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Figure 3. Ventricular electrical activation delay
(VED) association with probability of heart failure
(HF) or death in left bundle branch block (LBBB)
population in 4-y follow-up in cardiac resynchroni-
zation therapy-defibrillator (CRT-D) arm (patients
treated with cardiac resynchronization therapy
[CRT]) compared with implantable cardioverter
defibrillator (ICD) arm (patients with implantable
defibrillator only).

A, All LBBB patients. Patients with VED<Q1 were at
higher risk (35%) than the other group (14%). Prob-
ability of HF/death in CRT-D patients with VED<Q1 is
very close to the probability of HF/death of patients
without CRT (35% vs 36%). Patients with QRS duration
(QRSd) =150 ms (B) and patients with QRSd between
130 and 150 ms (C) show similar association as in
Kaplan-Meier plots for the whole LBBB population (A).
This may indicate additional VED value in comparison
with QRSd.

tion for these models is available in the Data Supple-  that a 10 ms increase in VED value is associated with
ment. Moreover, separate multivariate Cox regression a 10% (P=0.067) and 17% (P=0.011) decrease of end
models in ischemic and nonischemic patients showed  point risk, respectively.
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Table 2. Multivariate Cox Regression Models for
Predicting Risk of Heart Failure or Death in MADIT-CRT
LBBB Population

Hazard 95% Hazard Ratio
Parameter Ratio Confidence Limits P Value

Model for dichotomized VED value

VED<Q1* 2.34 1.53 3.57 <0.001
?gg‘ fﬂiration PET 1 088 0.78 0.99 0.033
Creatinine 2.1 1.26 3.54 0.005
Female 0.45 0.26 0.76 0.003
LVESV index 1.01 1.00 1.02 0.020
Prior hosp. 1.39 0.95 2.03 0.089
SBP>140 mmHg 1.67 1.09 2.57 0.020

Model for continuous VED value

VED per 10 ms 0.87 0.80 0.96 0.003
Creatinine 2.04 1.23 3.41 0.006
Female 0.44 0.26 0.76 0.003
LVESV index 1.01 1.00 1.02 0.022
Prior hosp. 1.48 1.02 2.16 0.041
SBP>140 mmHg 1.63 1.06 2.51 0.026
QRS duration, ms 0.99 0.98 1.00 0.037

A total number of 112 events occurred in 657 observations. Nineteen
observations were not used because of missing covariate data. Multivariate
Cox regression models for predicting the risk of heart failure or death in
MADIT-CRT LBBB population. LBBB indicates left bundle branch block;
LVESV index, left ventricular end-systolic volume index by body surface
area; MADIT-CRT, Multicenter Automatic Defibrillator Implantation-Cardiac
Resynchronization Therapy; SBP, systolic blood pressure; and VED, ventricular
electrical activation delay.

*Q1 threshold for VED at 31.2 ms.

VED Is Associated With Hemodynamic
Changes and Ventricular Arrhythmias

For LBBB patients, we report changes at 12 months
after CRT implantation in LVEDV, LVESV, left atrial vol-
ume, LVEF, and LV dyssynchrony measurements. These
results are summarized in Figure 4 for patients with VED
values above (or equal to) and below 31.2 ms (Q1) at
the baseline. Comparing the groups of patients with
low baseline VED values (<Q1) to the rest of the cohort
(=Q1), we found that CRT-induced changes in LVEDV
(=17.9£9.5% versus —24.0+11.8%, P<0.001), LVESV
(-28.8+13.1% versus —36.8+14.9%, P<0.001), LVEF
(9.84+4.5% versus 12.5+5.2%, P<0.001), and left atrial
volume (=26.1+11.3% versus —30.5+12.0%, P<0.001)
were higher in those patients with VED >Q1 at base-
line. In addition, the beneficial changes in LV dyssyn-
chrony acquired from echo speckle tracking were larg-
er in those patients with VED >Q1 (-=31+£92% versus
—58+78%, P=0.015).

In examining the occurrence of ventricular arrhyth-
mias (VT/VF) in the LBBB cohort in relation to VED val-
ues, we found a larger percentage of patients with VT/
VF in those with low baseline VED values (VED<Q1)
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than in the rest of the group: 24% versus 16%,
P=0.031. This observation may also suggest that higher
VED before CRT implantation could be associated with
better patient outcome.

VED Values and Their Association With
Outcome in Subgroups

We provide a forest plot in Figure 5 describing the HR
in LBBB patients dichotomized at Q1 of VED. We used
the model adjusted for QRSd (Table 2). The top line
represents the HR for the entire LBBB population and
shows that patients with a baseline VED <Q1 have a
2.34x higher risk of the study combined end points in
comparison with the group with baseline VED >Q1. HR
in subgroups defined using clinical baseline character-
istics such as age, gender, and other relevant clinical
variables were similar. Hence, we report that there is no
significant interaction between these variables and the
prognostic value of VED for predicting the primary end
point of the trial. It is worth emphasizing that HRs for
subgroups by QRSd at 150 ms show nearly similar HRs
(2.78, 95% confidence interval, 1.32-5.83; P=0.007
versus HR, 2.11; 95% confidence interval, 1.21-3.65;
P=0.008). These results suggest that VED may be use-
ful as a predictor of HF events or death in patients with
QRSd both lower and higher than 150 ms.

We investigated the association between the QRSd
and VED values using the Pearson correlation. The
result demonstrated a significant but weak correlation:
R=0.50 (P<0.001).

VED Values in the Non-LBBB Population

Despite the lack of response to CRT in non-LBBB
patients described in the MADIT-CRT study, we investi-
gated the values of VED in patients with other ventricu-
lar conduction abnormalities, that is, RBBB and other
intraventricular conduction defects (IVCD). The median
VED value was —26.5 ms (interquartile range, 27.2 ms)
for RBBB patients and 16.1 ms (interquartile range,
19.1 ms) for IVCD patients, respectively. Both cohorts
were dichotomized using specific VED values because
their values are very different from the group of LBBB
patients. The risk of end point was 15% at 4 years for
VED >Q3 (Q3=-10.9 ms) in RBBB patients and 29% for
the other group (VED <Q3). This difference was not sig-
nificant (P=0.14). In IVCD patients, the risk was equal to
20% and 44% for VED <7.3 ms (Q1 in the IVCD popu-
lation) and VED >7.3 ms, respectively (P=0.05).

DISCUSSION

In this retrospective study, we present a new parameter
called VED that measures the delay between the pri-
mary components of the filtered QRS measured in the
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Figure 4. Hemodynamic changes in 1-y follow-up stratified by ventricular electrical activation delay (VED)=31.2 ms (first VED quartile).

Higher VED values are associated with better patient outcome. Changes were observed for left bundle branch block (LBBB) subjects where available (N=488).
Statistical significance *** and * refers to P<0.001 and P=0.015, respectively. LAV indicates left atrial volume; LV dyssynchrony, left ventricle mechanical dyssyn-
chrony; LVEDV, left ventricle diastolic volume; LVEF, left ventricular ejection fraction; and LVESV, left ventricle end-systolic volume.

septal and lateral leads of resting ECGs. We studied the
association between VED and the risk of HF or all-cause
mortality in MADIT-CRT patients. We demonstrated
that the MADIT-CRT LBBB patients with low VED before
CRT implantation are at higher risk of study combined
end points and have worse CRT outcomes. The elec-
trical septal-lateral delay in LBBB patients measured by
VED is a type of electrical dyssynchrony that CRT pacing
should correct.® Our results may support the use of VED
for optimal selection of patients benefiting from CRT
and risk stratification for combined end points.
Moreover, the risk associated with low preimplanta-
tion VED values does not seem to be modulated by the
clinical factors shown in Figure 5. Among others, this
figure also presents QRSd, one of the criteria in the CRT
guidelines.’®'” Although VED seems to derive different
information than QRSd, all time delays are examined
inside the QRS complex and, therefore, VED cannot be
longer than QRSd. As expected, patients with VED <Q1

Circ Arrhythm Electrophysiol. 2018;11:e005719. DOI: 10.1161/CIRCEP.117.005719

have a narrower QRS complex (149.8 ms) than patients
with VED >Q1 (166.4 ms). But, as shown in Figure 6,
VED and QRSd quartile stratifications lead to a different
level of association with CRT benefit which is stronger
in the case of VED.

Although VED seems to be more strongly predic-
tive than QRSd of CRT benefit, we observed that the
combination of both measurements leads to a better
HR model. As the analysis of both the AIC and Uno
concordance statistics shows, the inclusion of QRSd
only slightly increases model prediction. This applies to
both dichotomized and continuous functional forms.
It is also worth mentioning that VED maintained its
important predictive value even after QRSd was added
to the model (Table 2; Expanded details in the Data
Supplement). In comparing multivariate models which
use QRSd and VED separately, the AIC and C statistics
are better for models with VED when compared with
those with QRSd. This again applies to both continuous
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Non-ischemic — 2.46 (1.30-4.65) 0.006  48/373
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Figure 5. Hazard ratio (HR) and confidence intervals (Cls) by baseline ventricular electrical activation delay (VED).

All left bundle branch block (LBBB) patients were dichotomized by VED at 31.2 ms (Q1) showing HR=2.34 (the topmost row). Next, we separated only a proportion
of LBBB patients (defined by subgroup name) and HR and Cl were evaluated again (dichotomization by baseline VED Q1 was still used). No significant interactions
were found during this observation. Event represents heart failure or all-cause death. LVEDV indicates left ventricle end-diastolic volume; LVEF, left ventricular ejec-

tion fraction; LVESV, left ventricle end-systolic volume; and QRSd, QRS duration.

and dichotomized functional forms of both variables.
Other clinical parameters such as age, ischemia, LVEF,
LVEDV, and LVESV did not show interaction with VED
and emphasized its complementarity to these relevant
clinical markers of CRT response. QRSd correlated with
VED, but VED provided independent prediction of LBBB
response in Cox models.

One could speculate that the VED value might be
impacted by the presence of myocardial scarring.
Therefore, we also investigated the differences in VED
values between ischemic and nonischemic groups of
patients. In Figure 5, we showed that the subgroup of
nonischemic patients has a similar HR to the subgroup
of ischemic patients.

In general, CRT outcome in HF patients with non-
LBBB ECG morphology is less successful than in LBBB
patients.”1%22 In our study, we also evaluated the
VED parameter in 113 RBBB and 160 IVCD patients
(limited-size subgroups). In both these groups, lower
absolute VED values (negative in the case of RBBB)
were associated with a lower risk of the combined
end point, although nonsignificant in the case of RBBB
patients. This opposite behavior in IVCD patients may
be explained by the fact that VED values are very low
(both ventricles work relatively synchronously). There-
fore, the resynchronization effect is limited. And if there
is limited or no effect of CRT, the patient with the lower
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absolute VED (ie, the patient with synchronous ven-
tricle contractions) should be exposed to a lower risk
of end point than the patient with higher VED (ie, the
patient with asynchronous ventricle contractions). This
may also apply to the RBBB population. Such behavior
may suggest that CRT in non-LBBB patients has a lim-
ited effect which corresponds to the European Society
of Cardiology guidelines defining stronger restrictions
for CRT in non-LBBB patients than in LBBB patients. It
is also apparent that the use of VED in the non-LBBB
population should be investigated in future studies.

Although VED association with CRT outcome in spe-
cific cases remains unclear, the VED has a strong associ-
ation with the risk of end point in LBBB patients. Specif-
ically, a low VED points to LBBB patients with lower CRT
benefit. Subsequently, the risk of end points in those
patients with lower VED may be compared with the risk
of end points in patients without CRT, as presented in
Figures 3 and 6. This shows that the risk of combined
end points in CRT patients with low VED (<Q1) is very
close to the end point risk in patients with ICD only
(520 LBBB patients). Moreover, Figure 3B and 3C show
that VED provides new information in addition to QRSd
which may be important when considering borderline
cases for CRT. Therefore, we may state that VED has
potential to be useful in identifying patients who might
benefit from CRT therapy.
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Figure 6. Risk of the combined end point in cardiac resynchronization therapy (CRT) patients by ventricular electrical activation delay (VED) quar-
tiles (top) and by QRS duration quartiles (bottom) in comparison to patients with an implantable defibrillator (ICD).

Patients without CRT received an ICD. CRT patients with VED<Q1 (31.2 ms) have a very similar risk (35% vs 36%) as patients who received ICD therapy only.
Bottom shows that QRS duration is weaker when used for risk stratification. Both panels show left bundle branch block (LBBB) patients (N=676, N=520) in CRT-D
recipients and ICD recipients, respectively. P-values apply for CRT-D subgroups comparisons only. HF indicates heart failure.

Limitations

VED should be used with the LBBB population only;
results connected to the RBBB and IVCD population
led to an opposite association with a MADIT-CRT end
point, although nonsignificantly in the case of RBBB.

Circ Arrhythm Electrophysiol. 2018;11:e005719. DOI: 10.1161/CIRCEP.117.005719

Conclusions

In this retrospective study, we showed that VED is associ-
ated with CRT response in LBBB patients and may provide
new information in addition to existing clinical markers.
We also showed that LBBB CRT recipients with a low
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VED value show no or limited benefit from the therapy
in comparison to those with high VED. We think that this
noninvasive computerized ECG method may assist physi-
cians in the optimal selection of patients for CRT therapy.
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SUPPLEMENTAL MATERIAL

A) Model for dichotomized VED (adjusted for QRS duration, AIC 1345.098, C 0.711)

Parameter Para'meter Standard Chi-Square p-value Hazz?rd 95%.Hazard I.Rat'io

Estimate error ratio Confidence Limits
VED< Q1 0.85089 0.21573 15.56 <.0001 2.34 1.53 3.57
Creatinine 0.74639 0.26434 7.25 0.005 2.11 1.26 3.54
Female -0.80724 0.27369 8.95 0.003 0.45 0.26 0.76
LVESV index 0.00929 0.00400 5.09 0.020 1.01 1.00 1.02
Prior hosp. 0.32920 0.19367 2.94 0.089 1.39 0.95 2.03
QRS per 100 ms -0.12755 0.05992 4.14 0.033 0.88 0.78 0.99
SBP > 140 mmHg 0.51350 0.22021 5.76 0.020 1.67 1.09 2.57

B) Model for dichotomized VED (not adjusted for QRS duration, AIC 1347.835, C 0.706)

Parameter  Standard . Hazard 95% Hazard Ratio

Parameter . Chi-Square p-value . : .
Estimate error ratio Confidence Limits
VED< Q1 1.04018 0.19832 27.51 <0.001 2.83 1.92 4.17
Creatinine 0.74259 0.26226 8.02 0.005 2.10 1.26 3.51
Female -0.75960 0.27337 7.08 0.006 0.47 0.27 0.80
LVESV index 0.00715 0.00395 3.83 0.071 1.01 1.00 1.02
Prior hosp. 0.29236 0.19331 2.72 0.130 1.34 0.92 1.96
SBP > 140 mmHg 0.50075 0.22010 5.18 0.023 1.65 1.07 2.54

C) Model for continuous VED (AIC 1351.7, C 0.713)

Parameter  Standard . Hazard 95% Hazard Ratio

Parameter . Chi-Square p-value . ) -
Estimate error ratio Confidence Limits
VED per 10 ms -0.13483 0.04540 8.84 0.003 0.87 0.80 0.96
Creatinine 0.71395 0.26082 7.29 0.006 2.04 1.23 3.41
Female -0.81482 0.27413 8.48 0.003 0.44 0.26 0.76
LVESV index 0.00927 0.00405 5.09 0.022 1.01 1.00 1.02
Prior hosp. 0.39236 0.19163 4.23 0.041 1.48 1.02 2.16
QRSd [ms] -0.01302 0.00624 4.46 0.037 0.99 0.98 1.00

SBP > 140 mmHg 0.48995 0.22015 4.31 0.026 1.63 1.06 2.51




Multivariate Cox regression models for hazard ratios in MADIT-CRT LBBB population. Total
number of 112 events occurred in 657 observations. 19 observations were not used due to
missing covariate data. A, B - models for dichotomized variables describe hazard ratios using
Q1 threshold for VED at 31.2 ms. C - model for continuous variables describes that each 10
ms in VED decreases risk of study endpoint by 13%. VED — Ventricular electrical activation
delay, LVESV index — left ventricular end systolic volume index by body surface area (BSA),
SBP - systolic blood pressure, AIC — Akaike information criterion, C — Concordance (by Uno
et al. described at *°)





