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Patients suffering from heart failure and left bundle branch block show
electrical ventricular dyssynchrony causing an abnormal blood pumping. Cardiac
resynchronization therapy (CRT) is recommended for these patients. Patients with
positive therapy response normally present QRS shortening and an increased left
ventricle (LV) ejection fraction. However, around one third do not respond favorably.
Therefore, optimal location of pacing leads, timing delays between leads and/or
choosing related biomarkers is crucial to achieve the best possible degree of ventricular
synchrony during CRT application. In this study, computational modeling is used to
predict the optimal location and delay of pacing leads to improve CRT response. We use
a 3D electrophysiological computational model of the heart and torso to get insight into
the changes in the activation patterns obtained when the heart is paced from different
regions and for different atrioventricular and interventricular delays. The model represents
a heart with left bundle branch block and heart failure, and allows a detailed and accurate
analysis of the electrical changes observed simultaneously in the myocardium and in
the QRS complex computed in the precordial leads. Computational simulations were
performed using a modified version of the O’Hara et al. action potential model, the
most recent mathematical model developed for human ventricular electrophysiology.
The optimal location for the pacing leads was determined by QRS maximal reduction.
Additionally, the influence of Purkinje system on CRT response was assessed and
correlation analysis between several parameters of the QRS was made. Simulation
results showed that the right ventricle (RV) upper septum near the outflow tract is an
alternative location to the RV apical lead. Furthermore, LV endocardial pacing provided
better results as compared to epicardial stimulation. Finally, the time to reach the 90%
of the QRS area was a good predictor of the instant at which 90% of the ventricular
tissue was activated. Thus, the time to reach the 90% of the QRS area is suggested as
an additional index to assess CRT effectiveness to improve biventricular synchrony.

Keywords: cardiac resynchronization therapy, heart failure, LBBB, computational modeling, QRS duration,
optimization
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FIGURE 4 | Precordial leads signals on CRT. QRS complexes in the precordial leads under HF + LBBB conditions, before (red trace) and after (green trace) the
application of the best CRT configurations (shorter QRSd). Three different locations for the RV pacing lead were tested: RV apex with epicardial (A) and endocardial
(B) LV lead stimulation; RV mid septum with epicardial (C) and endocardial (D) LV lead stimulation; and RV upper septum with epicardial (E) and endocardial (F) LV
lead stimulation. Stimulation points are shown in light green inside the insets for the RV lead, and in blue and red for the LV endocardial and epicardial lead, respectively.

Firstly, we analyzed the optimal lead placement. The
shortest QRSd among all configurations tested was obtained
when the RV lead was placed in the upper septum near
the outflow track (third row). Furthermore, for all RV
lead placement the optimal location of the LV lead, both
in the epicardium and endocardium, was the LV mid
posterior wall.

Secondly, we analyzed the effect of the delay between pacing
leads and intrinsic activation in a fixed location. The best
configurations for the RV lead placed in the apex are depicted
in the first row. QRSd was reduced from 172 ms (Figure 4A)
to 157 ms (Figure 4B), but bigger reductions were obtained for
different intrinsic and pacing delays (AVD = 140ms, VVD =
0ms; AVD = 100 ms, VVD = 30 ms, respectively).
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When the RV lead was located in the middle of the septum
(second row), the QRSd was reduced from 161 ms (Figure 4C)
to 146 ms (Figure 4D) for optimal configurations. In this case,
these results were obtained for different pacing delays between
leads but the same AVD (AVD = 140 ms and VVD = 30 ms vs.
AVD = 140 ms and VVD = 0 ms, respectively).

If the RV lead was placed in the upper septum, the QRSd
was reduced from 149 ms (Figure 4E) to 143 ms (Figure 4F).
However, in this case both configurations were achieved with the
same intrinsic and biventricular delay (AVD = 140ms, VVD =
30 ms).

Finally, the influence of LV epicardial vs. endocardial
pacing was assessed. QRSd was decreased in all cases after
CRT application, but the reduction was greater for LV
leads placed in the endocardium (column 2) compared to
epicardium (column 1).

Summarizing, the optimal location in terms of shortest
QRSd was obtained when the RV lead was placed in the
upper septum and the LV lead was located in the mid posterior
wall region. Once the optimal lead location was selected for
both RV and LV leads, the shortest QRSd was measured for
different intrinsic and biventricular delays, without highlighting
a particular optimal setting. Finally, the shortest QRSd was
obtained in all configurations when the LV lead was placed in the
endocardium compared with those in the epicardium.

Ventricular Activation Time During CRT

Another helpful parameter to assess CRT outcome is the total
activation time (TAT) of the ventricles. This parameter is not
directly accessible in clinical practice during CRT procedures, but
simulations can provide additional information to achieve the
ideal configuration. Ideally, within normal physiological ranges,
the shorter the QRS the shorter TAT, leading to an increase in
ventricular synchrony. In Figure 5, the percentage of activated
ventricular tissue is shown as a function of time for the healthy
heart, under HF + LBBB conditions, and for the optimal CRT
configurations (as a function of RV location), which are shown
in Figure4. Under HF + LBBB conditions (red trace), the
electrical impulse spreads throughout the ventricles much slower
(gradual slope) than in the healthy heart (black trace) or in CRT
(green trace) configurations, completing ventricular activation
after 210 ms. For CRT simulations, the rate of activated tissue
was initially low, but increased rapidly to reach rates similar to
those observed in healthy cases. This was especially noticeable
when the LV lead was located in the epicardium (first column)
and the RV lead was located in the mid and upper septum
(Figures 4C,E, respectively). These results can be explained
because of several factors. Firstly, the configuration of the PS
and the PM]J distribution strongly affects the initial spread of the
wavefront. Given the PS RV morphology, i.e., two main branches,
one descending to the apex and another growing around the
moderator band (Figure 1D), when the RV lead was located in
the apex, the electrical stimulus entered fast in the PS (around
5ms) and propagated to remote areas faster than through the
myocardium (see Video 1, CRT). However, it took around 40 ms
to retrogradely enter in the PS when the RV lead was located in
the mid septal region, and around 90 ms when the RV lead was

in the upper septum. For this reason, it took 75ms to activate
initially only 10% of the myocardium. Secondly, stimulation
in the epicardial layer took longer to reach PM] locations.
Thirdly, the stimulation delay between both ventricles (VVD)
also affected the initial slope of cardiac activation. Nevertheless,
after 70 ms for the endocardial configurations (second column)
and 125ms for the epicardial ones the percentage of activated
tissue during CRT application was higher than the percentage
of HF + LBBB conditions. Moreover, during the final phase of
ventricular activation, the rising rate was considerably reduced.
Indeed, the electrical impulse took between 26 and 54 ms (15% to
26% of the TAT) to activate the last 10% of the ventricular tissue.

Finally, after applying the CRT protocol, the TAT was
decreased by 15, 14, 12, 15, 19, 22%, with respect to HF + LBBB
conditions, as shown in Figures 5A-F, respectively. The locations
of the pacing leads for the shorter QRS complexes coincided with
the locations of the electrodes for the shorter TAT. However,
when VVD and AVD were modified, the shortest QRS did not
match the shortest TAT, which means that QRSd and TAT are not
totally correlated. In addition, the difficulty in QRS measurement
at the beginning and end of the signals has to be considered.

In clinical practice, a shorter QRSd is one of the standard
criteria used to evaluate CRT response. However, both
non-responder and responder patients show a reduction in
QRSd after CRT application (Molhoek et al., 2004; Elhakam
Elzoghby et al, 2017). Therefore, an additional indicator
would be useful for a better perception of CRT benefit. As
shown in Figure5, TAT could be strongly modified by the
initial rate of activation, as well as by the last activation
interval. To avoid this, we analyzed the time elapsed to 90%
of ventricular activation (tgg), (Figure6). This parameter
allows us to determine which configuration leads to a faster
activation of most of the ventricular tissue, thus decreasing
electrical dyssynchrony.

Figure 6 shows toy values for a configuration with the RV
lead placed in the apex, mid septum, and upper septum, and
the LV lead located in the epicardium (Figures 6A-C), and the
same RV configurations with the LV located in the endocardium
(Figures 6D-F). The different delays applied between the His
Bundle and CRT leads (AVD) and between the RV and LV leads
(VVD) are shown in columns.

The optimal location of the LV pacing lead, both in the
epicardium and endocardium, changed during CRT application
for each of the pacing lead locations in the RV. However, the
optimal AVD and VVD were the same in all cases, 140 and 0 ms
(third column), respectively.

On the one hand, when AVD was modified (column 1
vs. column 3 and column 2 vs. column 4) similar results
were obtained, except when the RV lead was located in the
upper septum area. The electrical propagation of the intrinsic
stimulus contributed to decrease tgy (7% reduction) for an AVD
of 140 ms. On the other hand, when VVD was increased (column
1 vs. column 2 and column 3 vs. column 4) tgy increased up to
19% for all the RV lead locations.

When the RV lead was located in the apex, the optimal
location of the LV lead in the epicardium was the LV anterior
wall at basal level (Figure 6A). For the same RV lead location,
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FIGURE 5 | Cumulative frequency histograms of the normalized percentage of activated tissue. The curves correspond to healthy (black), HF + LBBB (red) and CRT
(green) scenarios. The best CRT configurations (shortest QRSd) for the three locations of the RV lead were tested: RV apex with epicardial (A) and endocardial (B) LV
lead stimulation; RV mid septum with epicardial (C) and endocardial (D) LV lead stimulation; and RV upper septum with epicardial (E) and endocardial (F) LV lead
stimulation.

the optimal LV lead location in the endocardium was the LV
posterior wall at mid-cavity level (Figure 6D). Changing the RV
lead location to mid septum, the optimal LV lead location in the
epicardium was the LV mid lateral wall, while the optimal LV
lead location in the endocardium was the LV mid posterior wall
(Figures 6B,E, respectively).

Finally, for the RV lead location in the upper septum, the
optimal placement of the LV pacing lead in the epicardium
was in the LV mid lateral wall, while the optimal placement
of the LV lead in the endocardium was the apex of the LV
lateral wall (Figures 6C,F, respectively). Table 1 summarizes the
optimal placement of the LV lead for a faster activation of
90% of the ventricular tissue. The optimal locations calculated
are not in agreement with the optimal RV lead location
determined based on a shorter QRSd in most cases. This
result suggests the hypothesis that the shortest QRSd does not
necessarily imply the fastest ventricular activation of 90% of the
ventricular muscle.

Correlation Between Ventricular Activation

and QRS

To better highlight the relationship between QRSd and TAT, a
correlation analysis was carried out (Figure 7A). Results showed
an elliptical distribution of data with a moderate positive linear
relationship, statistically significant (R = 0.78 and p < 0.05).
This moderate correlation could justify the difference between
the optimal AVD and VVD values for the simulations with a
shortest QRSd and with a shortest TAT.

A similar correlation analysis was made between area of
the QRS (QRSa) and TAT (Figure 7B). We first calculated
the QRSa for the average signal of the six precordial leads,
between the beginning and end values determined during
the measurement of the QRSd. The results of the correlation
show a scattering distribution of data with a statistically non-
significant p-value (R = —0.12 and p = 0.076). Thus, a linear
relationship between QRSa and TAT was not observed in
this study.
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FIGURE 6 | Time to 90% of ventricular activation for the different CRT configuration delays assessed. (A-C) Epicardial LV lead stimulation for the three RV lead
location tested: (A) RV apex, (B) RV mid septum and (C) RV upper septum. (D-F) Endocardial LV lead stimulation for the three RV lead location tested: (D) RV apex,
(E) RV mid septum and (F) RV upper septum. The three LV regions (anterior, lateral and posterior walls) are shown in different color brightness (red, blue and yellow).
The values for healthy and HF + LBBB configurations are depicted in black and red lines respectively.

Finally, when correlating the curves of percentage of activated
tissue and percentage of QRS area as a function of time,
a direct relationship between both variables was observed.
Figure 7C shows the correlation between time to 90% of QRSa
(togoQRSa) and time to 90% of the ventricular activation (tgg)
for each CRT simulations. A significant correlation with a high
linear dependence was observed (R = 0.94 and P < 0.05).
Simulations with shorter tgoQRSa correspond to the simulations
with shorter tgy. Therefore, a new biomarker based on time
up to 90% of the QRS area can be used as an indicator of
electrical synchrony.

DISCUSSION

In this study, biophysical 3D multiscale simulations were
conducted to assess alternative locations of the RV lead for a
better CRT response in LBBB HF patients. The major findings
of this study can be summarized as follows: (i) the optimal

leads location based on shortest QRS criterion was the RV
upper septum and the LV mid posterior region minimizing also
TAT; (ii) for the optimal lead location, the delay configuration
leading to the shortest QRSd was AVD = 140 ms, VVD = 30 ms.
However, the AVD and VVD setting leading to the shortest
TAT was different, suggesting that minimizing QRSd is a good
criterion to select leads location but not to select the pacing
delay; iii) the time to 90% of the QRS area (tgoQRSa) was a good
predictor of the instant at which 90% of the ventricular tissue had
been activated (tgg). This indicator could be used in clinical trials
to complement QRSd criterion to select the optimal delay of the
pacing leads to obtain a faster ventricular activation of most of
the ventricular muscle.

Optimal Lead Location

The location of the optimal pacing site varies significantly
between patients, so that a strategy of individualized LV lead
placement is required to maximize the benefit of CRT (Derval
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TABLE 1 | Optimal placement of the LV lead on CRT.

Criterion RV lead LV lead AVD VvVD
(ms) (ms)

LV EPICARDIAL STIMULATION

Shortest QRS duration Apex Posterior - mid 140 0
Mid septum Posterior - mid 140 30
Upper septum  Posterior - mid 140 30

Shortest TAT Apex Posterior - mid 140 0
Mid septum Posterior - mid 140 0
Upper septum  Posterior - mid 140 0

Faster activation of Apex Anterior - base 140 0

90% of the ventricular

tissue
Mid septum Lateral - mid 140 0
Upper septum  Lateral - mid 140 0

LV ENDOCARDIAL STIMULATION

Shortest QRS duration Apex Posterior - mid 100 30
Mid septum Posterior - mid 140 0
Upper septum  Posterior - mid 140 30

Shortest TAT Apex Posterior - mid 140 0
Mid septum Posterior - mid 140 0
Upper septum  Posterior - mid 140 0

Faster activation of Apex Posterior - mid 140 0

90% of the ventricular

tissue
Mid septum Posterior - mid 140 0
Upper septum  Lateral - apex 140 0

TAT, total activation time; AVD, atrioventricular delay; VD, interventricular delay.

et al., 2010; Spragg et al., 2010). The apex for permanent LV
pacing should be avoided, as this location has been associated
with poor outcomes in studies such as MADIT-CRT (Yoshikawa
et al,, 2010; Singh et al.,, 2011). The experimental study PATH-
CHEF I suggested that the mid lateral left ventricular site for the
LV lead may show greater acute benefit in patients with LBBB
(Auricchio et al., 1999). In general, a lateral or posterior vein is
the desired location for achieving optimal hemodynamic support
as this is usually the site of most delayed activation of the left
ventricular wall in patients with LBBB (Stellbrink et al., 2000;
Singh et al., 2006).

Our simulation results suggested the upper area of the RV
septum as the optimal position for the RV lead, in agreement with
some experimental (Muto et al., 2007; Flevari et al., 2009; Cano
et al.,, 2010; Da Costa et al., 2013) and simulation (Miri et al.,
2009a) studies. The study of Leclerq and coworkers (Leclercq
et al,, 2016) demonstrates that septal and apical RV pacing in
CRT have a similar clinical outcome and similar LV reverse
remodeling after 6 months of therapy. However, other studies
(Victor et al., 2006) reported the shortest QRSd for RV septum
pacing but not a better CRT response (similar LVEF at 6 months).
This highlights the need of additional indicators to determine the
optimal placement of the pacing leads.

In the present simulation study the most delayed activation
area was located in the anterior basal LV region in the HF +
LBBB configuration under intrinsic activation. We also assessed
the latest activated area of the LV, when only RV stimulation was

applied. If the RV lead was placed in the apex, the anterior basal
LV area was activated the latest. However, the LV lateral wall was
the latest activated area when the RV lead was located either in
the middle or upper septal regions (see Figure S3).

The study of Zanon et al. (2014) determined that the LV lead
location in the latest activated site was predictive of the maximum
increase in contractility (LV dP/dtp,.x). On the other hand, in
the recent study of Sipal and coworkers (Sipal et al.,, 2018),
comparing the clinical benefits of LV lead implantation guided
by the shortest BiV-paced QRSd using surface ECG and with
the standard unguided CRT, there was a significantly higher rate
(85 vs. 50%, p = 0.02) of response (>15% reduction in LV end-
systolic volume) to CRT as well as a shorter QRSd (p < 0.001)
and a greater QRS shortening for the surface ECG guided
group. Furthermore, the optimal site for LV lead placement was
the posterior and posterolateral region, in agreement with our
simulations. For all RV lead locations tested in our study, when
the LV lead was placed in the latest activated area of the LV, none
of those configurations led to the shortest QRSd.

In our study, we also showed that when pacing in the
latest electrically activated area of the LV, that area did not
provide the shortest TAT. Similar results were observed in the
simulation study by Pluijmert et al. (2016). In that work, the
authors found that the LV pacing region that provided the
maximum acute hemodynamic response, located near the
latest activated area, did not lead to the largest reduction of
TAT during biventricular stimulation. Even stimulating regions
leading to the largest reduction of TAT showed poor increase
of hemodynamic response. However, other studies have found
a positive correlation between acute hemodynamic response and
TAT reduction (Crozier et al., 2016). The optimal method to place
the LV pacing lead is thus object of controversy: while several
studies support that pacing in the latest activated area leads to
better hemodynamic response, others consider the criterion of
maximal reduction in QRSd as the best choice.

Optimal Delay Between Pacing Leads
Optimization of AVD and VVD is crucial during CRT
application. A longer inter-lead electrical delay was associated
with more pronounced LV reverse remodeling in CRT patients
with a presumed optimal LV lead position concordant or
adjacent to the latest mechanically activated non-scarred segment
(Sommer et al., 2018).

In clinical practice this value should be specifically set
for each patient, although optimization is rarely performed
in the real practice. The largest trials studying CRT used
various methods to optimize these intervals, most frequently
based on echocardiography and intracardiac electrogram interval
measurement, but unequivocal proof of the benefit brought by
optimization is still lacking (Abraham et al., 2010; Krum et al.,
2012; Brugada et al., 2014). Echocardiography presents inherent
variability of results and is highly operator dependent (Gras et al.,
2009). Optimization based on intracardiac electrogram intervals
has not proved yet to be of clear benefit above arbitrary AV
interval (Ul¢ and Vancura, 2013). Multisite pacing has shown
favorable results, although it is technically complex (Cazeau et al.,
2001). A less time-consuming and easier optimization method
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might enable a more systematic optimization of the AVD and
VVD at routine follow-up visits in all recipients of CRT systems.

The morphology of the PS clearly determined in our study the
influence of AVD. When the RV lead was placed in the apex, the
intrinsic activation of the His bundle found the majority of the
Purkinje network already depolarized via retrograde conduction.
However, if the RV lead was placed in the middle septum or
closer to the outflow tract, further from any possible entrance
to the cardiac conduction system, the intrinsic depolarization
wavefront spread faster to the myocardium than the wavefront
generated through the CRT leads, leading to a reduction in
TAT. Some experimental studies (Prinzen and Peschar, 2002)
support the idea that PS may not allow retrograde conduction in
LBBB patients due to structural damage, or if allowed, reduced
conduction velocity would be observed in LV PS sections,
neglecting the influence of PS. Whether the rest of the LV
branches are able to conduct retrogradely (Huang et al., 2017)
or other areas of the Purkinje network deteriorate, as HF evolves,
remains unknown. Experimental studies have measured a strong
reduction in septal conduction velocity during LBBB when HF
was advanced compare to acute LBBB (Strik et al., 2013). In that
case, the simulation results of this study should be considered
with caution. Although new methodologies are arising to better
describe the PS (Lee et al., 2014; Barber et al., 2018). The lack of
technology to characterize the PS in a patient specific manner,
limits the optimal configuration for CRT.

Traditional CRT pacing mode does not promote ventricular
activation through conduction system from the sinoatrial node.
The lack of enough information on the chronic effects of
the fusion leads (intrinsic stimulation combined with external
pacing) and this method is avoided, setting the shortest AVD
based on echocardiography (Barold et al., 2008). In our study,
a fusion between the intrinsic activation and biventricular
(BiV) pacing for the optimal CRT configuration (pacing lead
location and delays) was assessed. Several experimental works
support this procedure (Van Gelder et al., 2005; Vatasescu
et al., 2009; Arbelo et al., 2014; Guo et al., 2015). Guo et al.
determined that congestive heart failure patients with BiV pacing
+ intrinsic activation presented improvement in cardiac function
and quality of life (Guo et al, 2015). Meanwhile, Vatasescu
and coworkers observed that BiV pacing fused with intrinsic

activation might increase the rate of structural responders
(Vatasescu et al., 2009).

Biophysical models of the heart have been used to optimize
AVD, VVD and lead location during CRT simulation (Miri
et al., 2008, 2009a,b; Pluijmert et al., 2016; Lee et al., 2017).
QRSd, estimated as the difference between the time of the first
and last activated cardiac cell (or TAT), have been used as one
optimization criterion by Miri and coworkers. In our study, the
optimal LV lead location based on the shortest QRSd (calculated
in the ECG signal) was similar to the region with shortest TAT
(see Table 1). However, VVD value that produced the shortest
QRSd did not match with the VVD that produced the shortest
TAT, which means that QRSd and TAT are not totally correlated.
A simulation study by Potse et al. (2012) support this result. The
authors observed that biventricular pacing did not change QRS
duration but reduced total ventricular activation time when the
LV stimulation was applied in one point of the LV free wall.

Indicators to Evaluate CRT Outcome

The Echocardiography Guided Cardiac Resynchronization
Therapy (EchoCRT) study further reinforced the importance
of QRSd over mechanical dyssynchrony as the most important
indicator for CRT responses (Ruschitzka et al., 2013). Other
studies have proposed indexes based on QRS measurements. Van
Gelder et al. (2009) showed a relation between the Q-LV interval
(the interval from Q wave to intrinsic deflection on the LV EGM)
and the acute hemodynamic effect on optimized biventricular
stimulation. A longer Q-LV interval predicted a greater increase
in LV pressure rise (LVdP/dty,y) and vice versa. Normalizing
the QLV by QRS duration, termed LV lead electrical delay
(LVLED), was also shown to correlate with Doppler-derived
dP/dt values. LVLED greater than or equal to 50 % was associated
with significantly greater reductions in all-cause death or HF
hospitalization at 12 months of follow-up in patients with
non-ischemic cardiomyopathy (Singh et al., 2006).

Our simulations show that the difference in QRSd was
significant when the LV was paced in different sites and for
a fixed placement of RV. However, these differences in QRSd
were decreased when adjusting the delay between leads in a
fixed location for both leads (see Table S1). Thus, the shortest
QRSd predicted precisely the region in the LV subdomains that
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produced the shortest TAT for the three locations of the RV lead
tested, leading to an increase in ventricular synchrony. However,
this index could not determine the pacing delay configuration
between leads that allows to obtain the shortest TAT. There is
no consensus on how QRS should be accurately measured, and
therefore small differences are expected between methods (De
Pooter et al., 2016). In our study, the optimal QRSd obtained after
CRT application supposed a 20% reduction of the QRSd. This
result is in agreement with the study of Elhakam Elzoghby et al.
(2017), where 180 patients under heart failure conditions and
LBBB were studied, and similar reductions were obtained. Other
studies obtained lower QRS reduction values, namely 17 and
12%, for CRT responders in Molhoek et al. (2004) and Pitzalis
et al. (2002) studies, respectively.

The assessment of interventricular dyssynchrony was done
analyzing the TAT. Our results showed that a shorter duration
of the QRS complex is moderately correlated with a shorter TAT
(Figure 7A). The narrowest QRS complex predicted the optimal
location of the stimulation leads but not the optimal value of the
VVD. In this way, the tgg index selected correctly the best delay
configuration to provide the fastest activation of the majority
of the heart. In several configurations, TAT value was exactly
the same (see Table S2), but tgy discerned the shortest order of
activation. Thus, the shortest QRSd predicted the location for
the optimal leads placement, but toy predicted the best pacing
delay with the shortest TAT. We hypothesized that setting the
pacing delay properly with this new index could improve CRT
non-responders rate.

Other simulation studies have assessed the evolution of
TAT during CRT (Romero et al, 2010; Potse et al., 2012)
focused on the assessment of the LV intraventricular delay.
The recent study of Tomassoni (2016) showed how CRT
response assessment is highly variable depending on the
criteria used to define the response. QRS width has been
shown to correlate well with interventricular dyssynchrony
but unfortunately this has poor accuracy for detecting
intraventricular dyssynchrony. As a result, it is estimated
that only 70% of patients with LBBB have echocardiographic
evidence of mechanical dyssynchrony (Bleeker et al., 2004).
The role of mechanical dyssynchrony for improving patient
selection for CRT remains controversial. The multicenter,
nonrandomized Predictors of Response to CRT (PROSPECT)
study evaluated the ability of 12 echocardiographic indices of
dyssynchrony to predict CRT responses at 6 months (Chung
et al., 2008). These indices provided only modest sensitivity
and specificity, and researchers reported large variability in
quantification of dyssynchrony. Mechanical dyssynchrony
has also been used to select CRT candidates with a narrow
QRS duration < 120 ms, with limited success in randomized
multicenter studies. In this line, mechanical response generated
by electrical excitation (excitation-contraction coupling) could
be different depending on the heart region (Gurev et al., 2010).
Multiple simulation studies have addressed CRT from different
perspectives. The recent work of Lee et al. (2018) organized
and summarized the state of the art of computational modeling
for CRT.

To our knowledge, and given the benefits of using a model
where all variables are accessible, our study is the first to
systematically explore the correlation between the activated
portion of tissue (less accessible in clinical practice) and the
QRS complex in the torso surface. Thus, we found that an
index based on time to 90% of the QRS area (tog9QRSa) is a
good predictor of the instant at which 90% of the ventricular
tissue has been activated (tgg). This indicator could be used in
clinical trials to complement QRSd measurements in defining the
optimal location and delay of the pacing leads to produce faster
ventricular activation of most of the ventricular muscle.

Epicardial vs. Endocardial Pacing

Although LV epicardial stimulation decreased QRS width in
most cases, a greater reduction was observed for endocardial
pacing. The study conducted by Spragg et al. (2010) showed that
CRT administered at the optimal site of the LV endocardium
was more effective than stimulation through an electrode in the
coronary sinus. There is evidence to suggest that endocardial
stimulation yields to more natural transmural activation patterns
and a better response for CRT patients (Prinzen et al., 2009;
Bordachar et al., 2010; Behar et al., 2016). In this line, new devices
that allow endocardial pacing and single lead stimulation (Sperzel
et al., 2015) coordinated with intrinsic activation will provide
new possibilities.

The better results obtained with endocardial pacing are
strongly influenced by PS. As PM]Js are located in the endocardial
surface, the wavefront generated for the LV lead gets into the
Purkinje conduction system retrogradely and spreads faster to
other inactivated areas (see Video 2, RETROGRADE). Thus,
knowing the distribution and location of PM]J, as well as the
conduction system morphology is a determinant factor for
CRT improvement.

Limitations

CRT was analyzed only from an electrical point of view in
our study. Mechanical behavior based on echocardiography is a
common alternative to assess hemodynamic response, although
this method is time-consuming and the optimal measurements
remain unclear. Simulation studies including the mechanical
behavior would be certainly enlightening.

In this study, a particular heart geometry and PS were
assessed. The inclusion or not of the moderator band (which
may be very patient-specific) may affect QRSd and TAT
measurements, especially when pacing on the RV upper septal
area. Although our results have been compared to other
related studies, the specific findings observed in this study
should be carefully validated against clinical studies and
complemented with a set of computational models of
different patients. In addition, two isolated stimuli were
employed to assess CRT efficiency. The development of
strategies that allow multi-site pacing should be taken into
account in future studies. Additionally, the incorporation
of levels of HF in different ventricular areas could modify
simulation results.
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CONCLUSION

In conclusion, our study showed that the optimal location for
the RV lead in CRT site as an alternative to RV apex, is the
upper septum close to the outflow tract, based on the shortest
QRSd criterion. Furthermore, LV endocardial pacing leads
improve CRT outcome, with respect to epicardial stimulation,
and areas with a higher density of PM] are suggested for better
CRT response.

CRT optimization based only on the shortest QRSd criterion
may not be totally effective to reach the maximum TAT
reduction, or to optimize biventricular pacing delay. However,
a biomarker based on minimizing the value of tgy (time elapsed
to 90% of ventricular activation) could be used to determine
the optimal VVD value. The time to reach the 90% of the
QRS area (tg9pQRSa) is related to the time at which 90% of the
ventricles are already activated (tgg). Thus, tgoQRSa is suggested
as an additional index to assess CRT effectiveness to improve
biventricular synchrony.
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