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ARTICLE INFO ABSTRACT

Aims: Left ventricular (LV) dyssynchrony lengthens the left ventricular electrical delay (LVED), measured
from QRS onset to the first peak of the LV electrogram. We constructed an ECG model to predict LVED
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Keywords: noninvasively.
Intraventricular dyssynchrony Methods: Intrapatient LVED was measured during a baseline vs nonselective His bundle pacing (nHBP) pro-
ECG tocol. This setup provided paired synchronic/non-synchronic LVEDs, allowing intrapatient comparisons.

Nonselective His Bundle pacing
Left Ventricular Electrical Delay

Crosscorrelation of leads Il and Vi was accomplished and extracted features together with age and gender
fed a linear mixed effects model to predict LVED.

Results: Hemodynamic increments were consistent with LVED advances under nHBP in a subset of 17
patients (dP/dtmax, baseline: 938.82 +241.95 mm Hg/s vs nHBP: 1034.94 4 253.63 mm Hg/s,p = 6.24e-4).
The inclusion of the area under Vg (Ay¢) and the time shift of R-peaks obtained from the crosscorrelation
signal (Cors) grouped by patient significantly improved LVED estimation with respect to the model based
only on QRS duration, age and gender (p = 1.7e-5).

Conclusions: Interlead ECG changes explained LVED, providing clues about the electrical impulse conduction

within the left ventricle noninvasively.

© 2018 Elsevier Inc. All rights reserved.

Introduction

In the last three decades, a growing body of literature focused on
alternative implementations for cardiac pacing, after a long period of
right ventricular pacing (RVP) in apex. RVP has been shown to exert
deleterious effects on cardiac function [1] and to create left bundle
branch block (LBBB) patterns, delaying the electrical activation of
the left ventricular lateral wall with respect to the interventricular
septum [2]. Cardiac resynchronization therapy turned out to address
this dyssynchronous activation, advancing the left ventricle activa-
tion by means of a lead placed via the coronary venous system. Even
though CRT proved to improve mortality and non-fatal heart failure
events, it still presents a high rate (about 30-40%) of non-responders
[3,4]. Recently, it was reported the relationship between LVED and
left ventricular remodelling with cardiac resynchronization therapy,
postulating the optimal site for the LV lead as that with the latest
LVED [5-7].
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In contrast to RVP or CRT, the recent His bundle pacing (HBP)
approach relies on the conduction paths of the cardiac system,
emerging as the most physiological pacing strategy that allows
restoration of native conduction in those patients with proximal His
Purkinje disease [8-10]. However, certain technical and anatomical
aspects still obscure the widespread of HBP, such as anatomical vari-
ations between patients, distal or complex blocks as the cause of
dyssynchrony or appropriate catheters to target the small area of the
His bundle. In fact, finding the optimal stimulation site can be a time-
consuming task which may lead to intraoperative complications at
implantation [11].

His bundle pacing has two possible mechanisms. It can capture
directly the His bundle (selective His bundle) producing a latency
equal to the His-ventricular interval and a QRS morphology iden-
tical to the intrinsic QRS complex. Nonselective His bundle pacing
(nHBP), on the other hand, results from the fusion of the adjacent
myocardium and the His bundle, producing a “delta-wave” that pre-
cedes the QRS complex. No matter whether selective or not, His bun-
dle pacing advances the left ventricular activation, greatly improving
intraventricular synchrony [12,13]. Therefore, it might be useful to
construct a model based on those ECG parameters that explain LVED
measures in order to assist in the noninvasive evaluation and/or
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optimization of cardiac stimulation devices or simply to assess car-
diac dyssynchrony electrocardiographically. Furthermore, since QRS
narrowing is not always possible with nHBP, noninvasive assessment
of LVED could guide a quantitative search for the optimal pacing site.

Finally, we hypothesized that multi ECG lead would be better
than single ECG lead variations to describe LVED. Therefore, an inter-
lead signal derived from the crosscorrelation of electrocardiographic
leads Il and Vg was constructed, on which we extracted temporal and
morphological features, which served as inputs to a mixed-effects
model for LVED during an acute basal vs nHBP protocol in 26 patients
with conduction disease disturbances.

Materials and methods
Population study and stimulation protocol

We restrospectively studied de-identified data from 30 consecu-
tive patients referred to electrophysiologic study (EP) for cardiode-
fibrillator indication. Of these 30, 4 patients were excluded from
analysis due to incomplete clinical records. Patients covered a wide
range of conduction disturbances (see Table 1). Age ranged from 52
to 76years old and subgroups were balanced for age and gender
(chi-square = NS). Five ECG variables were obtained during a Basal
vs nHB pacing protocol on these patients.

So as not to interfere with fluoroscopic images or to prolong EP
time, only leads [, II, V; and Vi were recorded. According to this
setup, LBBB was defined as notched or broad slurred R waves in leads
I and Vg, and 1S or QS pattern in lead V. Analogously, RBBB was
defined as rsr, rsR, or rSR morphology in V4, and deep S waves in Vg
as recommended by AHA [14]. Consistently, nonspecific intraventric-
ular conduction disturbance (NICD) patients accounted for the cases
with moderate widened QRS where LBBB or RBBB definitions did not
apply.

For electrical determination of dyssynchrony, a decapolar catheter
with an interelectrode distance of 2.5-5-2.5 mm was inserted via the
coronary sinus, considering the latest local bipolar electrogram for
the measurement of the left ventricular activation. LVED was defined
as the time elapsed from the beginning of surface QRS to the most
distal left ventricular electrogram deflection recorded from coronary
sinus in all patients [12].

nHBP was implemented biphasically with a phase width of 0.5 ms
followed by a subthreshold recovery phase to avoid electrode polar-
ization (overall pulse width of 1ms). A specially designed, quad-
configured pacing cable was connected to a Blazer I EPT 4 mm
Boston Scientific stimulation catheter and a ground pad beneath the
patient was utilized as reference for all four channels. For more detail
about stimulation protocol refer to [13].

Finally, the study was approved by the Ethics Committee of the “
Instituto de Investigaciones Medicas Dr. Alfredo Lanari ”. In all cases,
patients were thoroughly informed and provided written informed
consent.

Table 1

Baseline characteristics of the population study according to QRS duration. EF: Ejec-
tion fraction. QRSd: QRS duration. LVED: left ventricular electrical delay. LBBB: left
bundle branch block. NICD: nonspecific intraventricular conduction disturbance. AVB:
AV block, 2nd degree.

Baseline patient characteristics QRS; > 120 ms QRS; < 120ms

Age (y.0.) 65+ 13 57+19
Women 5(38%) 8 (61%)

QRS (ms) 186.92 +£19.31 139.46 +21.26*
LVED (ms) 115.23 +£17.73 91.23 +27.24*
EF % 24 27

LBBB 18 (100%) 0

RBBB 0 4(100%)

NICD 0 4(100%)

* p<0.05.

LVED estimation

Crosscorrelation is a measure of similarity of two signals as a
function of the displacement of one relative to the other. In intrinsic
conduction, simultaneous QRS complexes from different leads tend
to minimize the phase between them. This is, R peaks tend to align
themselves spatially (Fig. 1). However, when conduction paths are
altered, leads projecting on fibrotic or non-conductive myocardium
show delayed peaks, in addition to the changes in morphology that
affect the similarity from the healthy situation. This is the foundation
for the crosscorrelation analysis chosen in this study.

All possible permutations of two leads in the ensemble I-II-V;-Vg
were analyzed. Only the pair providing the best fit, 1I-Vg, remained
for further analysis (see Table 2). ECG recordings were bandpassed
with a Butterworth filter (4th order, 0.5-80Hz), power line inter-
ference was attenuated by means of a notch filter (Butterworth, 4th
order, 50 Hz) and fidutial points were found by means of a wavelet-
transform delineator [15]. Interlead features were extracted during
depolarization, therefore, QRS segmentation was accomplished on
both leads, being II"® and V" the corresponding QRS segments
consisting of a window of 300 samples (182 ms, sampling fre-
quency = 1640 sps) starting at the median of every lead’s QRS onsets.
Crosscorrelation was then applied to QRS segments. Characterization
of the resulting correlation signal gave rise to the following param-
eters: 1) Maximum correlation amplitude (Cor,) between leads 117
and V{"; estimating the average amplitude between leads II and Vg,
2) Correlation width (Cory) measured at 70% of maximum corre-
lation amplitude; relating average QRS widths, 3) Correlation shift
(Cors) measured at the peak time of the crosscorrelation signal
(phase), 4) QRS duration (QRSy) measured from spike to QRS lat-
est offset when pacing, or from earliest QRS onset and latest QRS
offset otherwise and 5) Area under V{™ (Ay, ), with Crosscorrelation
between I and V{" defined as

300-m
Xcoryyg(m) = > ug{jm)vsgr; (1)
i=1

The former ECG parameters plus QRSy, age and gender were
tested as predictors in a linear mixed model to assess their associa-
tion with LVED.

Fig. 1 exemplifies the procedure of QRS segmentation (middle)
and crosscorrelation feature extraction (right) from the acquired ECG
leads (left) in a sinus rhythm ECG trace. Arrows indicate the QRS
complexes on which the procedure was carried out. Notice that
QRS peaks for those leads coincide in the heart with intact conduc-
tion, resulting in the crosscorrelation signal centered at time zero
(Cors = 0). In order to contrast results obtained with this model, a
second model based on QRS,, age and gender was also constructed.
For clarity sake, nomenclature was defined as follows: LVED will be
used for the invasive quantity measured from coronary sinus, in con-
trast to LV EDecg, which will refer to the output of the ECG model and
LV EDy;s, referring to the output of the QRS model.

Statistical analysis

All data are expressed as mean=+SD. The D’Agostino-Pearson
normality test was applied to quantify the discrepancy between
the parameters distributions and an ideal Gaussian distribution. T-
student test was used to compare paired data (Baseline against nHB).
Gender distribution and age in the two patient subgroups were com-
pared by chi square test. A two-sided p <0.05 was regarded as
significant. Since we are dealing with paired data, a mixed-effect
model with subject as the grouping variable was evaluated by com-
parison between ECG and QRS models of Akaike, loglikelihood and
BIC values. Also, the likelihood ratio test compared the significant
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Fig. 1. Correlation analysis and normal values for a patient with intact intraventricular conduction on leads Il and V. Left) ECG traces recorded during EP. Middle) Superimposed
QRS segments (11" and Vé’rs ). Right) Leads Il and Vs crosscorrelation. QRS peaks coincide and crosscorrelation signal shows its maximum at time zero (Cors = 0). Cors: Correlation
shift (ms), Coryy: Correlation width (ms), Cor,: Correlation amplitude (mV), Ay: area under lead II, Ay, area under lead V.

improvement of the ECG over the QRS model. The mixed effects
model parameters were estimated by the Maximum Likelihood (ML)
method. Wilkinson notation was used, so that interaction terms were
also included. Bland-Altman plots were constructed to determine the
differences between measured and estimated LVED.

Results
Lead selection

Interlead variations were obtained by the crosscorrelation tech-
nique. Since crosscorrelation is a linear operation involving sums and
inner products of one signal overimposing another signal, only two
leads formed the interlead sets. The hypothesis underlying this work
is that inferior and lateral leads, in particular leads II and Vg account
for the maximum variance of the activation front in the left ven-
tricle. In this sense, lead Il runs parallel to the septum while Vg is
the horizontal lead that better sees the left lateral wall. Then, the
correlation of these two leads should properly detect any deviation
from normality in situations where conduction paths are altered. In
order to confirm this hypothesis, we have run the correlation analysis
for other interlead sets grouped according to the ventricle por-
tions they best describe, this is, inferior, left lateral and right lateral
leads (Table 2). Results confirm the hypothesis, with the pair 1I-Vg
providing the best fit, measured by the adjusted coefficient of deter-
mination (Adjusted R?). Also, notice that the group of inferior-left

Table 2

Goodness of fit for different interlead sets grouped according to the portion of
the ventricle they best describe. Inf-Left: inferior-left, Inf-Right: inferior-right. The
inferior-left sets provided the best fits, with the leads Il and Vi originating the highest
Adjusted R? (bold).

Inf-Left

Inf-Right Right-left

Interlead set I-II  I-III
Adjusted R*> 0.66 044 068 0.78 066 0.17

HI-VG "-VG GVI:-VG IH-V] H-V1 aVF-V1 V]-VG
0.23 0.21 0.55

leads originated good fits in general while the group of inferior-right
leads did not.

Crosscorrelation parameters

The mean+SD values for the ECG parameters, together with
response variable (LVED) analyzed during sinus rhythm (SR) and nHB
pacing on leads II-V; are presented in Fig. 2. Note that both predictors
and response were normalized through out basal and nHB pacing to
allow a better simultaneous representation.

It is worth mentioning the advance of LVED (34.58 + 24.61 ms
in average) in accordance with QRS shortenings of 24.37 4+ 28.56 ms
during nHB pacing for patients with wide QRS (greater than 120 ms).
However, this relationship did not hold for narrow QRS, where
QRS shortening suffered slightly (—11.87 + 16.88 ms) but not LVED
advance (20.12 £ 23.48 ms). This could probably be attributed to the
RBBB cases with preserved left ventricular conduction, where LVED
showed no changes from SR to nHB.

Hemodynamical changes

In order to corroborate the beneficial effect induced by nHB
pacing consistent with LVED improvement, we measured hemody-
namical changes in a subset of 17 patients. LV pressure was recorded
by means of a Millar pressure transducer under SR and nHB pacing.
LV pressure was continuously monitored during 5 ON/OFF cycles of
nHB paced and SR beats. LV dP/dtmax presented a higher level for nHB
versus SR (1034.94 + 253.63 mm Hg/s vs 938.82 + 241.95 mm Hg/s,
p = 6.24e-4), with individual raises in 14 patients, no change in one
(a difference of 5mmHg/s or lesser) and decrease in two patients
(see Table 3).

LVED estimation

Table 4 shows the model estimated coefficients together with the
respective statistics for the fixed and random terms contributing to
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Fig. 2. Normalized mean + SD ECG parameters analyzed during sinus rhythm and nHB pacing on leads II-Vs. Cors: Correlation shift (ms), Cory: Correlation width (ms), Cora:
Correlation amplitude (mV), Ay, : area under lead V5. QRS;: QRS duration (ms), LVED: left ventricular electrical delay, the response variable. *p < 0.0005, p < 0.005.

the LV ED.¢; model. Since QRS duration has been proved to be a sig-
nificant determinant of CRT response [16], we estimated LVED with
a second linear model based only on QRS duration, age and gender.
Fig. 3 shows the differences in model performance for QRS and ECG
models in two formats: the top panel displays measured vs estimated
LVED correlations, while the bottom panel shows their respective
Bland-Altman plots. The ECG regression (top left panel) produced
an adjusted R? of 0.78 (AIC = 471.59) while the simple QRS, regres-
sion (top right panel) gave an adjusted R? of 0.22 (AIC = 488.08).
Additionally, the fixed effects showed small p-values while the 95%
CI interval for the random effect was small and did not contain

Table 3

zero, which means that grouping by patient significantly improved
the regression. In order to compare the models, a likelihood ratio
test was run and led to the same conclusion; the ECG model per-
formed better than the QRS model at a significance of 1.7e-5. Table 5
shows this p-value together with a summary of the most important
statistics associated to each model.

From observing Bland-Altman plots, it is clear that the ECG model
presented an unbiased estimation (bottom left panel) while the QRS
model showed a non-consistent bias throughout the average mea-
sures (bottom right panel), underestimating for short LVED values
while overestimating for long LVED values. Also note the greater

Hemodynamic response to nHBP. Individual dP/dtmax for a subset of 17 patients. CD: Conduction disturbance. EF: Ejection fraction. LVDD: left ventricle diastolic diameter. QRS:
QRS duration. LVED: left ventricular electrical delay. LBBB: left bundle branch block. NICD: nonspecific intraventricular conduction disturbance.

Baseline nHBP

CD LVDD EF dP/dtmax QRS LVED dP/dtmax QRS LVED AdP/dtmax
[mm] (%] [mm Hg/s] [ms] [ms] [mm Hg/s] [ms] [ms] [mm Hg/s]

RBBB 73 23 703 119 81 698 109 66 -5

RBBB 55 35 1732 116 50 1744 92 72 12

LBBB 90 25 465 187 110 592 144 56 127

LBBB 57 25 960 144 94 1094 135 77 134

LBBB 83 20 326 193 135 481 151 69 155

LBBB 65 25 825 187 120 926 135 92 101

LBBB 81 22 801 115 112 817 125 76 16

LBBB 55 30 1241 147 89 1403 127 67 162

LBBB 58 25 936 137 82 991 125 43 55

LBBB 64 24 1106 145 132 1288 146 82 182

LBBB 60 38 1379 132 94 1610 77 37 231

LBBB 48 18 802 187 NA 991 135 NA 189

LBBB 72 35 1093 175 124 1190 129 74 97

LBBB 53 25 1175 142 105 1305 77 45 130

NICD 80 22 682 104 46 708 82 41 26

NICD 78 23 862 116 107 852 124 41 -10

NICD 62 27 745 101 86 694 114 54 -51
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Table 4

ECG model. Estimated coefficients with standard error (SE), T-stats and p-values for
the terms contributing to the LVED model. Cors: Correlation shift (ms), Ay, : area under
lead Vg, QRS,4: QRS duration (ms).

Fixed effects coefficients Estimate SE t-Stat p-Value
(Intercept) 17.19 14.44 1.19 0.239
QRS 047 0.08 5.63 8.9e-7
Ave —-0.06 0.01 —4.24 9.9e-5
Cors:Gender 1.02 0.29 3.40 0.0013
Random effects coefficients Type Estimate Lower Upper
Intercept Std 18.00 11.90 27.22

error dispersion defined as the 95% confidence intervals of the QRS,
model (98 ms) vs the ECG model (42 ms). Additionally, the error
in the QRS model is biased, and not evenly distributed about zero,
which in turn points at a handicap of the QRS model with respect to
the ECG model.

Clinical application
In order to evidence the procedure for searching the optimal pac-
ing site, Fig. 4 shows the crosscorrelation analysis for a LBBB case

presenting two pacing sites (arrows vs asterisks). Baseline recording
presented a LVED of 94 ms over a QRS 140 ms wide, while the nHB

ECG model
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Table 5

ECG vs QRS model. Likelihood ratio test comparing ECG model over QRS model. Note
the significant improvement of the ECG model embodied in such a small p-value. DF:
degrees of freedom, AIC: Akaike information criterion, BIC: Bayesian information cri-
terion, LogLik: maximized log-likelihood, likelihood ratio test statistic for comparing
ECG vs QRS models, LRStat: Likelihood ratio test statistic.

DF AIC BIC LogLik LRStat ADF p-Value
QRS model 5 488.08 497.84 -239.04
ECG model 6 47159 48329 -229.79 18.497 1 1.7e-05

paced at site 1 (arrows) presented a LVED of 79 ms and site 2 (aster-
isks) a LVED of 86 ms, both without appreciable change of the QRS
duration (about 135 ms). Baseline R-peaks presented a time differ-
ence equal to 40 ms, in contrast to that of 16 ms for site 1 and 22 ms
for site 2. This is a paradigmatic example where the aberrant QRS
morphology and the misaligned R-peaks were corrected under nHBP
even though QRS duration did not substantially change. In addition,
this example shows that even though QRS morphology varies very
little from site 2 to site 1, differences in R peaks alignment can be
finely tuned by crosscorrelation analysis. Since site 1 outperformed
site 2 at R peak alignment, QRS segmentation and crosscorrelation
analysis was displayed on those beats belonging to site 1 only.

QRS model
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Fig. 3. QRS duration vs ECG model. Top: Model performance for LV EDgs (right panel) and LV EDeg (left panel) models for LVED estimation. Bottom: Bland-Altman plots for both
models. Notice that the ECG model presents an unbiased estimation while the QRS; model shows a bias not consistent throughout the average measures. It underestimates for

short LVED values while it overestimates for long LVED values.
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Fig. 4. Intrapatient comparisons. Correlation analysis for paired baseline (top panel) and nHB stimulation (bottom panel) in a LBBB patient. Left) ECG traces recorded during EP.
Middle) Superimposed QRS segments from leads Il and V6 (II"* and Vgrs ), respectively. Right) Correlation signal obtained from cross-correlating leads I and V.

Discussion

We have presented a noninvasive model that predicts the left
ventricular activation obtained through a catheter in the coronary
venous system. With this ECG model, it is possible to optimize the
site of pacing by searching for the area that minimizes the model’s
output, ensuring the earliest left ventricular activation.

Due to the acute nature of the experimental setup, our ratio-
nale relied on finding the electrocardiographic variables that best
explained the late activation of the left ventricle measured inva-
sively by coronary sinus mapping [12]. This late activation may be
directly correlated to the conduction status within the left ventricle
and therefore could serve as a marker of cardiac dyssynchrony. Since
much evidence supports inter and intraventricular dyssynchrony as
a predictor of CRT response better than QRS duration [17-19], the
multivariable models proposed here would eventually help CRT indi-
cation as well. However, prospective long term follow up studies
should be carried out in order to confirm this.

We pursued non-invasive LVED prediction based on the follow-
ing experimental facts. Firstly, there exists evidence presenting LVED
as a marker of intraventricular dyssynchrony [7] while a few stud-
ies have reported patients with non-LBBB ECG patterns and LVEDs
exceeding 50% of their QRS durations [12,20]. In fact, NICD patients
in this study applied to that case. Then, it could be speculated that
those ECG features that best correlate to LVED would help unmask
this concealed dyssynchrony. Finally, these patients would benefit
from stimulation at these delayed areas by improving the hemo-
dynamic response after CRT [7]. Secondly, by choosing an electrical
outcome, a complete electrical model was determined. We believe
that this coherence contributed to the obtained performance. Indeed,
when we tried to explain a mechanical outcome with ECG param-
eters, the performance suffered dramatically (R> = 27%, data not
shown). This may be in line with findings from the PROSPECT study,
such as the large variability in the analysis of mechanical dyssyn-
chrony by echocardiography and the low area under the curve (AUC)
in the prediction of the endpoints (<0.62 for all parameters) [21].

Also, the acute hemodynamic changes accompanied LVED
improvements under nHBP, increasing dP/dtmax in 14 out of 17
patients (see Table 2). This is consistent with Catazariti et al., who
compared acute hemodynamic data among selective and nonselec-
tive His bundle pacing and RVA pacing, showing improvement of
LV function for the two former over RVA pacing, with no statis-
tical difference when selective was compared to nonselective His
bundle pacing [22]. Furthermore, Zanon et al. found that when pac-
ing at the longest intrapatient LVED, they obtained the best acute
hemodynamic response in patients undergoing CRT [7].

However, a word of caution should be said regarding LVED in the
particular cases of RBBBs and NICDs. By looking at Table 2, it is clear
that advancing the left ventricle activation did not impact on a ben-
eficial hemodynamic effect. On the contrary, it produced either no
change or even decrements in dP/dtmax. Probably for these cases, the
model should be used to keep LVED unchanged, in contrast to the
remaining cases where LVED minimization is desirable.

Finally, leads Il and Vi produced the best LVED fits. We believe
this fact shares anatomic foundations with Vereckei et al. [17].
In [17], time difference in intrinsecoid deflections of leads aVr and
Vs were utilized as a marker of intraventricular dyssynchrony, based
on their correlation with the anterior and posterior papillary mus-
cles, which should contract simultaneously. We could think of leads
Il and Vi as the same projection system, but slightly rotated to the
left. Another remarkable coincidence is the ECG parameter that con-
tributed to the model, Cors (see Table 3). As we explained above, Cors
could be interpreted as a difference in intrinsecoid deflections when
both lead morphologies show dominant R peaks.

Study limitations

Due to technical issues, only a reduced set of ECG leads were
acquired, namely leads I and II in the frontal plane and leads V; and
Ve in the horizontal plane. It may seem quite a loss of information,
but actually it is not. Remaining frontal leads (III, aVg,aV; and aVf)
are linearly dependent on the acquired leads, then they can easily be
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computed from them. On the other hand, leads V, to Vs represent
intermediate projections between the two right and left extreme
projections, V; and Vj respectively, that account for the maximum
variance of the electrical vector in the horizontal plane.

Conclusions

The inclusion of ECG interlead features obtained from crosscor-
relation of leads II and Vg into models based only in QRS dura-
tion, substantially improved the prediction of LVED in patients with
impaired intraventricular conduction. Thus, this ECG model served
as a noninvasive, easy to implement tool for optimization of non-
selective His bundle pacing site. Accordingly, it would also have
potential for setting of AV delays or biventricular intervals in stimu-
lation devices or even turn into a noninvasive dyssynchrony marker,
although prospective long-term studies should confirm this.
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