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See Editorial by Waks et al

BACKGROUND: The predictive value of interventricular versus 
intraventricular dyssynchrony for response to cardiac resynchronization 
therapy (CRT) remains unclear. We investigated the relative importance 
of both ventricular electrical substrate components for left ventricular (LV) 
hemodynamic function.

METHODS AND RESULTS: First, we used the cardiovascular 
computational model CircAdapt to characterize the isolated effect of 
intrinsic interventricular and intraventricular activation on CRT response 
(ΔLVdP/dtmax). Simulated ΔLVdP/dtmax (range: 1.3%–26.5%) increased 
considerably with increasing interventricular dyssynchrony. In contrast, 
the isolated effect of intraventricular dyssynchrony in either the LV 
or right ventricle was limited (ΔLVdP/dtmax range: 12.3%–18.3% and 
14.1%–15.7%, respectively). Effects of activation during biventricular 
pacing on ΔLVdP/dtmax were small. Second, electrocardiographic 
imaging–derived activation characteristics of 51 CRT candidates were 
used to personalize ventricular activation in CircAdapt. The individualized 
models were subsequently used to assess the accuracy of ΔLVdP/dtmax 
prediction based on the electrical data. The model-predicted ΔLVdP/dtmax 
was close to the actual value in patients with left bundle branch block 
(measured−simulated: 2.7±9.0%) when only intrinsic interventricular 
dyssynchrony was personalized. Among patients without left bundle 
branch block, ΔLVdP/dtmax was systematically overpredicted by CircAdapt 
(measured−simulated: 9.2±7.1%). Adding intraventricular activation to 
the model did not improve the accuracy of the response prediction.

CONCLUSIONS: Computer simulations revealed that intrinsic 
interventricular dyssynchrony is the dominant component of the 
electrical substrate driving the response to CRT. Intrinsic intraventricular 
dyssynchrony and any dyssynchrony during biventricular pacing play a 
minor role in this respect. This may facilitate patient-specific modeling for 
prediction of CRT response.

CLINICAL TRIAL REGISTRATION: URL: https://www.clinicaltrials.gov. 
Unique identifier: NCT01270646.
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Cardiac resynchronization therapy (CRT) is rec-
ommended for patients with heart failure with 
reduced left ventricular (LV) ejection fraction 

(≤35%) and conduction disorder, preferably left bun-
dle branch block (LBBB).1 It is believed that CRT acts 
by restoring the synchronicity of ventricular activation 
in hearts with a delayed LV free wall activation, result-
ing in a more uniform ventricular contraction. The im-
portance of a delay in LV free wall activation for CRT 
response is reflected by the fact that LBBB morphology, 
which is related to delayed LV free wall activation,2 has 
the strongest recommendation for CRT.1 Because ECG 
morphology remains an imperfect tool for patient se-
lection,3 invasive and noninvasive techniques have been 
developed to more accurately detect the electrical sub-
strate responsive to CRT regardless of morphology.4–6 
Using noninvasive electrocardiographic imaging (ECGi), 
we have previously shown that patients with a delay of 
the LV free wall relatively to the right ventricle (RV) free 
wall are more likely to respond to CRT.4,7 In addition, 
increased levels of intra-LV dyssynchrony were observed 
in CRT responders.4 Nevertheless, the relative impor-
tance of ventricular activation components measurable 
by ECGi for predicting CRT response remains unclear. 
LV activation can be delayed by a delay in onset of LV 
activation,8–10 or because of increased regional disper-
sion of activation within the LV free wall.10,11 The lat-
ter mechanism of regional dispersion has been shown 
to be most common in patients without LBBB10 and is, 
therefore, potentially related to reduced CRT response. 
In this study, we investigated the relative contributions 

WHAT IS KNOWN?
• Cardiac resynchronization therapy is beneficial 

in approximately two third of the patients with 
heart failure and (atrio-)ventricular conduction 
abnormalities.

• Patients with delayed left ventricular free wall acti-
vation are more likely to respond to cardiac resyn-
chronization therapy.

WHAT THE STUDY ADDS?
• Whereas ECG imaging could not differentiate 

between the importance of interventricular and 
intraventricular dyssynchrony, computer simu-
lations revealed that pure interventricular dys-
synchrony is the driver of acute hemodynamic 
response to cardiac resynchronization therapy.

• Simulations suggest that optimization of cardiac 
resynchronization therapy delivery in hearts with-
out myocardial scar can best be focused on avoid-
ing residual interventricular dyssynchrony rather 
than on minimizing left ventricular or right ven-
tricular total activation times.
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of global interventricular and the regional intraventricu-
lar dyssynchrony to CRT response.

The CircAdapt model of the heart and cardiovascular 
system has previously been used to enhance mecha-
nistic understanding of cardiac function during intrinsic 
and pacing-induced dyssynchrony of ventricular activa-
tion.7,12–15 In addition to basic mechanisms, there is also 
considerable growing interest in performing quantita-
tive predictions of CRT response using computer models 
to optimize patient selection and therapy delivery.16–18 
However, the relevance of the different components of 
ventricular electrical dyssynchrony for personalized pre-
diction of response to CRT remains unknown.

In this study, we used a 2-stage approach to inves-
tigate the relative importance of the ECGi-measured 
electrical substrate characteristics for the prediction of 
acute hemodynamic CRT response. First, generic Circ-
Adapt simulations were performed to characterize the 
relative importance of interventricular and intraventric-
ular dyssynchrony during both intrinsic activation and 
biventricular pacing (BiVP) on hemodynamic function. 
Second, the predictive value of these different electrical 
activation components was assessed by patient-specific 
simulations personalized with ECGi measurements.

METHODS
The data, analytic methods, and study materials will be made 
available to other researchers for purposes of reproducing 

the computer simulations and associated results. Files 
required to perform the simulations can be found on the 
CircAdapt website (www.circadapt.org).

Computer Simulations
The CircAdapt computational model of the human heart 
and circulation19,20 was used to (1) characterize the effect of 
interventricular and intraventricular dyssynchrony on acute 
hemodynamic CRT response and (2) evaluate the relevance 
of these activation characteristics to predict response to 
CRT. Previous experimental and clinical studies have shown 
that the CircAdapt model realistically relates local ventric-
ular myofiber mechanics to hemodynamics in the dyssyn-
chronous failing heart.7,12–15

Relative Effect of Electrical Substrates on 
Acute Hemodynamic CRT Response
Starting from the reference failing heart simulation (Data 
Supplement), the following 3 electrical activation charac-
teristics (Figure  1) were stepwise varied to evaluate their 
isolated effect on acute hemodynamic CRT response: (1) 
ventricular electrical uncoupling (VEU), defined as the dif-
ference between mean LV free wall activation time and 
mean RV free wall activation time, a characteristic of inter-
ventricular dyssynchrony; (2) LV total activation time (LVTAT) 
as a measure of intraventricular dyssynchrony in the LV, 
defined as the time difference between the earliest and lat-
est site of LV free wall activation; and (3) RV total activation 
time (RVTAT) as a measure of intraventricular dyssynchrony 

Figure 1. Implementation of electrocardiographic imaging (ECGi)–derived activation characteristics in CircAdapt 
simulations.  
A, ECGi-derived epicardial intrinsic rhythm (top) and biventricular pacing (BiVP; bottom) activation maps. B, Activation indices 
derived from ECGi: ventricular electrical uncoupling (VEU); right ventricular total activation time (RVTAT); and left ventricular 
total activation time (LVTAT). C, By imposing either predefined equally distributed ([I] Generic Simulation) or patient-specific 
ECGi-derived ([II] Personalized Simulations) values of VEU, LVTAT, and RVTAT to the CircAdapt model, different activation pat-
terns were created for intrinsic rhythm (top) and BiVP (bottom). LV indicates left ventricle; LVfw, left ventricular free wall; RV, 
right ventricle; and RVfw, right ventricular free wall.
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in the RV, defined as the time difference between the earli-
est and latest site of RV free wall activation.

Both intrinsic and BiVP values of VEU, LVTAT, and RVTAT 
were separately varied from the minimum value observed in 
both intrinsic rhythm and BiVP ECGi maps toward the maxi-
mal measured value by steps of 5 ms, whereas the other 2 
activation characteristics were held constant, that is, the aver-
age value measured in the patient population. Values of VEU, 
LVTAT, and RVTAT were used to calculate the segmental acti-
vation times in CircAdapt based on the assumption that the 
activation time of the tissue is linearly distributed over the 
wall. In other words, at each time point, the same amount 
of tissue is being activated (Figure 2). Mean septal activation 
time, which could not be measured by ECGi, was set half-
way in between mean RV free wall activation and mean LV 
free wall activation, based on empirical findings in preclinical 
and clinical settings.10,21 Acute hemodynamic response was 
determined by calculating the change in the maximal rate 
of LV pressure rise between the intrinsic activation and BiVP 
simulation (ΔLVdP/dtmax). Values of circulating blood volume 
and peripheral vascular resistance obtained during intrinsic 
rhythm were maintained during all BiVP simulations in the 
CircAdapt model. The activation characteristic that caused 
the largest simulated change in LVdP/dtmax was defined as the 
most important electrical driver of CRT response.

Combined Clinical–Computational 
Evaluation of Acute CRT Response 
Prediction
Once the relative importance of the electrical activation 
characteristics was known, the (combined) predictive value 
of the most relevant components was evaluated by incorpo-
rating patient-specific ECGi measurements obtained during 
intrinsic rhythm and during BiVP in the CircAdapt model.

Patient Population
Fifty-one patients scheduled for routine CRT device implan-
tation who also underwent noninvasive ECGi and invasive 

LVdP/dtmax measurement were retrospectively enrolled from 
previous studies.4,7,22 All patients had New York Heart 
Association functional class II, to LV (median III [II–IV]), LV 
ejection fraction ≤35% (28±6%), and QRS duration >120 
ms (155±22 ms).

Both QRS duration and morphology were defined accord-
ing to the most recent American Heart Association/American 
College of Cardiology Foundation/Heart Rhythm Society rec-
ommendations.23 Patients with right bundle branch block 
were excluded. In total, 29 (57%) patients had LBBB mor-
phology on the 12-lead ECG, whereas 22 patients had a 
nonspecific interventricular conduction disturbance (NICD). 
In total, 24 (47%) patients were considered ischemic. All 
patients granted their written approval to participate in the 
study, which was approved by the Medical Ethics Committee 
of CHU Bordeaux.

Assessment of Ventricular Activation and 
Hemodynamic Function
Details on device implantation and data assessment have 
been published previously.4,22 Briefly, the RV lead of a CRT 
defibrillator was systematically implanted at the RV apex, 
whereas the LV lead was implanted in the lateral or pos-
terolateral branch of the coronary sinus. Immediately after 
device implantation, a high-fidelity pressure-recording 
micromanometer (Radi Medical Systems; Abbott, Chicago, 
IL) was introduced in the LV cavity to acquire LVdP/dtmax. 
Similar to simulations, hemodynamic response to CRT was 
defined as the BiVP-induced percentage change in LVdP/
dtmax, after hemodynamic stability was reached, relative to 
intrinsic activation.

In addition to pressure measurements, noninvasive high-
resolution ECGi (CardioInsight; Medtronic, Minneapolis, 
MN) was performed during intrinsic rhythm and BiVP. From 
the resulting epicardial activation maps, VEU, LVTAT, and 
RVTAT were quantified as illustrated in Figure  1. Earliest 
and latest activated site of RV and LV free wall activation 
were defined as the 5th and 95th percentile of the wall 
area activated.

Figure 2. Conversion from elec-
trocardiographic imaging (ECGi)–
derived activation characteristics 
into CircAdapt ventricular activa-
tion sequences.  
ECGi-derived values of ventricular 
electrical uncoupling (VEU), left ven-
tricular total activation time (LVTAT), 
and right ventricular total activation 
time (RVTAT) are used to define a 
linearly distributed activation pattern 
(left), which is segmented and trans-
lated to activation times per patch 
in CircAdapt simulations (right). 
Colors indicate activation time for a 
particular segment. LV indicates left 
ventricle; and RV, right ventricle.
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Personalization of Acute Hemodynamic 
Response to CRT
By personalizing characteristics of the ventricular electri-
cal substrate, we evaluated the capability of CircAdapt to 
approach acute hemodynamic response as measured inva-
sively in the patient cohort. As a first step, only the most 
important activation characteristic according to the generic 
simulations was personalized. Next, in order of relative 
importance, activation characteristics were stepwise per-
sonalized until all intrinsic and biventricular activation com-
ponents were based on individual patient data.

To obtain an estimate of global CircAdapt model behavior, 
the mean simulated change in LVdP/dtmax for either all LBBB 
or all NICD patients was compared with the subgroup’s aver-
age value of measured ΔLVdP/dtmax. In addition, linear correla-
tion analysis was performed to investigate whether including 
more detailed patient-specific information in the CircAdapt 
simulations could improve the prediction of ΔLVdP/dtmax.

Statistical Analysis
All statistical analyses were performed using SPSS 24 (SPSS, 
Inc, Chicago, IL). Categorical variables were presented as 
counts (percentages) and continuous variables as mean±SD 
or as median (range). Differences between NICD and LBBB 
patients were evaluated using the nonparametric Mann–
Whitney U test with Bonferroni correction for multiple 
comparisons. For paired continuous variables, Wilcoxon 
signed-rank test was performed. The relation of VEU, LVTAT, 
and RVTAT and acute hemodynamic response to CRT was 
evaluated using scatterplots and by performing multiple 
linear regression analysis. In each regression model, age, 
sex, and New York Heart Association functional class were 
incorporated as potential confounders. The presence of 
LBBB on the 12-lead ECG was not included in the multiple 
linear regression analysis because it is inseparably related to 
the ECGi-based activation parameters. A P value <0.05 was 
considered as statistically significant.

RESULTS
Measured Activation Characteristics and 
Acute Hemodynamic Response
All details on ECGi-measured ventricular activation 
characteristics and their relation to invasively measured 
ΔLVdP/dtmax are shown in Figure 3. BiVP resulted in a 
decrease in VEU compared with intrinsic rhythm (Fig-
ure 3A: 58 ms [0–103] versus 13 ms [−51 to 46] respec-
tively; P<0.001). In contrast, LVTAT was not affected 
by BiVP (Figure 3B). The increase in RVTAT during BiVP 
indicates a pacing-induced dispersion of RV activation 
(Figure 3C).

In total, 29 LBBB patients and 22 NICD patients were 
included. Intrinsic VEU was larger in the LBBB patient 
cohort compared with the NICD patients (Figure  3D: 
67 ms [53–103] versus 33 ms [0–75], respectively; 
P<0.001). In addition, LVTAT was larger in the LBBB 
populations (Figure 3E: 101 ms [61–144] versus 74 ms 

[37–142] respectively; P=0.042). All other ventricular 
activation characteristics during intrinsic and BiVP acti-
vation were not significantly different between LBBB 
and NICD patients.

In general, patient data indicated that both intrinsic 
VEU (Figure 3D; Table; R=0.77; P<0.001) and intrinsic 
LVTAT (Figure 3E; R=0.46; P<0.001) are the main con-
tributors to acute hemodynamic response. However, 
these 2 components of ventricular activation are mutu-
ally dependent (data not shown; R=0.47; P<0.001). 
However, intrinsic VEU was significantly correlated to 
intrinsic LVTAT (R=0.47; P<0.001), showing the mutual 
dependence of both ventricular activation components.

Subgroup analysis revealed that the relation between 
intrinsic VEU and acute hemodynamic response was sig-
nificant in both patients with LBBB (R=0.47; P=0.014) 
and patients without LBBB (R=0.71; P<0.001) after cor-
rection for age, sex, and New York Heart Association 
functional class.

Isolating the Relative Impact of Electrical 
Activation Characteristics on CRT 
Response
The isolated effect of each activation characteristic on 
acute hemodynamic CRT response was evaluated by 
generic CircAdapt simulations as shown in Figure  4. 
The effect of variations in intrinsic VEU on ΔLVdP/dtmax 
was relatively large (Figure 4A). Similar to patient mea-
surements (Figure 4A, black and white dots), simulated 
ΔLVdP/dtmax (Figure  4A, red; 1.3%–26.5%) increased 
considerably with increasing intrinsic VEU. Negative 
values of intrinsic VEU were not measured by ECGi in 
our patient population. Nevertheless, CircAdapt simula-
tions showed that delayed RV free wall activation rela-
tive to LV free wall activation during intrinsic activation 
(intrinsic VEU: −55 to 0 ms) is not favorable for CRT 
response (Figure 4A, red; ΔLVdP/dtmax: 0.6%–2.9%).

In contrast to patient data (Figure  4B, black and 
white dots), variations in intrinsic LVTAT (37–144 ms) 
did not lead to a large variation in simulated ΔLVdP/
dtmax (Figure  4B, red; 12.3%–18.3%). In agreement 
with the patient data, varying intrinsic RVTAT (16–112 
ms) did not affect simulated CRT response (Figure 4C, 
red; 14.1%–15.7%). As shown by the effect bars right 
next to Figure 4A through 4C, generic CircAdapt simu-
lations revealed that VEU is the component of intrin-
sic activation that most sensitively determines acute 
response to CRT.

In Figure 4D through 4F, the isolated effect of varia-
tions in each ventricular activation characteristic during 
BiVP on acute CRT response is shown. The difference 
in simulated ΔLVdP/dtmax between a completely syn-
chronous activated heart during BiVP (BiVP VEU=0 ms) 
and a heart in which the LV free wall was delayed (BiVP 
VEU >0 ms) was minor (Figure 4D, blue). In addition, 
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delaying the RV free wall relative to the LV free wall 
during BiVP (BiVP VEU: −51 to 0 ms) had a minor effect 
on simulated CRT response. Nevertheless, the effect of 
VEU during BiVP on simulated ΔLVdP/dtmax was more 
prominent for positive values of VEU (10.7%–14.5% 
for BiVP VEU >0 ms [0–46 ms]) than for negative val-
ues of VEU (14.0%–14.8% for BiVP VEU <0 ms [−51 
to 0 ms]). For BiVP VEU values >25 ms, a small nega-
tive effect was observed compared with a completely 

synchronous activated BiVP simulations. However, only 
29% of the patient population had a significant residu-
al right to left delay characterized by a BiVP VEU value 
>25 ms (Figure 3A).

Isolated variations in LVTAT and RVTAT during BiVP 
resulted in minor changes in simulated ΔLVdP/dtmax (Fig-
ure 4E and 4F, blue; 11.5%–15.8% and 14.0%–15.2%, 
respectively), which was in agreement with the patient 
data (Figure 4E and 4F, black and white dots).

Figure 3. Electrocardiographic imaging (ECGi)–derived activation characteristics and acute hemodynamic response 
in patients.  
A through C, ECGi-derived values of ventricular electrical uncoupling (VEU), left ventricular total activation time (LVTAT), and 
right ventricular total activation time (RVTAT) at intrinsic (red) and biventricular pacing (BiVP)–induced activation (blue). D 
through F, Scatterplots of electrical activation characteristics during intrinsic activation and their relation to measured ΔLVdP/
dtmax. G through I, Scatterplots of electrical activation characteristics during BiVP-induced activation and their relation to 
measured ΔLVdP/dtmax. R and P values indicate the correlation between the electrical activation characteristics and measured 
ΔLVdP/dtmax corrected for age, sex, and New York Health Association functional class (multiple regression analysis). LBBB indi-
cates left bundle branch block.
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As shown by CircAdapt simulations, VEU seemed to 
have a significant effect on hemodynamic response. At 
high intrinsic values of VEU, the effect of variations in 
VEU on ΔLVdP/dtmax is much larger than at low BiVP-
induced values of VEU (Figure  4A, red, versus Fig-
ure 4D, blue). Consequently, interindividual differences 
in VEU during intrinsic activation resulted in a much 
wider range of ΔLVdP/dtmax (1.3%–26.5%) compared 
with the BiVP VEU–induced interindividual variations in 
ΔLVdP/dtmax (10.7%–14.8%).

Personalization of Simulated Acute 
Hemodynamic Response to CRT
In simulations in which only intrinsic VEU was personalized, 
the average simulated ΔLVdP/dtmax in the LBBB subgroup 
was close to the measured values (simulated−measured 
ΔLVdP/dtmax: 2.7±9.0%). For the NICD subgroup, how-
ever, the average simulated value of ΔLVdP/dtmax was 
larger than the measured values in this subpopulation 
(simulated−measured ΔLVdP/dtmax: 9.2±7.1%). This dis-
crepancy occurred because negative ΔLVdP/dtmax values, 
observed in 13 NICD patients (Figure 3D), were not pre-
dicted by the CircAdapt simulations (Figure 5A). The dif-
ferences between measured and simulated ΔLVdP/dtmax 
values were also evaluated for each patient. When intrin-
sic VEU was the only personalized activation character-
istic, simulated ΔLVdP/dtmax values correlated well with 
measured ΔLVdP/dtmax values (Figure 5A; Pearson R=0.74; 
P<0.001). However, an absolute difference between sim-
ulated and measured ΔLVdP/dtmax values can be observed 
(mean absolute difference: 8.8%).

Personalizing intrinsic LVTAT, in addition to intrinsic VEU, 
did not result in an improvement of the correlation between 

Table. Details of Multiple Linear Regression Model 
Including Intrinsic VEU

Independent 
Variable β Value 95% CI P Value

Partial 
Correlation

Intrinsic VEU 0.724 0.545 to 0.905 <0.001 0.768

Age 0.336 0.158 to 0.514 <0.001 0.489

Sex −0.008 −0.182 to 0.166 0.93 −0.014

NYHA −0.054 −0.233 to 0.125 0.55 −0.089

CI indicates confidence interval; NYHA, New York Heart Association; and 
VEU, ventricular electrical uncoupling.

Figure 4. Isolated effect of activation characteristics on acute hemodynamic response.  
Isolated simulated effect of intrinsic activation characteristics (A through C: red dots) and biventricular paced (BiVP) activation 
characteristics (D through F: blue dots) on hemodynamic response. Scatterplots are shown of the activation characteristics 
and their relation to ΔLVdP/dtmax as invasively measured in patients (similar to Figure 3). Tested activation characteristics range 
from the minimal value observed in both intrinsic and BiVP electrocardiographic imaging (ECGi)–derived activation maps to the 
maximal value observed. Simulated data outside either the intrinsic or BiVP activation measured range from ECGi have been 
made transparent. LBBB indicates left bundle branch block; LVTAT, left ventricular total activation time; RVTAT, right ventricular 
total activation time; and VEU, ventricular electrical uncoupling.
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simulated and measured hemodynamic response (data not 
shown; R=0.73; P<0.001). When personalizing all intrinsic 
and BiVP ventricular activation characteristics, no improve-
ment in prediction was observed either (Figure 5B; R=0.74; 
P<0.001). The mean absolute difference between individu-
ally simulated and measured ΔLVdP/dtmax was similar to the 
simulations in which intrinsic VEU was the only personal-
ized activation characteristic (8.2%; P=0.75). These results 
indicated that adding additional ECGi-derived information 
to intrinsic VEU do not improve the correlation between 
simulated and measured ΔLVdP/dtmax.

DISCUSSION
In this study, we evaluated the relative importance of 
different components of ventricular activation for acute 
hemodynamic response to CRT by varying each ECGi-
derived activation characteristic in the CircAdapt model 
in an isolated and controlled manner. In addition, the 
effect of each activation characteristic on the accuracy of 
simulation-based CRT response prediction was assessed 
by personalizing ECGi-derived activation characteristics 
during intrinsic rhythm and BiVP in CircAdapt. Using Cir-
cAdapt simulations, we found that interventricular dys-
synchrony during intrinsic activation, characterized by 
VEU, was the most important activation characteristic of 
predicting response to CRT. This may facilitate personal-
ized computer modeling for CRT response.

Interventricular, Rather Than 
Intraventricular, Dyssynchrony 
Determines Acute Response to CRT
The observation that intrinsic interventricular dyssyn-
chrony is the main determinant of CRT response may 

be surprising in the light of findings that also intra-
ventricular dyssynchrony of the LV has been associ-
ated with response to CRT in patients.4,9,24 However, 
it should be considered that in patients, intrinsic VEU 
and LVTAT are mutually dependent, and, therefore, 
their correlations with ΔLVdP/dtmax cannot be consid-
ered independent. This is where computer simulations 
become useful, because they can distinguish between 
the isolated effects of interventricular and intraventricu-
lar activation.

The poor performance of intraventricular dyssyn-
chrony of the LV (LVTAT) as predictor of CRT response 
is in agreement with a previous study, where we have 
shown that intrinsic LVTAT, although correlated to 
acute hemodynamic improvement, did not outperform 
QRS duration for acute response prediction to CRT.4 
Recently, Derval et al10 showed with invasive contact 
mapping that the activation pattern in LBBB patients is 
predominantly characterized by delayed, but homoge-
neously spreading, LV free wall activation. In contrast, 
patients without LBBB showed heterogeneously distrib-
uted areas of slow conduction over the LV free wall as 
the main cause for increased total ventricular activation 
time. Our simulations suggest that such heterogeneous 
intra-LV-free-wall conduction has minor effect on CRT 
response, which provides a potential explanation for 
the low response rates in patients without LBBB.

Intraventricular dyssynchrony as measured in this 
study is essentially different from definitions used in 
invasive (non)contact mapping9,10,25 or echocardio-
graphic studies,26 in which intraventricular delay is 
defined as the delay between the first activated septal 
segment and the latest activated LV free wall segment. 
Because in our CircAdapt simulations the activation of 
the septum is assumed to be halfway between mean 

Figure 5. Correlation between 
simulated and measured ΔLVdP/
dtmax.  
A, Intrinsic ventricular electrical 
uncoupling (VEU) is the only person-
alized activation characteristic. B, 
All intrinsic and biventricular paced 
activation characteristics are person-
alized. LBBB indicates left bundle 
branch block; LVTAT, left ventricular 
total activation time; and RVTAT, right 
ventricular total activation time.
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RV free wall activation and mean LV free wall activation, 
septal-to-lateral wall dyssynchrony is equal to 50% of 
the total interventricular dyssynchrony in all simulations. 
Although the relative importance of septal-to-lateral 
dyssynchrony was not assessed, simulation results of 
this study do suggest that clinically used intraventricu-
lar dyssynchrony measurements have to be interpreted 
with care. In these intraventricular dyssynchrony defini-
tions, effective mean septal to mean lateral wall delay 
cannot be distinguished from dispersion of activation 
within the LV free wall, of which the latter potentially is 
insensitive to CRT response.24,27,28

Although left-to-right delay was not observed in our 
patient population, our CircAdapt simulation data sup-
port the clinical observation that a pure right bundle 
branch block substrate without LV electrical dyssyn-
chrony (VEU <0 ms) does not result in clinically relevant 
response to CRT.29 However, clinical and simulation data 
suggest that CRT may be beneficial in those patients 
with right bundle branch block in which a sufficient lat-
eral wall delay coexists.29

Pacing-Induced Dyssynchrony Has 
Limited Effect on Hemodynamic 
Response
Our simulations showed that ΔLVdP/dtmax is relatively 
insensitive to changes in interventricular dyssynchrony 
when VEU is small or even negative. The findings that 
BiVP mode has only small effect on CRT effect is sup-
ported by observations in the recent LV MultiSPOT for 
CRT (iSPOT, Left Ventricular MultiSpot Pacing for CRT) 
study in which the investigators found that the differ-
ences in ΔLVdP/dtmax between pacing sites was much 
lower (<10%) than interindividual variations (up to 
60%).30 The limited effect of reducing LVTAT during 
pacing in our simulations was in agreement with an 
experimental study in which the effect of multisite 
LV epicardial pacing was tested in 9 dogs.31 By simul-
taneously pacing multiple LV electrodes, LVTAT was 
significantly decreased compared with single-site LV 
pacing. However, no improvement was observed in 
LVdP/dtmax for the corresponding multisite LV pacing 
settings, indicating a mismatch between reduction in 
LVTAT and improvement in LVdP/dtmax. In the earlier-
mentioned iSPOT study, no improvement in ΔLVdP/
dtmax was reported by multipoint pacing, despite 
decreasing intraventricular dyssynchrony of the LV.30

In conclusion, our simulations suggest that optimi-
zation of CRT delivery in terms of LVdP/dtmax can best 
be focused on avoiding residual interventricular dyssyn-
chrony rather than on minimizing LVTAT or RVTAT in a 
heart without myocardial scar. Consequently, LV lead 
placement optimization or multisite pacing has a limit-
ed beneficial effect in patients without myocardial scar.

Electrical Substrate–Based Prediction of 
Acute Response to CRT
Personalized CircAdapt model simulations suggest that 
ECGi-derived information on the underlying electrical 
substrate alone is insufficient to exactly reproduce the 
measured acute hemodynamic CRT response on an 
individual patient basis. This discrepancy, caused by all 
other factors besides ECGi-derived activation charac-
teristics equaled 8.2% ΔLVdP/dtmax. Other comorbidi-
ties, such as ischemia and myocardial scar, which have 
been shown to affect acute response to CRT both in 
patients32,33 and in simulations,14,34 were not included 
in the simulation protocol of this study. The omission 
of these nonelectrical substrates may explain the mis-
match in simulated and measured CRT response in the 
individual patient. For further improvement of patient-
specific CRT response prediction, evaluation of the elec-
tromechanical substrate could be of additive value to 
differentiate between responders and nonresponders 
having a comparable electrical substrate.14,35

Previously, Sermesant et al17 have successfully inte-
grated patient-specific anatomy, electrophysiology, 
kinematics, and mechanics in a computational model 
for 2 patients with LBBB who responded to CRT. For 
both patients, LVdP/dtmax was reliably predicted during 
both intrinsic rhythm and pacing. However, to the best 
of our knowledge, reliable prediction of acute hemo-
dynamic CRT response in those patients who are most 
challenging, that is, nonresponding LBBB patients and 
NICD patients who tend to respond, has not yet been 
achieved. In line with these observations, our simula-
tions indicate that predicting nonresponse is potentially 
most challenging and cannot be achieved by using 
(noninvasive) electrical information alone.

Clinical Implications
ECGi data combined with CircAdapt simulations indi-
cate that dyssynchrony markers should specifically 
detect global interventricular dyssynchrony, although 
there potentially is limited benefit from including 
patient-specific information on regional intraventricu-
lar dyssynchrony. Twelve-lead ECG–derived parameters 
that are sensitive and specific to interventricular dys-
synchrony could eventually be sufficient to detect the 
electrical substrate responsive to CRT.6 Surprisingly, we 
found that the relation between intrinsic interventricu-
lar dyssynchrony and acute hemodynamic response was 
relatively weak within the LBBB subpopulation. This was 
in contrast to observations in the non-LBBB patients, 
indicating that the use of more advanced ECGi tech-
niques may be only beneficial in the non-LBBB popula-
tion. To further improve patient-specific prediction of 
acute hemodynamic CRT response, evaluation of the 
nonelectrical information is required. Computer mod-
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els have the potential to make the connection between 
electrical and mechanical substrates influencing CRT 
response in the near future.14,16

Potential Role of Scar on the Electrical 
Substrate Driving CRT Response
As indicated previously, the role of myocardial scar on 
the relative importance of inter- and intraventricular 
dyssynchrony has not been investigated in this study. 
Myocardial scar has shown to reduce the likelihood to 
respond to CRT.14,32–34 In addition, the site of optimal LV 
lead position varies among patients with postmyocardial 
infarction,34,36 increasing the relevance of guided LV lead 
placement in patients with scar.37 In a previous simulation 
study using CircAdapt, we have shown that the largest 
hemodynamic improvement after CRT can be obtained 
by activating the viable myocardial tissue as synchro-
nously as possible.34 Although these simulations demon-
strated that scar does not preclude a positive response 
to CRT, interventricular dyssynchrony during intrinsic 
rhythm was an absolute requirement for acute hemody-
namic response. Another biophysical modeling study has 
suggested that in dyssynchronous hearts with LV pos-
terolateral scar, multisite LV stimulation leads to a larger 
acute functional improvement than conventional BiVP.38 
Hence, intraventricular dyssynchrony of activation of the 
(viable) myocardial tissue could play a more important 
role in both response prediction and LV lead optimiza-
tion in scarred hearts compared with nonscarred hearts. 
Further modeling and clinical investigation is required to 
investigate the electrical substrate responsive to CRT and 
the relative importance of ventricular activation charac-
teristics for treatment optimization and patient selection 
in patients with myocardial scar.

Limitations
This study only assessed the importance of electrical sub-
strates in the ventricles in response to CRT. Other factors 
that have been shown to affect CRT response, such as 
scar,39 atrioventricular and interventricular optimization,40 
and LV lead position41 were not part of this study. In addi-
tion, we only assessed acute response to CRT by ΔLVdP/
dtmax whose relation to long-term outcome remains con-
troversial.42 We did not include other acute response 
definitions or consider resynchronization-induced 
remodeling that potentially affects patients’ prognoses.33 
Because ECGi cannot measure septal activation charac-
teristics, interindividual and pacing-induced differences 
in septal activation were not assessed in this study. Given 
that transseptal activation differences can play an impor-
tant role both in patient selection and in therapy delivery, 
further investigation on the influence of septal activation 
is required.21,43,44 Although CircAdapt has shown to real-
istically reproduce local ventricular myofiber mechanics 

and cardiac hemodynamics in the dyssynchronous failing 
heart and during pacing,7,12–15 investigation of the poten-
tial role of transmural and apex-to-base propagation of 
activation is impossible because of its highly simplified 
geometry. Anatomically more detailed models can be 
used to gain more insights in the effects of transmural 
and apex-to-base conduction.16,17,44–46

Conclusions
Whereas ECGi could not differentiate between the 
effects of interventricular and intraventricular dyssyn-
chrony on acute hemodynamic CRT response, comput-
er simulations allowed quantification of the indepen-
dent contributions of both dyssynchrony components. 
Simulations indicated that interventricular rather than 
intraventricular dyssynchrony is the dominant electrical 
substrate driving acute hemodynamic response to CRT. 
Virtual patient simulations captured the general rela-
tion between interventricular delay during intrinsic acti-
vation and acute hemodynamic response to CRT but 
did not allow patient-specific prediction of response 
based on ECGi-derived electrical information only.
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