
67 (27%)
27 (27%)
40 (27%)
0.954
Medication (n, %)
Beta‐blockers
209 (84%)
83 (83%)
126 (84%)
0.834
Diuretics
195 (78%)
78 (78%)
117 (78%)
1.000
ACE / ATII inhibitors
218 (87%)
89 (89%)
129 (86%)
0.487
Aldosterone antagonist
102 (41%)
40 (40%)
62 (44%)
0.934
ECG
QRS duration (ms)
158 ± 22
156 ± 22
159 ± 21
0.342
97 (65%)
0.091
QRS duration ≥150ms (n, %)
151 (60%)
54 (54%)
0.034
Strict LBBB (Strauss) (n, %)
165 (66%)
58 (60%)
107 (73%)
Laboratory results
creatinine (μmol/L)
97 (78–118)
101 (78–128)
97 (79–115)
0.198
Echocardiography*
LVEDV (ml)
221 ± 81
181 ± 52
284 ± 79
<0.001
LVESV (ml)
168 ± 76
131 ± 49
225 ± 74
<0.001
LVEF (%)
25 ± 9
21 ± 7
28 ± 9
<0.001
CMR
379 ± 78
<0.001
298 ± 93
244 ± 55
LVEDV (ml)
307 ± 77
<0.001
234 ± 87
185 ± 51
LVESV (ml)
19 ± 6
<0.001
23 ± 7
25 ± 6
LVEF (%)
80 ± 8
<0.001
74 ± 9
69 ± 7
LV diameter (mm)
<0.001
105 ± 10
100 ± 9
LV length (mm)
112 ± 8
<0.001
155 ± 45
136 ± 33
LV mass (g)
184 ± 45
0.353
84 (34%)
47 (32%)
Ischemic CMP (n, %)
37 (37%)
ECG + CMR
LVEDV normalized QRS
0.57 ± 0.18
0.42 ± 0.07
0.68 ± 0.15
<0.001
duration (ms/ml)
NYHA, New York Heart Association class; CRT‐D, cardiac resynchronization therapy with defibrillator
function; LBBB, left bundle branch block; LVEDV, left ventricular end‐diastolic volume; LVESV, left
ventricular end‐systolic volume; LVEF, left ventricular ejection fraction; CMP, cardiomyopathy;
* incompletely recorded, n=176
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Normalization of QRS duration to LV dimension
Mean QRSd was 158±22ms, 151 (60%) patients had QRSd ≥150ms. CMR‐derived
measures of LV dimension showed large variation (LVEDV 298±93ml; LVESV
234±87ml; LV diameter 74±9mm; LV length 105±10mm; LV mass 155±45g) and
were positively correlated with QRSd (LVEDV and LVESV, R 0.32; LV diameter, R
0.29; LV length, R 0.25; LV mass, R 0.36; all p<0.001). An inverse relationship was
found between LV volumes and CRT survival (HR 1.03 per 10ml increase in either
LVEDV or LVESV; p=0.019 for both analyses). Both LV diameter and length were
also inversely related with CRT outcome (HR 1.03 per mm; p=0.015 and HR 1.03
per mm; p=0.034, respectively). LV mass, however, was unrelated with CRT
survival (HR 1.04 per 10g; p=0.121). Univariable Cox regression analysis showed
that QRSd on a continuous scale was unrelated to the combined endpoint, see
table 2. Normalization of QRSd to LVEDV, on the other hand, resulted in a
significant association with the primary endpoint (HR 0.81 per 0.1 ms/ml;
p=0.008). ROC curve analysis revealed an optimal cut‐off value (by maximizing
the Youden’s index) of 0.52ms/ml for predicting survival free of LVAD or HTx.
Patients with QRSd/LVEDV <0.52ms/ml demonstrated a two‐fold higher
likelihood of death, LVAD, or HTx after CRT implantation compared to patients
with QRSd/LVEDV ≥0.52ms/ml (HR 2.13; p=0.001) as illustrated in figure 1A.
Patient stratification by unadjusted QRSd using the 150ms criterion,
incorporated into CRT implantation guideline recommendations, showed
weaker discriminative value for CRT survival (HR 1.64; p=0.030) as illustrated in
figure 1B. Similar results were found for QRSd/LVESV, QRSd/LV diameter,
QRSd/LV length and QRSd/LV mass, see table 3.
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Table 2. Univariable and multivariable Cox regression analysis for the primary endpoint: death
/ LVAD / HTx
Variables
(n=250)

Univariable analysis

Multivariable analysis

HR (95% CI)

P‐value

HR (95% CI)

ß

P‐value

Age (per year)

1.05 (1.02–1.07)

<0.001

1.03 (1.00–1.06)

0.0304

0.026

Sex (female)

0.52 (0.30–0.89)

0.018

‐

‐

‐

NYHA class (per class)

1.10 (0.66–1.82)

0.714

Device
ICD function (i.e. CRT‐D)
Quadripolar LV lead

0.51 (0.20–1.25)
0.91 (0.36–2.30)

0.142
0.842

2.07 (1.27–3.35)
1.72 (1.08–2.75)
1.25 (0.77–2.03)

0.003
0.024
0.372

1.74 (1.05–2.90)
‐

0.5549
‐

0.033
‐

0.94 (0.54–1.65)
0.83 (0.50–1.39)
0.76 (0.41–1.41)
1.00 (0.63–1.60)

0.830
0.481
0.381
0.987

0.91 (0.82–1.02)
0.54 (0.34–0.86)

0.116
0.009

‐

‐

‐

1.06 (1.04–1.08)

<0.001

1.06 (1.04–1.08)

0.0057

<0.001

CMR
LVEDV (per 10ml)
LVESV (per 10ml)
LVEF (per %)
LV diameter (per mm)
LV length (per mm)
LV mass (per 10g)
Ischemic CMP (n, %)

1.03 (1.00–1.05)
1.03 (1.00–1.05)
0.97 (0.94–1.00)
1.03 (1.01–1.06)
1.03 (1.00–1.05)
1.04 (0.99–1.09)
2.15 (1.38–3.34)

0.019
0.019
0.062
0.015
0.034
0.121
0.001

‐

‐

‐

2.12 (1.29–3.47)

0.7437

0.003

ECG + CMR
LVEDV normalized QRS
duration (per 0.1 ms/ml)

0.81 (0.70–0.95)

0.008

0.83 (0.71–0.97)

1.8703

0.016

Medical history
Atrial fibrillation
Diabetes Mellitus
Hypertension
Medication
Beta‐blockers
Diuretics
ACE / ATII inhibitors
Aldosteron antagonist
ECG
QRS duration (per 10ms)
Strict LBBB (Strauss)
Laboratory results
creatinine (per 10μmol/L)

The "‐" sign indicates that parameters were included as candidate predictors in multivariable
analysis but removed in the backward elimination procedure and therefore do not appear in
the final model (i.e. non‐significant). For other abbreviations, see table 1.
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Figure 1: Kaplan‐Meier curve analysis for patient stratification by LVEDV normalized QRS duration using CMR imaging and unadjusted
QRS duration. Kaplan‐Meier curves showing (A) stronger differentiation in outcome between groups stratified by normalized QRS
duration at a cut‐off value of 0.52ms/ml compared to (B) patients stratified by unadjusted QRSd at a cut‐off value of 150ms.
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Table 3. Normalization of QRSd to LVEDV and other metrics of LV size
Variables
Unadjusted QRSd
(10 ms)
QRSd/LVEDV
(0.1 ms/ml)
QRSd/LVESV
(0.1 ms/ml)
QRSd/LV diameter
(0.1 ms/mm)
QRSd/LV length
(0.1 ms/mm)
QRSd/LV mass
(0.1 ms/g)

Cox regression
HR (95% CI)

p‐value

Cut‐off

#
pos/neg

HR

p‐value

0.91 (0.82–1.02)

p=0.116

≥150

151/99

0.61

0.030

0.81 (0.70–0.95)

p=0.008

≥0.52

150/100

0.47

0.001

0.88 (0.80–0.97)

p=0.008

≥0.69

141/109

0.53

0.006

0.89 (0.83–0.96)

p=0.002

≥2.01

176/74

0.48

0.001

0.87 (0.78–0.96)

p=0.007

≥1.40

175/75

0.52

0.004

0.91 (0.83–0.99)

p=0.028

≥0.90

191/59

0.57

0.021

Abbreviations, see table 1.

Patient stratification by unadjusted and normalized QRS duration
Normalization of QRSd to LVEDV resulted in a mean QRSd/LVEDV of
0.57±0.18ms/ml, 150 (60%) patients had QRSd/LVEDV ≥0.52ms/ml. Patients
with QRSd/LVEDV ≥0.52ms/ml had similar QRSd compared to <0.52ms/ml
patients (159±21ms vs. 156±22ms; p=0.342), but significantly smaller LVEDV
(244±55ml vs. 379±78ml; p<0.001). These patients more often had strict LBBB
morphology on their ECG (73% vs. 60%; p=0.034) whereas no differences in
etiology were found between the groups (ICMP in 31% vs. 37%; p=0.353).
Furthermore, patients with QRSd/LVEDV ≥0.52ms/ml were relatively more often
women (41% vs. 24%; p=0.005). The stratification of patients by normalized
QRSd compared to unadjusted QRSd is illustrated in figure 2. A total of 107 (43%)
patients showed incongruent classification between both definitions. The
percentage of positive test results per definition, however, remained identical
(60%, both).
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Figure 2: Scatter plot illustrating patient classification by unadjusted QRSd and QRSd
normalized to LV dimension. A total of 107 (43%) patients showed incongruent classification
(lower right and upper left section) between both definitions. The percentage of positive test
results per definition, however, remained identical (60%, both). Female proportion was similar
between QRSd ≥150ms and <150ms (35% vs. 34%, respectively), but relatively higher in
QRSd/LVEDV ≥052.ms/ml compared to <052.ms/ml (41% vs. 24%, respectively).

Normalization of QRSd to LV dimension – Clinical Endpoints

Sex‐specific differences
Comparing groups by sex, women demonstrated shorter QRSd compared to men
(153±18ms vs. 160±23ms; p=0.016), but also had significantly smaller LVEDV
(266±78ml vs. 315±95ms; p<0.001), see table S1 in the supplemental material.
As a result, the QRSd/LVEDV ratio was higher in women than in men
(0.62±0.17ms/ml vs. 0.55±0.17ms/ml; p=0.003), see figure 3. This finding was
accompanied by a trend towards more frequent strict LBBB morphology in
women (72% vs. 63%; p=0.058). Furthermore, women more often had NICMP
than men (84% vs. 57%; p<0.001). Univariable analysis showed women to have
a more favorable outcome compared to men (HR 0.52; p=0.018). In multivariable
analysis, however, sex was no longer a predictor of the combined endpoint as
shown in the next paragraph.
Prognostic model
Significant predictors in univariable Cox regression analysis were normalized
QRSd as well as age, sex, atrial fibrillation, diabetes mellitus, strict LBBB
morphology, creatinine level, LV dimensions (LVEDV; LVESV; LV diameter; LV
length) and heart failure etiology. Multivariable Cox regression analysis revealed
that normalized QRSd was an independent predictor of the combined endpoint
together with age, atrial fibrillation, creatinine level and heart failure etiology
whereas sex, diabetes mellitus, strict LBBB morphology and LVEDV were
expelled from the model (table 2). Of the 250 patients included in the
multivariable model, 16 cases (6%) were dropped due to missing values. Based
on the standard errors, confidence intervals and beta‐coefficients there were no
signs of multi‐collinearity. A composite risk score was calculated based on the ß‐
coefficients of all independent predictors. Discriminative ability of the model was
good with an area under the ROC curve of 0.71. Internal validation using a
bootstrap procedure showed that the area under the ROC curve remained fairly
stable (0.67).
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Figure 3: Sex differences and survival after CRT implantation. Women demonstrate shorter QRS duration (QRSd) than men,
but also have substantially smaller left ventricular end‐diastolic volumes (LVEDV). As a result, the QRSd/LVEDV ratio is higher
in women.(A). Kaplan‐Meier curves illustrating better survival after CRT implantation for women (red curve) compared to men
(blue curve) (B).
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Subsequently, a correction factor of 0.7491 was applied to all ß‐coefficients to
prevent over‐optimism in an external cohort, resulting in the following final risk
score: (0.02274 x age) + (0.41569 x atrial fibrillation) + (0.00429 x creatinine level)
+ (0.55707 x ischemic heart failure etiology) ‐ (1.4010 x QRSd/LVEDV). Patients
were divided in quartiles (first quartile: <0.97; second quartile 0.97–1.37; third
quartile 1.38–1.86; fourth quartile >1.86) and survival rates were compared as
illustrated in figure 4. Although there was no statistical difference in survival
between the first and second quartile (HR 2.7; 95% CI, 0.9–7.6), patients in the
third and fourth quartile showed significant higher mortality rates compared to
the first quartile (HR 5.8; 95% CI, 2.2–15.1 and HR 9.7; 95% CI, 3.8–24.8,
respectively).

Figure 4: Kaplan‐Meier curve analysis for patient stratification by the composite risk score.
Kaplan‐Meier curves illustrating patient stratification by a composite risk score including
normalized QRSd, age, atrial fibrillation, creatinine level and heart failure etiology. Patients in
the first quartile yield the most favorable CRT survival (blue curve) whereas patients in the
fourth quartile demonstrate the worst survival rates (black curve).
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Echocardiography
Echocardiography within twelve months prior to CRT implantation was available
in 176 (70%) patients. Median time between echocardiography and CRT
implantation was 20 (1–77) days. Similar to CMR, echocardiographic
measurements of LV dimension showed large variation (LVEDV 221±81ml) and
were positively correlated with QRSd (R 0.34; p<0.001). An inverse relationship
was found between LVEDV and CRT survival (HR 1.04 per 10ml increase;
p=0.044). Whereas unadjusted QRSd was unrelated to CRT outcome (HR 0.89 per
10ms; p=0.087), normalization of QRSd to echocardiographic LVEDV resulted in
a significant relation with CRT outcome (HR 0.88 per 0.1 ms/ml; p=0.043).
Patients with QRSd/LVEDV <0.69ms/ml demonstrated two‐fold higher likelihood
of death, LVAD, or HTx after CRT implantation compared to patients with
QRSd/LVEDV ≥0.69ms/ml (HR 2.11; p=0.008) as illustrated in figure 5.

Figure 5: Kaplan‐Meier curve analysis for patient stratification by LVEDV normalized QRS
duration using echocardiography and unadjusted QRS duration. Echocardiography was used
for QRSd normalization in a subset of 176 patients. Similar results were found compared to
CMR with Kaplan‐Meier curves showing (A) stronger differentiation in outcome between
groups stratified by normalized QRS duration at a cut‐off value of 0.69ms/ml compared to (B)
patients stratified by unadjusted QRSd at a cut‐off value of 150ms.

Normalization of QRSd to LV dimension – Clinical Endpoints

Additional statistical analyses
To test whether LVEDV was an effect modifier of QRSd, an interaction term was
created and entered into a multivariable Cox model together with LVEDV and
QRSd. The effect modifier term did not reach statistical significance, although a
trend could be observed: interaction term HR 1.10 [1.00 – 1.21] per 1000 units
increase in QRSd*LVEDV, p=0.051. In order to assess the marginal predictive
value of normalized QRSd over LV size and unadjusted QRSd, change in chi‐
square (X²) was observed after addition of normalized QRSd to a model with each
of its components. Addition of normalized QRSd to a model with unadjusted
QRSd significantly improved fit of the model (change X²: 6.72; df=1; p=0.010).
Addition of normalized QRSd to a model with LVEDV also increased fit of the
model although this did not reach statistical significance (change X²: 1.52; df=1;
p=0.217). Normalization to other LV size metrics showed similar results with
addition of normalized QRSd increasing the overall fit of the model (i.e. the ratio
of QRSd relative to LV dimension adding new information).

DISCUSSION
The present study demonstrates that normalization of QRSd to LV dimension
(LVEDV) improves prediction of survival free of LVAD or HTX after CRT
implantation. Whereas QRSd was unrelated to CRT outcome in univariable
regression analysis, normalization of QRSd to LVEDV showed to be a strong
predictor of the combined endpoint. Using the ROC‐curve derived optimal cut‐
off point, patients with shorter normalized QRSd (<0.52ms/ml) showed a two‐
fold higher mortality rate compared to patients with longer normalized QRSd
(≥0.52ms/ml). Similar results were found for normalization to other CMR‐
derived metrics of LV size (diameter, length, mass) as well as echocardiographic
LV quantification. Furthermore, sex‐specific differences in CRT outcome may be
attributed to the higher QRSd/LVEDV ratio that was found in selected women,
indicating more conduction delay. Finally, normalized QRSd yielded prognostic
value in a prognostic model together with age, atrial fibrillation, renal function
and heart failure etiology. This model showed good discriminative ability with
patients in the highest quartile demonstrating a nearly ten‐fold higher likelihood
to reach the combined endpoint compared to the lowest quartile.
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Normalization of QRS duration to LV dimension
CRT aims to lower morbidity and mortality in patients with symptomatic heart
failure and LBBB.(1‐3) Although QRSd is incorporated into guideline
recommendations for CRT patient selection, in the present study this parameter
failed to predict LVAD, HTx or death after CRT implant. In line with previous
findings, LV dimension influenced QRSd with more extensive LV dilation leading
to longer QRSd.(8,11) Although QRSd prolongation is expected to result in
increased CRT benefit, we found LV dimension to be inversely related to CRT
survival, also in line with previous studies.(9‐11) This paradox of dimension‐
mediated increase in QRSd, resulting in decreased CRT survival, suggests LV
dimension to be an important confounder which should be corrected for in the
assessment of LV dyssynchrony. This notion is supported by the main finding of
the present study that normalization of QRSd to LVEDV resulted in a strong
association with the combined endpoint (HR 0.81 per 0.1 ms/ml; p=0.008).
LV size quantification
Different metrics of LV size (volumes; diameter; length; mass) all showed similar
results in relation to QRSd and CRT outcome. Moreover, normalization of QRSd
to any metric of LV size improved correlation with CRT outcome. These results
are completely in line with our proof‐of‐concept study measuring acute
hemodynamic CRT response with pressure‐volume loops.(11) In addition, we
showed that echocardiographic volumes can be used for QRSd normalization
(figure 5). Echocardiography holds the advantage of being more widely available
in clinical practice compared to CMR imaging. Of note, cut‐off values differed
between modalities since LV volumes are generally underestimated by
echocardiography.(15) In summary, normalization of QRSd to LV dimension
improves prediction of CRT outcome irrespective of the choice of LV size metric
or imaging modality used for quantification.
Patient stratification by unadjusted and normalized QRS duration
Previous studies showed that CRT candidates with narrow QRS complexes yield
no benefit (or derived harm) from CRT.(16,17) Therefore, international
guidelines use a QRSd entry criterion of 120ms (U.S.) or 130ms (European)
before considering CRT.(4,5). The recommendation for CRT depends on QRS
morphology and QRSd with a higher class of recommendation (i.e. class I
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indication) for patients with LBBB morphology and QRSd ≥150ms. Although CRT
landmark trials showed better outcome in patients with QRSd ≥150ms compared
to patients with QRSd between 120 and 149 ms,(18) other studies could not
reproduce these findings.(19,20) Our results indicate that there was a significant
difference in CRT outcome between patients with QRSd <150ms and patients
with QRSd ≥150ms (figure 1B). However, QRSd on a continuous scale was
unrelated to the combined endpoint in univariable Cox regression analysis (table
2). After QRSd normalization, ROC curve analysis revealed an optimal cut‐off
value of 0.52ms/ml for predicting survival free of LVAD or HTx. This cut‐off value
is identical to the optimal cut‐off value that we found previously to predict
hemodynamic CRT response.(11) Since normalized QRSd reflects myocardial
conduction properties with higher values indicating poorer conduction, patients
with QRSd/LVEDV ≥0.52ms/ml are thought to have more delayed LV activation
compared to patients with QRSd/LVEDV <0.52ms/ml. In line with this concept,
patients with QRSd/LVEDV ≥0.52ms/ml more often had strict LBBB morphology
(73 vs. 60%; p=0.034). QRSd/LVEDV ≥0.52ms/ml patients showed a more than
two‐fold better survival after CRT implantation compared to QRSd/LVEDV
<0.52ms/ml patients as illustrated in figure 1A.
Mechanisms of activation delay
Different mechanisms may be accountable for delayed LV activation in LBBB.
Theoretically, QRSd is dependent upon two components: myocardial conduction
velocity and conduction path length. In case of a homogenous activation front,
a high QRSd/LVEDV ratio indicates low conduction speed (i.e. slow cell‐to‐cell
conduction) resulting from poor His‐Purkinje conduction (i.e. true LBBB).
However, increased QRSd/LVEDV ratio may also arise from functional lines of
block causing inhomogeneous propagation of the activation front. A
heterogeneous activation pattern increases conduction path length (and
therefore activation delay) independent of LV size or conduction velocity.
Auricchio et al. was the first to describe different LV activation patterns in
patients with LBBB.(21) A ‘U‐shaped’ conduction pattern with a line of
conduction block between the septum and lateral wall was associated with
favorable response to CRT when compared to a homogenous activation
pattern.(22,23) Both mechanisms of slow conduction and functional block
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support the concept of a greater substrate of electrical dyssynchrony that may
be corrected by CRT.
Sex‐specific differences
Although female sex is associated with favorable outcome after CRT
implantation, the underlying mechanisms for this association remain largely
unclarified.(24) A first contributing factor might be that women are more likely
to have NICMP, which is associated with larger CRT response than ICMP.(25)
Secondly, women more often demonstrate strict LBBB, also associated with
favorable CRT outcome.(26) Perhaps the most striking difference between the
male and female heart, is the difference in size with women demonstrating up
to 20% smaller LV dimensions.(27) As a result, women have shorter QRSd
compared to men.(28) In order to reach an identical QRSd value for men and
women, female hearts will have more conduction delay compared to male
hearts as illustrated in figure 3. This was reflected by a higher QRSd/LVEDV ratio
that was found in women compared to men (0.62 vs. 0.55 ms/ml, respectively).
In other words, using the same QRSd cut‐off value for men and women might
lead to under treatment of women whereas men might be subject to
overtreatment. This might (partly) explain the present underrepresentation of
women with CRT,(29) also demonstrated in the present study as women
accounted for only 34% of the total population. Multivariable analysis
demonstrated that normalized QRSd, rather than sex itself, was independently
related to CRT survival. These results are in line with results from Varma et al.
who demonstrated that sex‐specific differences in echocardiographic CRT
response resolved after normalization of QRSd to LV dimension in a population
of one‐hundred‐thirty NICMP patients.(12) Our study confirms these findings
and extends the role of QRSd normalization to (i) prediction of clinical endpoints
(i.e. mortality, LVAD, HTx), and (ii) a larger population including both ischemic
and non‐ischemic patients. Moreover, all patients in our study underwent CMR
imaging for QRSd normalization since this technique is preferred to
echocardiography for LV quantification.(30) This provides a significant addition
to the growing body of evidence that QRSd normalization could potentially
improve patient selection for CRT.(11,12,31)
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The role of normalized QRS duration in a prognostic model
Using various (clinical, laboratory, electrocardiographic and CMR) pre‐
implantation variables, we derived a five‐parameter risk score that was able to
identify high‐risk patients in our cohort (figure 4). Parameters in the final model
were normalized QRSd, age, atrial fibrillation, creatinine level and heart failure
etiology. Most of these parameters were also included in prior prognostic CRT
models (age, atrial fibrillation, creatinine). However, this is the first study to
demonstrate that normalized QRSd is an independent predictor of survival
whereas prior studies found no value of (unadjusted) QRSd in multivariable
analysis.(32‐34) Assessment of strict LBBB (compared to IVCD) morphology of
the QRS complex also showed to be associated with favorable CRT outcome in
univariable analysis (HR 0.54; p=0.009). In multivariable analysis, however, QRS
morphology was expelled from the model whereas normalized QRSd remained
statistical significant. These findings indicate that normalized QRSd provides
predictive value over QRS morphology. Measures of LV dimension may be
obtained by either CMR or echocardiography (although cut‐off values differ
between modalities). However, CMR is considered to be the ‘gold standard’
technique for LV quantification and offers late gadolinium enhancement (LGE)
imaging for etiology assessment as well (also included in the final model).(30) In
clinical practice, the role of CMR is of interest as CMR is increasingly used to
screen candidates by measuring LVEF combined with LGE imaging to guide LV
lead placement.(35)
Limitations
Due to the observational and retrospective nature of the study, some selection
bias may have occurred during patient inclusion. The study protocol was
designed to relate baseline characteristics (a.o. QRSd/LVEDV) to survival after
CRT implantation. However, it should be considered that survival after CRT
implantation is dependent on (i) pre‐implantation characteristics, and (ii) the
effect of CRT. Therefore, pre‐implantation characteristics that determine CRT
survival are not necessarily indicators of CRT benefit. Conversely, factors
associated with poor CRT survival do not exclude benefit from CRT. Previously
we demonstrated that QRSd/LVEDV <0.52ms/ml patients lacked hemodynamic
response to CRT.(11)
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In line with these findings, patients with QRSd/LVEDV <0.52ms/ml showed
relatively poor survival after CRT implantation. Nevertheless, it cannot be
excluded that these patients derived benefit from CRT since there was no control
group without CRT. Secondly, although normalization of QRSd showed
incremental value over QRSd itself, marginal predictive value over LVEDV did not
reach statistical significance. From a clinical perspective, however, the value of
normalized QRSd over unadjusted QRSd may be considered most relevant since
present patient selection for CRT is based on QRSd (and not LVEDV). Lastly,
backwards stepwise modeling was used to derive a simple model that only
included key predictors of CRT outcome.

CONCLUSION
Normalization of QRSd to LV dimension improves prediction of survival after CRT
implantation. In addition, sex‐specific differences in CRT outcome were found to
be explained by normalized QRSd and other prognostic factors (i.e. HF etiology).
QRSd normalization is a relatively simple method that might improve patient
selection for CRT.
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SUPPLEMENTAL MATERIAL
Table S1. Patient characteristics compared by sex
Variables
Age (years)
NYHA class (n, %)
Class II
Class III
Class IV
Device
ICD function (CRT‐D) (n, %)
Quadripolar LV lead (n, %)
Medical history (n, %)
Atrial fibrillation
Diabetes Mellitus
Hypertension
Medication (n, %)
Beta‐blockers
Diuretics
ACE / ATII inhibitors
Aldosterone antagonist
ECG
QRS duration (ms)
Strict LBBB (Strauss) (n, %)
Laboratory results
creatinine (μmol/L)
Echocardiography*
LVEDV (ml)
LVESV (ml)
LVEF (%)
CMR
LVEDV (ml)
LVESV (ml)
LVEF (%)
LV diameter (mm)
LV length (mm)
LV mass (g)
Ischemic CMP (n, %)
ECG + CMR
LVEDV normalized QRS
duration (ms/ml)

Total group
(n=250)
67 (59 – 74)

Male
(n=164)
67 (59 – 74)

Female
(n=86)
69 (57 – 75)

74 (30%)
172 (69%)
4 (2%)

53 (32%)
110 (67%)
1 (1%)

21 (24%)
62 (72%)
3 (4%)

0.115

240 (96%)
47 (19%)

158 (96%)
34 (21%)

82 (95%)
13 (15%)

0.704
0.280

49 (20%)
58 (23%)
67 (27%)

39 (24%)
42 (26%)
44 (27%)

10 (12%)
16 (19%)
23 (27%)

0.021
0.213
0.988

209 (84%)
195 (78%)
218 (87%)
102 (41%)

135 (82%)
128 (78%)
145 (88%)
64 (39%)

74 (86%)
67 (78%)
73 (85%)
38 (44%)

0.449
0.979
0.427
0.479

158 ± 22
165 (66%)

160 ± 23
103 (63%)

153 ± 18
62 (72%)

0.016
0.058

97 (78 – 118)

106 (87 – 132)

80 (70 – 97)

<0.001

221 ± 81
168 ± 76
25 ± 9

235 ± 85
181 ± 80
24 ± 9

199 ± 68
147 ± 62
25 ± 9

0.004
0.004
0.473

298 ± 93
234 ± 87
23 ± 7
74 ± 9
105 ± 10
155 ± 45
84 (34%)

315 ± 95
248 ± 90
22 ± 7
75 ± 9
108 ± 10
166 ± 46
70 (43%)

266 ± 78
206 ± 73
23 ± 7
71 ± 8
99 ± 8
135 ± 35
14 (16%)

<0.001
<0.001
0.352
<0.001
<0.001
<0.001
<0.001

0.57 ± 0.18

0.55 ± 0.17

0.62 ± 0.17

0.003

p‐value
0.943

NYHA, New York Heart Association class; CRT‐D, cardiac resynchronization therapy with
defibrillator function; LBBB, left bundle branch block; LVEDV, left ventricular end‐diastolic
volume; LVESV, left ventricular end‐systolic volume; LVEF, left ventricular ejection fraction;
CMP, cardiomyopathy; * incompletely recorded, n=176
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Figure S1: Forest plot of univariable Cox regression analysis for the primary endpoint: death /
LVAD / HTx
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Figure S2: Forest plot of multivariable Cox regression analysis for the primary endpoint: death
/ LVAD / HTx

