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General Introduction
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1The heart in patients with heart failure (HF) cannot deliver the amount of blood 
demanded by the organs and the rest of the body. In 30% of all patients with 
impaired cardiac function, reduced left ventricular (LV) ejection fraction coincides 
with conduction abnormalities in the form of bundle branch block1. In the normal, 
synchronously activated ventricles, propagation of electrical activation starts in 
the atrioventricular (AV) node and travels rapidly through the bundle of His, down 
through the right and left bundle branches towards the Purkinje fibers. From here 
the electrical impulses travel further through the slower conducting myocardial 
tissue in an endocardial-to-epicardial direction2. A conduction abnormality can occur 
at any level of the fast conducting His-Purkinje system. These cardiac conduction 
abnormalities can lead to larger delays in electrical activation between the atria 
and ventricles (atrioventricular (AV) delay), between the right ventricle (RV) and 
LV (interventricular delay) and within the ventricles (intraventricular delay). These 
changes in atrioventricular, interventricular and intraventricular delays are a result of 
the fact that a larger proportion of the ventricular myocardium is electrically activated 
through slow cell-to-cell conduction than in the healthy situation. As a consequence of 
such abnormal electrical activation delays, the coordination of mechanical contraction 
between the atria and ventricles, and within the ventricles is disturbed, resulting in a 
condition wherein cardiac pump function is reduced3.

Cardiac resynchronization therapy 
Cardiac Resynchronization Therapy (CRT) aims to correct impaired electrical activation 
and, consequently, to improve cardiac pump function. Generally, CRT is performed through 
simultaneous pacing of both ventricles by an LV and RV electrode, accompanied by a right 
atrial (RA) electrode to sense or pace atrial electrical activation. In patients with reduced 
LV ejection fraction (<35%) and increased QRS duration (>120 ms), CRT has proven to be a 
more effective treatment of HF than any pharmaceutical treatment, especially if systolic 
HF is accompanied by left bundle branch block (LBBB)4-6. However, 30% to 50% of the 
patients receiving a CRT device according to current guidelines still do not respond to 
this highly invasive and expensive therapy4, 7, 8, whereas potential responders to CRT may 
be withheld from receiving a pacemaker device. 

Selecting CRT candidates based on their ventricular electrical substrate
The effectiveness of CRT is determined by both the patient’s underlying pathology and 
by therapy delivery9, 10. Due to interindividual differences in cardiac pathophysiology, 
appropriate selection criteria for pacemaker device implantation are key to achieve a high 
therapy success rate. Currently, the two most important electrophysiological selection 
criteria for CRT are based on QRS duration and morphology derived from the 12-lead 
electrocardiogram (ECG)5, 6. However, these ECG-based measures are prone to subjective 
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interpretation. This and the lack of detailed information on the electrical activation of the 
heart may be problematic for the selection of the right patients for invasive and expensive 
pacemaker treatment11. Therefore, new non-invasive techniques have been developed to 
more accurately measure electrical dyssynchrony12-14. Although these techniques provide 
increased spatial and temporal information on the underlying electrical substrate of a 
patient, it remains unclear which components of electrical ventricular activation should 
be measured to improve patient selection for CRT. 

The role of atrioventricular dyssynchrony in CRT
In addition to resynchronizing ventricular activation, ventricular filling is potentially 
improved through restoring AV-coupling in those patients with a prolonged AV-delay 
receiving CRT. Recent sub-analyses of clinical trials have investigated the relative 
importance of improving ventricular filling to achieve CRT response15-17. These clinical 
trials showed that patients with a prolonged AV-delay were most likely to respond to 
pacemaker therapy. This finding has revitalized the question whether patients with an 
impaired AV conduction but with limited ventricular dyssynchrony should be selected 
for CRT18. 

Potential role for septal mechanics to select patients for CRT
Concurrent with the development of more advanced techniques to better characterize 
the electrical substrate in a patient, it has been shown that discoordinated mechanical 
contraction and resulting motion abnormalities assessed by echocardiography or 
magnetic resonance imaging are associated with conduction abnormalities and can 
predict response to CRT19-23. It has been hypothesized that measures on the mechanics 
of the heart contain information on the mechanical substrate amenable to CRT, such 
as viability of tissue and scar, in addition to information on the patient’s electrical 
substrate22, 24. However, absence of these mechanical measures in the most recent 
guidelines show that it is currently still debatable whether these measurements on 
the mechanical contraction of the heart are of additive value to electrical dyssynchrony 
markers when selecting patients for CRT5, 6. 

Improving CRT response through better treatment delivery
Besides improving patient selection for CRT, there is a growing field of research focusing 
on the delivery of pacemaker therapy. It has been suggested that LV lead location 
affects the measured response in patients, especially in those patients with ischemic 
cardiomyopathy25-27. Other optimization strategies include the number of pacing sites, 
LV endocardial pacing and AV- and interventricular pacing delays9.
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1The unsolved puzzle of response to CRT
In view of the above, non-response to CRT remains thus a challenging puzzle. It is a 
complex multifactorial problem that is difficult to investigate in an in vivo setting. 
Computer models can be a valuable tool to investigate in a well-controlled manner 
how interindividual variability in terms of pathology and therapy delivery affect 
response to CRT.

Computational modeling for 
cardiac resynchronization therapy

Computer models can be used to obtain more insight in the complex interplay between the 
many processes, both electrical and mechanical, which influence cardiac pump function 
and cardiac remodeling under normal and pathological circumstances28-30. Models can 
represent an individual patient or a group of patients with a specific pathology. By 
performing computer simulations using models representing specific patient groups, 
disease-specific mechanistic insights can be derived to improve patient selection or 
therapy delivery. A more advanced, complex and time-consuming step is to build models 
describing the physiology and pathophysiology of a specific patient to guide therapy 
delivery on a personalized basis31. 

In the context of CRT, many different models have been developed to study 
electrophysiology (cell and tissue scales), mechanics (tissue and organ scales), 
hemodynamics (system scale) or a combination of these30. In this thesis the multiscale 
CircAdapt model was used to derive more insights in which factors determine response 
to CRT. CircAdapt enables real-time beat-to-beat simulations of the mechanics 
and hemodynamics of the human cardiovascular system under physiological and 
pathophysiological circumstances32-34. CircAdapt stands out in describing the physiology 
and physics of AV-coupling, the mechanical and hemodynamic ventricular interactions 
and the hemodynamic interactions between the heart and the circulatory system as a 
whole. The model consists of a network of connected modules which represent the atria, 
ventricles, myocardial tissue, the pericardium, atrioventricular (tricuspid and mitral) and 
semilunar valves (pulmonary and aortic), large blood vessels, and a module representing 
the systemic and pulmonary vasculature. 

To simulate virtual patients with dyssynchronous systolic HF, potentially with an 
ischemic etiology, it is essential to describe both passive and active myocardial tissue 
mechanics over time. In the CircAdapt model, a phenomenological Hill-type model 
is used to simulate cardiac tissue mechanics. This model consists of a passive elastic 
element, which is in parallel to a series arrangement of a contractile element and a series 
elastic element33. There are five myocardial walls in CircAdapt, represented by spherical 
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caps: left atrium, right atrium, LV and RV free walls, and the interventricular septum. As 
described in more detail in Chapter 2 and Chapter 5 the thick-walled spherical segments 
representing the ventricular walls are coupled at the mid-wall level. The mid-wall surface 
is defined to divide the wall into two equal wall volumes. A force equilibrium is assumed 
between the ventricular walls at the junction point where they are attached to each 
other. The walls are surrounded by a passive elastic sheet: the pericardium. It is assumed 
that energy is conserved throughout different scales, i.e. total myofiber work (myofiber 
stress • wall volume • strain) equals atrial/ventricular pump work (pressure • volume). 
In order to include local inhomogeneities, i.e. scar and delay in onset of activation, the 
MultiPatch module has been designed34. Each wall can be subdivided in an arbitrary 
number of patches, each having its own mechanical properties and activation time. As 
a result, differences in local myofiber strain patterns can be observed between patches34. 
More details on the MultiPatch module can be found in Chapter 2. Pressure differences 
between cardiac cavities and large vessels drive blood flow through the valves. An inertia 
term and Bernoulli pressure losses are incorporated in the CircAdapt valve module for 
which a more extensive description will be provided in Chapter 4.

In this thesis, the CircAdapt model of the heart and cardiovascular system was used 
to characterize the determinants of response to CRT. Working mechanisms were revealed 
by performing in silico analysis alone, or by combining computer simulations with either 
clinical patient data or animal experiments. 

General aim and outline of the thesis

The ultimate goal of this thesis is to improve our insight in the working mechanism 
of CRT and thereby increase success rate of this invasive and expensive therapy. By 
in silico exploration of the mechanisms in the asynchronously activated, failing heart, 
and by combining computer modeling with animal experiments and patient data, we 
aimed to stratify which electromechanical components affect cardiac pump function 
and therefore response to CRT. To this end, the relative importance of interventricular, 
intraventricular and atrioventricular electromechanical interactions for both patient 
selection and therapy delivery was evaluated. In order to improve patient selection, it 
is also important to quantify these electromechanical interactions with non-invasive 
imaging. It is hypothesized that by providing insight on how these non-invasive imaging 
characteristics originate from (patho-)physiological principles, the sensitivity and 
robustness of these measures for CRT candidate selection can be improved.

Chapter 2 and Chapter 3 focus on the relative importance of interventricular and 
intraventricular dyssynchrony for CRT response and on the reliability of noninvasive 
electrocardiographic imaging to measure both ventricular activation characteristics. In 
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1Chapter 2 the relative importance of interventricular and intraventricular dyssynchrony 
for LV hemodynamic function was assessed. First, the CircAdapt computational model 
was used to characterize the isolated effects of interventricular and intraventricular 
dyssynchrony on acute hemodynamic response to CRT. These ventricular activation 
components can vary between patients during intrinsic activation because of differences 
in the underlying conduction disturbance, but they can also vary during CRT due to 
differences in therapy delivery. Therefore, the isolated effect of these activation 
characteristics was assessed both during intrinsic rhythm and in a simulation of 
biventricular pacing. In the second part of the study, the ability of the most important 
electrical activation characteristics to predict acute hemodynamic response to CRT 
was assessed by personalizing computer simulations based on non-invasively measured 
electrocardiographic imaging data. In Chapter 3 the reliability and accuracy of these 
non-invasive electrocardiographic imaging measurements were assessed in a controlled 
experimental set-up using Langendorff-perfused pig hearts. 

Recent studies have suggested a potential role for CRT in HF patients with a limited 
amount of ventricular dyssynchrony but with impaired LV filling due to prolongation 
of the atrioventricular activation delay. In Chapter 4 we explored the potential of CRT 
as treatment of a prolonged AV-delay by performing an AV-delay optimization protocol 
in an animal model of total AV-block paced at long AV-delay to mimic prolonged PR 
pathology. In addition to the assessment of hemodynamic improvement by AV-delay 
optimization in the animal model, an AV-delay optimization protocol in CircAdapt was 
performed to reveal the underlying mechanisms and to bridge the gap between the 
animal experimental results and a future clinical prospective trial.

One of the consequences of conduction abnormalities is discoordinated mechanical 
contraction and motion of the ventricular walls. As such, the interventricular septal 
contraction pattern potentially contains valuable information to predict response to CRT. 
As the septal wall is positioned between the RV free wall and LV free wall, its motion 
and deformation may reveal both interventricular interactions important to predict CRT 
response, as well as information on the contractile function of the septal and ventricular 
free walls. However, the exact underlying mechanism of abnormal mechanical septal 
behavior remains unclear. In Chapter 5 post-processing tools were developed to derive 
septal motion and deformation abnormalities from the CircAdapt model. In Chapter 6  
we used these tools to investigate the underlying mechanism of septal motion and 
deformation abnormalities in the presence of a ventricular conduction disorder.

All abovementioned studies focused on the electromechanical and hemodynamic 
effects caused by delays in activation time, either being interventricular, intraventricular 
or atrioventricular. However, we hypothesized that response to CRT is not solely affected 
by variations in onset of activation, but that viability of tissue and the presence of scar can 
play an essential role in this respect. As such, we investigated in Chapter 7 the potential 
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detrimental effect of the existence and location of myocardial scar on response to CRT 
by performing computer simulations. In addition, an in silico protocol was performed to 
explore the potential of LV lead location optimization in the presence of scar. 

To conclude, Chapter 8 integrates the major findings of all aforementioned chapters 
and puts them in a broader scientific and clinical perspective. 
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Abstract

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 left 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. Secondly, 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 left bundle branch block (LBBB) patients (measured - simulated: 2.7 
± 9.0%) when only intrinsic interventricular dyssynchrony was personalized. Among 
non-LBBB patients, 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. 
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2

Introduction

Cardiac resynchronization therapy (CRT) is recommended for heart failure patients with 
reduced left ventricular (LV) ejection fraction (LVEF ≤35%) and conduction disorder, 
preferably left bundle 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, 
resulting in a more uniform ventricular contraction. The importance 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 activation2, has the strongest recommendation 
for CRT1. Because ECG morphology remains an imperfect tool for patient selection3, 
invasive and non-invasive techniques have been developed to more accurately detect 
the electrical substrate responsive to CRT regardless of morphology4-6. Using non-invasive 
electrocardiographic imaging (ECGi) we have previously shown that patients with a delay 
of the LV free wall relatively to the RV free wall are more likely to respond to CRT4, 7. In 
addition, increased levels of intra-left-ventricular dyssynchrony were observed in CRT 
responders4. Nevertheless, the relative importance of ventricular activation components 
measurable by ECGi for predicting CRT response remains unclear. Left ventricular 
activation can be delayed by a delay in onset of LV activation8-10, or due to increased 
regional dispersion of activation within the LV free wall10, 11. The latter mechanism of 
regional dispersion has been shown to be most common in non-LBBB patients10 and 
is therefore potentially related to reduced CRT response. In this study, we investigated 
the relative contributions of global interventricular and the regional intraventricular 
dyssynchrony to CRT response. 

The CircAdapt model of the heart and cardiovascular system has previously been used 
to enhance mechanistic understanding of cardiac function during intrinsic and pacing-
induced dyssynchrony of ventricular activation7, 12-15. In addition to basic mechanisms, 
there is also considerable growing interest in performing quantitative predictions of CRT 
response using computer models to optimize patient selection and therapy delivery16-18. 
However, the relevance of the different components of ventricular electrical dyssynchrony 
for personalized prediction of response to CRT remains unknown. 

In this study, we used a two-stage approach to investigate the relative importance 
of the ECGi measured electrical substrate characteristics for the prediction of acute 
hemodynamic CRT response. First, generic CircAdapt simulations were performed to 
characterize the relative importance of interventricular and intraventricular dyssynchrony 
during both intrinsic activation and biventricular pacing on hemodynamic function. 
Second, the predictive value of these different electrical activation components was 
assessed by patient-specific simulations personalized with ECGi measurements. 
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Methods

Computer simulations
The CircAdapt computational model of the human heart and circulation19, 20 (www.
circadapt.org) was used to (I) characterize the effect of interventricular and intraventricular 
dyssynchrony on acute hemodynamic CRT response, and (II) to 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 ventricular 
myofiber mechanics to hemodynamics in the dyssynchronous failing heart7, 12-15. 

Simulation of a failing dyssynchronous heart in CircAdapt
Starting from a simulation representing the normal adult heart and circulation13, heart 
failure was induced as published previously7. Briefly, contractility in all ventricular walls 
was decreased to 40% of its normal value7. Heart rate was set to 80 beats/min. Circulating 
blood volume and peripheral vascular resistance of the systemic circulation were adjusted 
in all baseline simulations so that mean arterial pressure and cardiac output (CO) equalled 
92 mmHg and 4.2 L/min respectively. By using the MultiPatch module, the ventricular 
walls in the CircAdapt model were subdivided into mechanically coupled segments to 
allow simulation of local inhomogeneities in electromechanical onset of activation13. A 
detailed description of the MultiPatch module can be found in the supplemental data 
of this Chapter. The LV free wall and RV free wall were subdivided into 18 segments 
(11 LV free wall, 7 RV free wall). In CircAdapt atrioventricular delay was defined as the 
delay between mean atrial activation and mean activation of the first activated free 
wall. Intrinsic atrioventricular delay interval was set equal to the average value in the 
patient population (206 ms). Activation times of the ventricular segments were adjusted 
so that VEU, RVTAT and LVTAT equaled the average values as measured in the patient 
population. The resulting LVEF in the simulation (25%) was similar to the values measured 
in the patient cohort (28 ± 6%).

The relative effect of electrical substrates on acute hemodynamic CRT response
Starting from the reference failing heart simulation, the following three electrical 
activation characteristics (Figure 1) were stepwise varied to evaluate their isolated effect 
on acute hemodynamic CRT response: 1) ventricular electrical uncoupling (VEU), defined 
as the difference between mean LV free wall activation time and mean RV free wall 
activation time, a characteristic of interventricular 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 latest site of LV free wall activation; 3) RV total 
activation time (RVTAT) as a measure of intraventricular dyssynchrony in the RV, defined 
as the time difference between the earliest and latest site of RV free wall activation. 
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Figure 1. Implementation of electrocardiographic imaging derived activation characteristics in 
CircAdapt simulations. (A) Electrocardiographic imaging derived epicardial intrinsic rhythm (top) and 
biventricular pacing (bottom) activation maps. (B) Activation indices derived from electrocardiographic 
imaging: Ventricular electrical uncoupling (VEU); right ventricular free wall activation time (RVTAT) 
and left ventricular free wall activation time (LVTAT). (C) By either imposing predefined equally 
distributed ((I) Generic Simulation) or patient specific electrocardiographic imaging derived ((II) 
Personalized Simulations) values of VEU, LVTAT, RVTAT to the CircAdapt model, different activation 
patterns were created for intrinsic rhythm (top) and biventricular pacing (bottom). RV: Right Ventricle; 
LV: Left Ventricle; RVfw: Right Ventricular Free Wall; LVfw: Left Ventricular Free Wall.

Both intrinsic and biventricular pacing values of VEU, LVTAT and RVTAT were 
separately varied from the minimum value observed in both intrinsic rhythm and 
biventricular ECGi maps towards the maximal measured value by steps of 5 ms, while the 
other two activation characteristics were held constant, i.e. the average value measured 
in the patient population. Values of VEU, LVTAT and RVTAT were used to calculate the 
segmental activation 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 halfway in between mean RV free wall 
activation and mean LV free wall activation, based on empirical findings in preclinical 
and clinical settings10, 21. Acute hemodynamic response was determined by calculating 
the change in the maximal rate of LV pressure rise between the intrinsic activation 
and biventricular pacing simulation (ΔLVdP/dtmax). Values of circulating blood volume 
and peripheral vascular resistance obtained during intrinsic rhythm, were maintained 
during all biventricular pacing simulations in the CircAdapt model. The activation 
characteristic which caused the largest simulated change in LVdP/dtmax was defined as 
the most important electrical driver of CRT response.
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Figure 2. Conversion from electrocardiographic imaging derived activation characteristics into 
CircAdapt ventricular activation sequences. ECGi derived values of VEU, LVTAT and RVTAT are used 
to define a linearly distributed activation pattern (Left) which is segmented and translated to activation 
times per patch in CircAdapt simulations (Right). Colors indicate activation time for a particular 
segment. Abbreviations as in Figure 1.

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 
incorporating patient-specific ECGi measurements obtained during intrinsic rhythm as 
well as during biventricular pacing in the CircAdapt model. 

Patient population
Fifty-one patients scheduled for routine CRT device implantation who also underwent 
non-invasive electrocardiographic imaging and invasive LVdP/dtmax measurement 
were retrospectively enrolled from previous studies4, 7, 22. All patients had New York Heart 
Association (NYHA) 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 according to the most recent 
American Heart Association / American College of Cardiology Foundation / Heart Rhythm 
Society recommendations23. Patients with right bundle branch block (RBBB) were excluded. 
In total 29 (57%) patients had LBBB morphology on the 12-lead ECG, while 22 patients had a 
non-specific interventricular conduction disturbance (NICD). In 24 (47%) patients, etiology 
was 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 previously4, 

22. Briefly, the RV lead of a CRT defibrillator was systematically implanted at the RV 
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apex, while the LV lead was implanted in the lateral or posterolateral 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 biventricular pacing induced %-change in LVdP/dtmax, after hemodynamic 
stability was reached, relative to intrinsic activation. 

In addition to pressure measurements, noninvasive high-resolution ECGi 
(CardioInsightTM, Medtronic, Minneapolis, MN) was performed during intrinsic rhythm 
and biventricular pacing. 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.

Personalization of acute hemodynamic response to CRT
By personalizing characteristics of the ventricular electrical substrate we evaluated the 
capability of CircAdapt to approach acute hemodynamic response as measured invasively 
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 personalized until all intrinsic and 
biventricular activation components 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 to the subgroup’s 
average value of measured ΔLVdP/dtmax. In addition, linear correlation 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, gender and NYHA 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 of it is inseparably related to the ECGi-
based activation parameters. A p-value smaller than 0.05 was considered as statistically 
significant.
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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. biventricular pacing resulted in 
a decrease in VEU compared to intrinsic rhythm (Figure 3A: 58 ms [0 – 103] vs. 13 ms [-51 
– 46] respectively, p<0.001). In contrast, LVTAT was not affected by biventricular pacing 
(Figure 3B). The increase in RVTAT during biventricular pacing 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 to the NICD patients (Figure 3D: 67 ms [53 
– 103] vs. 33 ms [0 – 75] respectively, p<0.001). In addition, LVTAT was larger in the LBBB 
populations (Figure 3E: 101 ms [61 – 144] vs. 74 ms [37 – 142] respectively, p=0.042). All other 
ventricular activation characteristics during intrinsic and biventricular pacing activation 
were not significantly different between LBBB and NICD patients. 

Table 1. 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

Gender -0.008 -0.182 to 0.166 0.93 -0.014

NYHA Class -0.054 -0.233 to 0.125 0.55 -0.089

In general, patient data indicated that both intrinsic VEU (Table 1 & Figure 3D: R=0.77, 
p<0.001) and intrinsic LVTAT (Figure 3E: R=0.46, p<0.001) are the main contributors to 
acute hemodynamic response. However, these two components of ventricular activation 
are mutually 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 significant in both the LBBB patients (R=0.47, p=0.014) 
and the non-LBBB patients (R=0.71, p<0.001) after correction for age, gender and NYHA 
functional class.
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Figure 3. Electrocardiographic imaging derived activation characteristics and acute hemodynamic 
response in patients. (A-C). Electrocardiographic imaging derived values of VEU, LVTAT and RVTAT 
at intrinsic (red) and biventricular pacing induced activation (blue). (D-F) Scatterplots of electrical 
activation characteristics during intrinsic activation and their relation to measured ΔLVdP/dtmax. (G-I) 
Scatterplots of electrical activation characteristics during biventricular pacing 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, gender and NYHA functional 
class (Multiple Regression Analysis). BiVP: biventricular pacing. All other abbreviations as in Figure 1.
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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 measurements (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 simulations showed that delayed RV free wall activation relatively to LV free 
wall activation during intrinsic activation [intrinsic VEU [-55ms – 0ms] 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 
[37ms – 144ms] 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 [16ms – 112ms] did not 
affect simulated CRT response (Figure 4C: red; 14.1% – 15.7%). As shown by the effect bars right 
next to Figure 4A-C, generic CircAdapt simulations revealed that VEU is the component of 
intrinsic activation that most sensitively determines acute response to CRT.

In Figure 4D-F, the isolated effect of variations in each ventricular activation 
characteristic during biventricular pacing on acute CRT response is shown. The difference 
in simulated ΔLVdP/dtmax between a completely synchronous activated heart during 
biventricular pacing (BiVP VEU = 0ms) and a heart in which the LV free wall was delayed 
(BiVP VEU > 0ms) was minor (Figure 4D: Blue). In addition, delaying the RV free wall relative 
to the LV free wall during biventricular pacing (BiVP VEU: [-51ms – 0ms]) had a minor effect 
on simulated CRT response. Nevertheless, the effect of VEU during biventricular pacing 
on simulated ΔLVdP/dtmax was more prominent for positive values of VEU ([10.7% – 14.5%] 
for BiVP VEU > 0ms [0ms – 46ms]) than for negative values of VEU ([14.0% – 14.8%] for 
BiVP VEU < 0ms[-51ms – 0ms]). For BiVP VEU values larger than 25 ms, a small negative 
effect was observed compared to completely synchronous activated biventricular pacing 
simulations. However, only 29% of the patient population had a significant residual right 
to left delay characterized by a BiVP VEU value larger than 25 ms (Figure 3A).

Isolated variations in LVTAT and RVTAT during biventricular pacing resulted in 
minor changes in simulated ΔLVdP/dtmax. (Figure 4E & F: Blue; [11.5% – 15.8%] and [14.0% - 
15.2%] respectively) which was in agreement with the patient data (Figure 4E & F: Black 
and white dots). 

As shown by CircAdapt simulations, VEU appeared 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 biventricular pacing-induced values of VEU (Figure 
4A: Red versus Figure 4D: Blue). Consequently, inter-individual differences in VEU during 
intrinsic activation resulted in a much wider range of ΔLVdP/dtmax [1.3% – 26.5%] compared 
to the BiVP VEU induced inter-individual variations in ΔLVdP/dtmax [10.7% – 14.8%]. 
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Figure 4.  Isolated effect of activation characteristics on acute hemodynamic response. Isolated 
simulated effect of intrinsic activation characteristics (A-C: Red dots) and biventricular paced activation 
characteristics (D-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 
biventricular pacing electrocardiographic imaging derived activation maps to the maximal value 
observed. Simulated data outside either the intrinsic or biventricular pacing activation measured range 
from electrocardiographic imaging have been made transparent. Abbreviations as in Figure 1.

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, however, 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 discrepancy 
occurred because negative ΔLVdP/dtmax values, observed in 13 NICD patients (Figure 
3D), were not predicted by the CircAdapt simulations (Figure 5A). The differences 
between measured and simulated ΔLVdP/dtmax values were also evaluated for each 
patient. When intrinsic VEU was the only personalized activation characteristic, 
simulated ΔLVdP/dtmax values correlated well with measured ΔLVdP/dtmax values 
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(Figure 5A: Pearson: R=0.74, p<0.001). However, an absolute difference between 
simulated 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 simulated and measured hemodynamic response 
(Data not shown, R=0.73, p<0.001). When personalizing all intrinsic and biventricular 
pacing ventricular activation characteristics, no improvement in prediction was observed 
either (Figure 5B: R=0.74, p<0.001). The mean absolute difference between individually 
simulated and measured ΔLVdP/dtmax was similar to the simulations in which intrinsic 
VEU was the only personalized 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.
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personalized activation characteristic. (B) All intrinsic and biventricular paced activation characteristics 
are personalized. Abbreviations as in Figure 1.
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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 biventricular pacing in CircAdapt. Using 
CircAdapt simulations we found that interventricular dyssynchrony during intrinsic 
activation, characterized by VEU, was the most important activation characteristic of 
predicting response to CRT. This may facilitate personalized computer modeling for CRT 
response.

Interventricular, rather than intraventricular dyssynchrony determines acute 
response to CRT
The observation that intrinsic interventricular dyssynchrony is the main determinant 
of CRT response may be surprising in the light of findings that also intraventricular 
dyssynchrony of the LV has been associated with response to CRT in patients4, 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 considered independent. 
This is where computer simulations become useful, because they can distinguish between 
the isolated effects of interventricular and intraventricular activation. 

The poor performance of intraventricular dyssynchrony 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 CRT4. Recently, Derval et al.10 
showed with invasive contact mapping that the activation pattern in LBBB patients is 
predominantly characterized by delayed, but homogeneously spreading, LV free wall 
activation. In contrast, non-LBBB patients showed heterogeneously distributed 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 non-LBBB patients. 

Intraventricular dyssynchrony as measured in this study, is essentially different from 
definitions used in invasive (non)contact mapping9, 10, 25 or echocardiographic studies26, 
in which intraventricular delay is defined as the delay between the first activated 
septal segment and the latest activated LV free wall segment. Since in our CircAdapt 
simulations the activation of the septum is assumed to be halfway between mean RV free 
wall activation and mean LV free wall activation, septal-to-lateral wall dyssynchrony is 
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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 intraventricular dyssynchrony measurements 
have to be interpreted with care. In these intraventricular dyssynchrony definitions, 
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 
response24, 27, 28. 

Although left-to-right delay was not observed in our patient population, our CircAdapt 
simulation data support the clinical observation that a pure RBBB substrate without LV 
electrical dyssynchrony (VEU <0ms) does not result in clinically relevant response to 
CRT29. However, clinical and simulation data suggest that CRT may be beneficial in those 
RBBB patients in which a sufficient lateral wall delay coexists29.

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 
biventricular pacing mode has only small effect on CRT effect is supported by observations 
in the recent LV MultiSPOT for CRT (iSPOT) study in which the investigators found that 
the differences in ΔLVdP/dtmax between pacing sites was much lower (<10%) than inter-
individual 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 dogs31. By simultaneously pacing multiple LV 
electrodes, LVTAT was significantly decreased compared to 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 LV30. 

In conclusion, our simulations suggest that optimization of CRT delivery in terms of 
LVdP/dtmax can best be focused on avoiding residual interventricular dyssynchrony rather 
than on minimizing LV or RV total activation times in a heart without myocardial scar. 
Consequently, LV lead placement optimization or multisite pacing has a limited 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 characteristics 
equaled 8.2% ΔLVdP/dtmax. Other co-morbidities such as ischemia and myocardial 
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scar, which have been shown to affect acute response to CRT both in patients32, 33 and 
in simulations14, 34, were not included in the simulation protocol of this study. The 
omission of these non-electrical substrates may explain the mismatch in simulated and 
measured CRT response in the individual patient. For further improvement of patient-
specific CRT response prediction, evaluation of the electromechanical substrate could 
be of additive value to differentiate between responders and non-responders having a 
comparable electric substrate14, 35. 

Previously, Sermesant et al. have successfully integrated patient specific anatomy, 
electrophysiology, kinematics and mechanics in a computational model for two patients 
with LBBB who responded to CRT17. 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 hemodynamic CRT response in those patients who are most 
challenging, i.e. non-responding LBBB patients and NICD patients who tend to respond, 
has not yet been achieved. In line with these observations, our simulations indicate that 
predicting non-response is potentially most challenging and cannot be achieved by using 
(non-invasive) electrical information alone.

Clinical implications
ECGi data combined with CircAdapt simulations indicate that dyssynchrony markers 
should specifically detect global interventricular dyssynchrony, while there potentially is 
limited benefit from including patient specific information on regional intraventricular 
dyssynchrony. Twelve-lead ECG derived parameters that are sensitive and specific to 
interventricular dyssynchrony could eventually be sufficient to detect the electrical 
substrate responsive to CRT6. Surprisingly, we found that the relation between intrinsic 
interventricular 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 electrocardiographic imaging 
techniques may be only beneficial in the non-LBBB population. In order to further 
improve patient specific prediction of acute hemodynamic CRT response, evaluation of 
the non-electrical information is required. Computer models have the potential to make 
the connection between electrical and mechanical substrates influencing CRT response 
in the near future14, 16. 

The 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 CRT14, 32-34. In addition, 
the site of optimal LV lead position varies among patients with post-myocardial 
infarction34, 36, increasing the relevance of guided LV lead placement in patients 
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with scar37. In a previous simulation study using CircAdapt we have shown that the 
largest hemodynamic improvement following CRT can be obtained by activating the 
viable myocardial tissue as synchronously as possible34. Although these simulations 
demonstrated that scar does not preclude a positive response to CRT, interventricular 
dyssynchrony during intrinsic rhythm was an absolute requirement for acute 
hemodynamic response. Another biophysical modeling study has suggested that in 
dyssynchronous hearts with LV posterolateral scar, multisite LV stimulation leads to a 
larger acute functional improvement than conventional biventricular pacing38. Hence, 
intraventricular dyssynchrony of activation of the (viable) myocardial tissue could play 
a more important role in both response prediction and LV lead optimization in scarred 
hearts compared to non-scarred hearts. Further modeling and clinical investigation 
is required to investigate the electrical substrate responsive to CRT and the relative 
importance of ventricular activation characteristics for treatment optimization and 
patient selection in patients with myocardial scar. 

Limitations
This study only assessed the importance of electrical substrates in the ventricles for 
response to CRT. Other factors that have been shown to affect CRT response, such as 
scar39, atrioventricular- and interventricular-delay optimization40 and LV lead position41 
were not part of this study. In addition, we only assessed acute response to CRT by 
ΔLVdP/dtmax whose relation to long term outcome remains controversial42. We did 
not include other acute response definitions, or consider resynchronization-induced 
remodeling that potentially affects patients’ prognoses43. Since ECGi cannot measure 
septal activation characteristics, inter-individual and pacing induced differences in 
septal activation were not assessed in this study. Given that trans-septal activation 
differences can play an important role both in patient selection and therapy delivery, 
further investigation on the influence of septal activation is required21, 44, 45. Although 
CircAdapt has shown to realistically reproduce local ventricular myofiber mechanics 
and cardiac hemodynamics in the dyssynchronous failing heart and during pacing7, 

12-15, investigation of the potential role of transmural and apex-to-base propagation 
of activation is impossible due to its highly simplified geometry. Anatomically more 
detailed models can be used to gain more insights in the effects of transmural and 
apex-to-base conduction16, 17, 45-47.
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Conclusions

Whereas ECGi could not differentiate between the effects of interventricular and 
intraventricular dyssynchrony on acute hemodynamic CRT response, computer 
simulations allowed quantification of the independent 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 relation 
between interventricular delay during intrinsic activation 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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Data supplement to chapter 2

In this appendix to Chapter 2 we provide more detailed information on the 
phenomenological sarcomere model and the TriSeg and MultiPatch modules in 
CircAdapt. The MultiPatch module has been developed to induce heterogeneities within 
the myocardial walls such as differences in activation time13. In order to provide a better 
understanding of the MultiPatch model, a more detailed description is provided about 
how wall tension is calculated from mid-wall area, originally described in the TriSeg 
model20.

General overview CircAdapt model
CircAdapt describes the physiology and physics of AV-coupling, the mechanical and 
hemodynamic ventricular interactions and the hemodynamic interactions between 
the heart and the circulatory system as a whole. The model consists of a network 
of connected modules which represent the atria, ventricles, myocardial tissue, the 
pericardium, atrioventricular (tricuspid and mitral) and semilunar valves (pulmonary 
and aortic), large blood vessels, and a module representing the systemic and pulmonary 
vasculature. (Supplemental Figure 1). In these appendices, we will elaborate on the 
phenomenological Hill-type sarcomere module20; the TriSeg module which connects 
hemodynamics in the cavities (pressures and volumes) to myocardial wall (tension and 
wall area) and sarcomere mechanics (stress and strain)20; and the MultiPatch module, 
which allows inducing heterogeneities of tissue properties and activation time in the 
myocardial walls13. 

TriSeg and contraction model in CircAdapt
CircAdapt connects wall tension Tw and wall area Aw to fiber stress σf and strain εf through 
the law of conservation of energy. Due to the transmural averaging assumptions in 
CircAdapt, changes in wall tension and area within a patch or wall must correspond to 
changes in fiber stress and strain throughout the volume of that patch or wall.

The natural fiber strain (εf) used in the CircAdapt model is defined as: 

=  ln
Ref

 )( (2.1)

In which Ls is the current sarcomere fiber length and LsRef the reference sarcomere fiber 
length of 2 µm. In case of a homogeneous wall without patches (no MultiPatch module), 
the mid-wall area is converted to natural myofiber strain (εf) by:
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Supplemental Figure 1. Schematic overview of the CircAdapt computer model of the heart and 
circulation. CircAdapt consists of connected modules representing the ventricles, atria, valves and 
pulmonary and systemic circulation. RA: right atrium; LA: left atrium; RV: right ventricle; LV: left ventricle. 

=  
1
2

ln
Ref

 )( (2.2)

Aw represents the mid-wall area. The mid-wall surface is defined to divide the myocardial 
wall into two equal wall volumes. The zero-strain reference area (AwRef) is the wall area 
when sarcomere length equals LsRef (2 µm).

Cauchy myofiber stress (σf) is calculated from natural myofiber strain (εf) in the 
CircAdapt’s phenomenological sarcomere model. 
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=  ( ) (2.3)

The phenomenological sarcomere model used in CircAdapt version applied in this 
thesis is based on the Hill model (Supplemental Figure 2), of which a modified version 
by Lumens et al.20 aims to reproduce the basic properties of length dependent activation 
in the sarcomeres. The Hill model consists of three elements: a passive elastic element 
(PE), which is in parallel to a series arrangement of a contractile element (CE) and a series 
elastic element (SE). The passive behavior of the sarcomere is described by the PE, while 
stress development in the sarcomere due to activation is described by the CE and SE. 
The time dependent behavior of the myofiber is described by two state variables, i.e., the 
intrinsic length of the contractile element (Lsi) and mechanical activation (Csarc). The latter 
activation parameter is physiologically related to intracellular calcium concentration. 
The time derivative of Lsi depends linearly on the length of the series elastic element, 
mimicking the Frank-Starling mechanism48 and equals zero during isometric contraction. 
The time derivative of Csarc,i, j depends on time (t), Lsi, and Csarc,i, j. The time dependency 
provides changes in onset of mechanical activation of the myofiber, which can be used 
to induce dyssynchronous activation in the CircAdapt model.

PE

SE CE F

Lse Lsi

Ls
Supplemental Figure 2. The Hill Model consists of a parallel element (PE), contractile element (CE) and 
a series elastic element (SE). F: Force; Lsi: intrinsic length of contractile element; Lse : length of elastic 
element. Ls : myofiber length 

In the TriSeg module, the mid-wall tension (Tw) of the myocardial wall can be calculated 
from the determined stress (σf), wall volume (Vw) and Aw (wall area).

=
2

 (2.4)
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Importantly, mid-wall areas were iteratively calculated to satisfy the force equilibrium in 
the junction points of the walls. To solve the related equilibrium equations, tension Tw was 
linearized about a working point corresponding to the wall area with zero tension (Aw0): 

( ) ≈
d
d

( − 0) (2.5)

For incorporation in the CircAdapt model, Aw0 and wall area compliance (dTw/dAw) have 
to be calculated. The wall area compliance represents how much the patch area increases 
with applied wall tension. The lower the compliance, the stiffer the tissue. Increased 
passive stiffness or contraction of myofiber will decrease compliance.

Once the wall tension and curvature (Cw = 1/(wall radius), derived from geometrical 
information of the wall) are known, the transmural pressure can be calculated using 
Laplace’s law:

d

= 2  (2.6)

Once Ptrans and the pressure outside the cavity are known, cavity pressure can be calculated. 

Supplemental Methods: Description of MultiPatch module in CircAdapt
In the MultiPatch model, a wall is subdivided into an arbitrary number (n) of patches, 
indexed j (Supplemental Figure 3). A tissue volume, which remains constant in time, 
is assigned to each patch. Therefore, the sum of the patch volumes provides the total 
volume of the wall.

, = , ,
=1

 ∑ (2.7)

Equivalent to Equation 2.5, a linearized equation describing the relation between patch 
tension Tp, j and Ap, j is used: 

, ( , ) ≈  
d ,

d ,
( , − 0, ) (2.8)

Equivalent to the wall, all patches are assumed to be spherical. For all patches in each 
wall, it holds that transmural pressure and curvature are equal and as a result, according 
to Laplace’s law (Equation 2.6), mid-wall tension is the same. 
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Ap0, j is the mechanically unloaded area of the patch, i.e. the area of the patch when 
it is not attached to any other patch or structure, and thus patch deformation totally 
depends on the passive and active behavior of the sarcomere (Supplemental Figure 3B). 
Ap, j, the current area of the patch, is affected by tension while attached to surrounding 
patches and structures. The reference patch area ApRef is the zero-strain patch area when 
the sarcomere length of the patch equals 2 µm. 

The unloaded wall area, Aw,0, which is substituted into Equation (2.5), is the sum of 
all mid-wall areas of the patches at zero tension:

,0 = 0,
=1

 ∑ (2.9)

MIDWALL
SURFACE

Tw

Tw

PATCH / WALL AREA SARCOMERE BEHAVIOUR

Ap

ApRef

Ap

Tw

PATCHES

Ap,j
ON MIDWALL

SURFACE

Vw,j IN WALL

A B
ACTIN

TITINMYOSIN

Z DISC

CROSS BRIDGES

SARCOMERE LENGTH = 2 µm

Supplemental Figure 3. Concepts behind the MultiPatch model. Panel A represents one of the patches 
making up a wall, with its area Ap, j being defined on the mid-wall surface. The mid-wall tension Tw acts 
on this surface. The patch is also assigned a volume Vp, j. Panel B demonstrates the difference between 
the patch areas Ap, j, Ap0, j, and ApRef,j in terms of sarcomere behavior. Reproduced from Walmsley et al.49.

Similarly, total wall compliance dTw/dAw in Equation 2.5 equals the inverse of the sum of 
inverse stiffness of all patches:

d
d

= 1
d ,

d ,

−1

=1
⁄ )(∑ (2.10)

Summarizing, the mechanical properties of the total wall are described with respect to 
the properties of the composing patches. After calculation of total wall tension, and thus 
patch tension, the areas of the separate patches are calculated, using Equation 2.8. Despite 
the fact that all patches in a wall have the same tension and curvature, the zero-tension 
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patch area Ap0, j can differ due to variations in mechanical properties and/or activation 
timing between patches. As a result stress and strain between patches can vary. 

The force equilibrium in the junction points of the walls (Supplemental Figure 1) 
of the current patch area Ap, j can change, which makes it impossible to derive the zero 
tension patch area Ap0, j and wall stiffness dTp/dAp directly from the current patch area 
and sarcomere length. 

To solve this problem, the intrinsic length of the contractile element of the sarcomere 
(Supplemental Figure 2, Lsi) is used to estimate both the intrinsic value of natural strain 
(εfi,j) and patch area (Api, j) as follows, from which an estimate value of intrinsic myofiber 
stress (σfi,j) can be derived in the contractility model as follows:

, =  ln ,

Ref ,
 )( (2.11)

, =  ,

Ref ,

2

Ref ,  )( (2.12)

The fiber stress (σfi, j) derived from εfi, j does not contain any active stress generated by 
the series elastic element (Supplemental Figure 2, Lse). However the current state of the 
contractile apparatus contributes to the sarcomere stiffness (dσfi/dεfi). 

The contribution to wall tension in each patch Tpi, j due to the intrinsic sarcomere 
length Lsi can be calculated similarly to Equation 2.4 for the wall as

, = , ( , ) ,

2 ,
 (2.13)

Before the patch zero load area Api,0 can be calculated, the patch compliance dApi, j/dTpi, j 
must be determined. From Equation 2.13, dApi, j/dTpi, j can be calculated taking conservation 
of energy into account: 

, ∆ , = , ∆ , ,  (2.14)

After modification and taking the limit ΔApi, j à 0 it follows that:

,

d ,
=  

d ,

, ∆ ,
 (2.15)
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When taking the derivative of Equation 2.13 with respect to Api, j and using the chain rule:

d ,

d ,
=  

d ,

d ,

d ,

d ,
 (2.16)

The following equation can be derived when substituting Equations 2.15 and 2.16. 

d ,

d ,
=  

d ,

d ,
− 2 ,

,

4 ,
2 )( (2.17)

Using Equation 2.8, the mechanically unloaded patch area Ap0, j can be derived:

0, = , −  ,
d ,

d ,
⁄  (2.18)

When Ap0, j is known, wall tension can be derived. Next, transmural pressures can be 
calculated by using Laplace’s law (Equation 2.6).
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Cardiac electrical dyssynchrony is 
accurately detected by noninvasive 
electrocardiographic imaging



Abstract

Background and objective: Poor identification of electrical dyssynchrony is 
postulated to be a major factor contributing to the low success rate for cardiac 
resynchronization therapy (CRT). The objective of this study was to evaluate body 
surface mapping and electrocardiographic imaging (ECGi) for noninvasively detection 
of electrical dyssynchrony.

Methods: Langendorff-perfused pig hearts (n=11) were suspended in a human 
torso-shaped tank, with LBBB induced through ablation. Recordings were taken 
simultaneously from a 108-electrode epicardial sock and 128 electrodes embedded in 
the tank surface during sinus rhythm and ventricular pacing. Computed tomography 
provided electrode and heart positions in the tank. Epicardial unipolar electrograms 
were reconstructed from torso potentials using ECGi. Dyssynchrony markers from torso 
potentials (e.g. QRS-duration) or ECGi (total activation time (TAT), interventricular 
delay measured by ventricular electrical uncoupling (VEU) and intraventricular 
markers) were correlated with those recorded from the sock.

Results: LBBB was induced (n=8) and sock-derived activation maps demonstrated 
interventricular dyssynchrony (VEU and TAT) in all cases (p<0.05), and intraventricular 
dyssynchrony for complete LBBB (p<0.05) compared to normal. Only VEU returned 
to normal with biventricular pacing (p=0.1). Torso markers increased with large 
degrees of dyssynchrony, and no reduction was observed during biventricular pacing 
(p>0.05). Although ECGi-derived dyssynchrony markers were significantly lower than 
recorded (p<0.05) there was a significant strong linear relationship between ECGi 
and recorded values. ECGi correctly diagnosed electrical dyssynchrony, and pacing 
induced interventricular resynchronization in all cases. The latest site of activation 
was identified to 9.1±0.6 mm by ECGi.

Conclusions: ECGi reliably and accurately detects electrical dyssynchrony, 
resynchronization by biventricular pacing, and the site of latest activation, providing 
more information than body surface potentials.
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Introduction

Cardiac Resynchronization Therapy (CRT) is as an established treatment in heart 
failure patients with severely impaired ejection fraction and conduction abnormalities, 
significantly reducing mortality and morbidity1, 2. The recommended selection criteria 
are currently based on the 12-lead ECG: prolonged QRS-duration and/or left bundle 
branch block (LBBB) morphology3. However, approximately one third of patients show 
no response to CRT,2 likely due to insufficient electrical dyssynchrony prior to CRT, or 
persistent electrical dyssynchrony afterwards4. This points to an inadequate ability to 
detect and quantify electrical dyssynchrony using QRS-duration and morphology. 

Noninvasive electrocardiographic imaging (ECGi) has been developed to provide 
high-resolution imaging of epicardial activation5. ECGi has previously been used to 
characterize conduction abnormalities in patients amenable to CRT, and to optimize 
biventricular pacing4, 6-11. From these studies, intraventricular electrical dyssynchrony, 
defined as inhomogeneous left ventricular (LV) activation, and interventricular electrical 
dyssynchrony, defined as activation delay between the LV free wall and right ventricular 
(RV) free wall, were considered predictors for CRT response. Markers have been developed 
to quantify intraventricular and interventricular electrical dyssynchrony and initial 
results suggest that these markers are better predictors for than traditionally used QRS-
duration and morphology6-11.

ECGi has been assumed to provide accurate detection of electrical dyssynchrony 
based on previous validation studies in healthy hearts during pacing12, 13. However, the 
reconstruction of activation maps in the presence of electrical dyssynchrony, and the 
accuracy of electrical dyssynchrony markers have not been evaluated experimentally. 
Furthermore, it is not clear whether the level of precision provided by ECGi is required, 
or whether electrical dyssynchrony can be accurately detected directly from body surface 
potentials14, 15. 

The objective of this study was to evaluate the sensitivity of body surface mapping 
or ECGi to detect electrical dyssynchrony of various degrees. 
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Methods

Detailed methods are available in the supplemental data of this chapter.

Ex-vivo experimental data
Hearts were excised from pigs (n=11; 30–40 kg) approved by Directive 2010/63/EU of the 
European Parliament on the protection of animals used for scientific purposes and the 
local ethical committee. Hearts were perfused in Langendorff mode with a 1:9 mixture of 
blood and Tyrode’s solution, oxygenated with 95%/5% O2/CO2(pH 7.4, 37°C). An epicardial 
electrode sock (108 electrodes) was attached to the ventricles and bipolar pacing leads 
to the RV apex and postero-lateral LV epicardial free wall. An ablation catheter tip 
was placed in the LV and stitched over the bundle branch in such a way to allow some 
manoeuvrability. 

After instrumentation, perfusion was changed to 100% Tyrode’s solution and the 
heart was transferred to a human-shaped torso tank (Figure 1A). LBBB was induced by 
2-5 local radiofrequency ablations (25–30W; 30-60 s; Figure 1B). Tank (128 electrodes) and 
sock potentials were recorded simultaneously (BioSemi, the Netherlands) during sinus 
rhythm following ablation, and during LV, RV and biventricular pacing in VOO-mode. 
Afterwards, computed tomography (Artis, Siemens) was used to obtain the position of 
the epicardium and electrodes with respect to the tank (Figure 1C). 

Definitions and markers for electrical dyssynchrony 
LBBB was defined when sinus rhythm recorded activation maps showed: 1) epicardial 
breakthrough on the RV with rapid RV activation, 2) no LV breakthrough and 3) late-
activation of the LV from the septum. These activation patterns are consistent with 
previous LBBB epicardial mapping studies in humans7, 16, 17. The degree of LBBB was 
considered m incomplete if QRS-duration increase was <40%. 

Epicardial activation times (AT) were derived from recorded electrograms at the 
moment of the minimum dV/dt and for ECGi signals by fitting a global activation field to 
activation delays between electrograms18. Time to RS-downslope was defined as the time 
from QRS-onset to the minimum dV/dt15. Electrical dyssynchrony markers were derived 
from epicardial electrograms (recorded or ECGi) and torso tank surface potentials (all 
defined in Table 1). In addition, the recorded and ECGi-derived sites of latest activation 
were compared.
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ECGi reconstruction and comparison
Electrograms were reconstructed from tank potentials to experiment-specific epicardial 
surfaces derived from computed tomography (Figure 1D) using ECGi methods used 
clinically20, 21. Electrical dyssynchrony markers and ATs computed from ECGi were 
compared to those recorded with the epicardial sock using root mean square error (RMSE), 
the RMSE of the linear regression residuals (SRES) and Pearson’s correlation coefficient (R). 
Localization error for the site of latest activation was defined as the Euclidean distance 
between sock electrodes demonstrating the latest AT in recorded and ECGi-derived 
signals. 

Statistical analysis was conducted using SAS (Statistical Analysis System). Normality 
was tested with a Shapiro-Wilk’s test. For each metric, the significance of differences 
between sequence types was tested using a one-way ANOVA. A repeated-measures 
ANOVA was used to determine differences between recorded and ECGi-derived metrics, 
accounting for possible interaction with sequence type. For p<0.05, the source of the 
difference was sought using a matrix of mutually-orthogonal contrast vectors. Data are 
expressed as mean ± standard deviation (SD). 

Table 1. Electrical dyssynchrony markers derived from sock and torso potentials.

Sock Markers6-11, 19

(recorded and 
ECGi derived 
markers were 
compared)

VEU Ventricular electrical uncoupling: the difference in mean 
activation between the LV and RV free wall (positive value reflects 
LV delay relative to RV)

TAT Difference between maximum and minimum epicardial ATs

LVTAT Difference between maximum and minimum ATs of the LV 
epicardium

SD-LVAT Standard deviation of ATs on the LV epicardium

Torso Markers

(compared to 
recorded sock 
markers and 
activation maps)

QRSd QRS duration estimated manually with calipers from the 3 limb 
leads as recommended by guidelines21

LV-RS14, 15 Average time from QRS-onset to RS-downslope for torso 
electrodes closer to the LV than the RV (defined by Euclidean 
distance) [as a measure of late LV activation]

SD-RS15 Standard deviation of the time to RS-downslope for all 
torso electrodes. [as a measure of interventricular electrical 
dyssynchrony]
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◀ Figure 1. Experimental and post-processing workflow. (A) Torso-tank experimental set-up with 
Langendorff perfused pig heart. (B) Representative ablation lesions (C) 3D fluoroscopy scan of (left) full torso 
and (right) segmented tank (red) and sock (yellow) electrodes. (D) Epicardial potentials were reconstructed 
using ECGi. Derived activation times and electrical dyssynchrony markers were compared to sock recordings. 
AT: activation time; ECGi: electrocardiographic imaging; LV: left ventricle; RV: right ventricle.

Results

Of the 11 experiments, normal sinus rhythm was recorded prior to ablation in 4 hearts 
(defined as control). LBBB was induced in 8 hearts (one heart had both control and LBBB 
states). For 5 of the 8 LBBB hearts, electrical dyssynchrony was substantially augmented 
through further ablation and a second sinus rhythm recording was analyzed. Pacing 
sequences were analyzed for final-state LBBB hearts.

Markers for dyssynchrony derived from recordings 
Figure 2A presents representative recorded sinus rhythm activation maps in control (left), 
and with increasing degrees of LBBB (middle and right). In control, multiple epicardial 
exit sites are seen with the majority of the sub-epicardial myocardium activating 
simultaneously (short TAT, Figure 2B). In mild LBBB (middle), the activation map 
shows early breakthrough on the RV, and late activation over the LV or interventricular 
electrical dyssynchrony (Figure 2B). Despite the increase in TAT, no intraventricular 
electrical dyssynchrony was present, with LVTAT similar to control (compare Fiugre 2B 
left to middle). With an increased degree of LBBB (right), the TAT, VEU, and LVTAT were 
increased.

In Figure 2C, histograms of time to RS derived from torso electrodes are presented 
with the corresponding lead I. Mild LBBB (middle) did not cause increased QRSd or LV-
RS compared to control (left), although both are increased with complete LBBB (right). 
The interventricular dissociation of ATs seen in mild LBBB was not replicated by time to 
RS between the left and right torso (Figure 2B vs Figure 2C, middle).

Figure 3A presents recorded activation maps from the complete LBBB heart 
(Figure 2, right) during RV (left), LV (middle) and biventricular (right) pacing. In 
RV pacing, propagation was similar to complete LBBB-sinus rhythm with a large 
interventricular dissociation of activation (Figure 3B), although spread across the RV 
and LV free wall was slower. LV pacing reversed the interventricular dyssynchrony 
with early activation on the LV, terminating on the RV. During biventricular pacing, 
activation spread from both pacing sites, with latest activation over the epicardial 
aspect of the septum. While there was no interventricular AT dissociation (see 
overlapping red and green bars, 3b), activation spread was very slow compared to 
control-sinus rhythm (Figure 2C). The dispersion of time to RS recorded from the 
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body surface was similar to complete LBBB-sinus rhythm during RV pacing (Figure 
3C: left), while for LV and biventricular pacing (Figure 3C middle and right), the time 
to RS was now later on the right torso.
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Figure 2. Recorded activation maps of multiple degrees of dyssynchrony. (A) Representative recorded 
sock activation maps around the ventricular epicardium (gray) with LAD (black). Activation maps 
during sinus rhythm in control (left), and increasing degrees of LBBB (middle and right). (B) Histogram 
of ATs over RV+LV (black), LV (red) and RV (green) electrodes. (C) Histogram of time to RS recorded 
from left (red) and right (green) torso electrodes. Limb lead I is overlain (black). LBBB: left bundle branch 
block; other abbreviations as defined in Figure 1. 

Figure 4 presents boxplots (quartiles) of the distribution of torso and epicardially-derived 
electrical dyssynchrony markers during control-sinus rhythm, LBBB-sinus rhythm and 
LBBB-biventricular pacing. Supplemental Table 1 summarizes these markers for all 
sequence type. Torso-derived markers (Figure 4A-C) were significantly increased with 
LBBB-sinus rhythm compared to control-sinus rhythm (p<0.03), although these markers 
were within the control range for 20, 13 and 13% of cases respectfully (mild LBBB). 
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Epicardial markers TAT and VEU (Figure 4D and 4E) increased significantly in 
LBBB-sinus rhythm (p<0.002). As with torso markers, intraventricular electrical 
dyssynchrony markers (LVTAT and SD-LVTAT; Figure 4F and G) did not increase in 
LBBB-sinus rhythm except with larger levels of interventricular dyssynchrony (VEU 
>25 ms and TAT > 65 ms).

During LBBB-biventricular pacing, QRSd, LV-RS, SD-RS were significantly larger than 
control-sinus rhythm (p<0.04), with no difference to LBBB-sinus rhythm values (p>0.39). 
Interventricular electrical dyssynchrony present in LBBB-sinus rhythm was rectified with 
biventricular pacing (p<0.001), indicated by |VEU|<20 ms and no difference compared 
to control values (p=0.89). TAT showed no change (p=0.39), while LVTAT and SD-LVAT 
increased with biventricular pacing (p<0.02). All three markers were longer than control 
values (p<0.02).
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Figure 3. Recorded activation during pacing. (A) Representative recorded activation maps for RV 
(left), LV (middle) and biventricular (BiV; right) pacing. (B) Histogram of ATs over RV+LV (black), LV 
(red) and RV (green) electrodes. (C) Histogram of time to RS from the left (red) and right (green) torso 
with Limb Lead I (black). 
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Figure 4. Recorded and ECGi reconstructed electrical dyssynchrony markers. Box plots of electrical 
dyssynchrony markers derived from (A-C) torso potentials and (D-G) recorded (red) and ECGi (white) 
sock electrograms during control-sinus rhythm (n=4), LBBB-sinus rhythm (n=13) and LBBB-biventricular 
pacing (n=7). Distributions significantly different to *control-sinus rhythm and ** LBBB-sinus rhythm 
values (p<0.05). VEU: ventricular electrical uncoupling; QRSd: QRS duration; SD: standard deviation; 
SR: sinus rhythm; TAT: total activation time. All other abbreviations as in Figure 1. 

ECGi activation maps
Figure 5A shows recorded (left) and ECGi-derived (right) activation maps for two 
LBBB hearts in sinus rhythm. In both hearts, recorded maps showed typical LBBB 
patterns with early, rapid activation of the RV and late-activated LV. ECGi correctly 
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reproduced this animal and in all other cases of mild and severe LBBB. ECGi in Heart 2 
(but not in Heart 1) presented a U-shaped activation around a line of block (very dense 
isochrones) on the anterior epicardial aspect of the septum that was not recorded 
by epicardial contact mapping. This septal crowding of isochrones was observed in 
5 of 13 cases.
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Figure 5. (A) Activation maps for two LBBB-sinus rhythm hearts from (left) recorded and (right) 
ECGi. (B) Box plot for localization error of the site of latest activation (n=13; LBBB-sinus rhythm). 
Abbreviations as defined in previous figures. 
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Overall, the site of latest activation was identified to 9.1±0.6 mm (Figure 5B). That is, 
to the correct electrode in 2 hearts (0 mm), within one electrode spacing in 7 hearts (5-14 
mm), and within two electrodes for the rest (14-17.8 mm).

Figure 6 shows the comparison between ECGi-derived and recorded ATs 
under various conditions. Overall, the correlation was high and residuals were low  
(R=0. 68±0.25, RMSE=13.4±5.3 ms and SRES=11.4±3.7 ms). R was lower in control-sinus rhythm 
and biventricular pacing than in the other sequences (p<0.001). SRES was lower in sinus 
rhythm than in any pacing modality (p<0.001). There was no difference in RMSE between 
any sequence type (p=0.3).

ECGi-derived markers for dyssynchrony
Figure 4D-F shows that as with recorded values, ECGi showed a significant increase in 
TAT and VEU with LBBB-sinus rhythm compared to control (p<0.03). Recorded LVTAT 
and SD-LVAT showed an increase in 60 and 80% of all LBBB-sinus rhythm cases. ECGi 
captured this increase with a sensitivity of 83 and 100% and specificity of 56 and 33% 
respectively.

As with recorded values, ECGi-derived TAT during biventricular pacing was 
not significantly different to in LBBB-sinus rhythm (p=0.72). ECGi-derived VEU was 
significantly reduced (p<0.0001) and, like recorded values, showed effective electrical 
interventricular resynchronization with no significant difference to control (p=0.10). 
ECGi replicated the difference in LVTAT and SD-LVAT between control-sinus rhythm 
and biventricular pacing observed with recorded values (p<0.04), though, unlike recorded 
data, no significant difference was seen compared to equivalent LBBB-sinus rhythm 
values (p>0.09).

Bland-Altman plots of recorded and ECGi-derived markers are presented in Figure 7. 
ECGi-derived TAT and SD-LVAT showed high RMSE (21 and 4.2 ms respectively), although 
there was a strong correlation and low regression error (SRES) compared to recorded values. 
Overall, ECGi underestimated TAT and SD-LVAT (p<0.04), as seen with the positive mean 
difference line (7a and d). For VEU, there was significant interaction with sequence type 
(p<0.0001), with ECGi underestimating VEU more the greater the dyssynchrony. This was 
seen with the positive trend in error between ECGi-derived and recorded values (Figure 
7B). Furthermore, the relationship between ECGi and recorded values was strong (R=0.95) 
with low SRES. Although ECGi-derived LVTAT were neither significantly longer nor shorter 
than recorded (p=0.56), the relationship was the weakest (R=0.66), and SRES similar to TAT.
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Figure 7. Bland-Altman plots of recorded and ECGi-derived electrical dyssynchrony markers. Lines 
indicate mean difference (solid) and limits of agreement (dashed). Data collected from sinus rhythm and 
pacing beats. R: Pearson correlations coefficient; RMSE: root mean square error; SRES: root mean square 
error of the linear regression residuals. Other abbreviations as defined in previous figures.
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Discussion

Several markers have been developed to quantify electrical dyssynchrony between 
the ventricles (interventricular), or within the LV (intraventricular) using either body 
surface potentials14, 15 or ECGi6-11. It has largely been assumed that each of these metrics 
can accurately detect both small and large degrees of electrical dyssynchrony. ECGi is 
further assumed to provide accurate reconstruction of activation patterns in the presence 
of electrical dyssynchrony4, 6, 7, 9-11, partially justified by previous studies evaluating the 
performance of ECGi to detect activation and stimulus sites from healthy hearts during 
pacing12, 13. In addition, the accuracy of the detection of late (as opposed to early) activated 
sites with ECGi has never been evaluated.

Our study has evaluated the accuracy of body surface potentials and ECGi derived 
markers to detect electrical dyssynchrony with varying degrees of LBBB. The main 
results from our study are summarized as follows. Body surface markers (LV-RS and 
SD-RS) provide no greater sensitivity to the degree of dyssynchrony than QRSd in LBBB. 
Epicardial markers are very sensitive to electrical dyssynchrony, and the combination 
of interventricular and intraventricular markers provide important information 
about electrical activation not provided by QRSd. ECGi can be applied to reliably 
and noninvasively provide these markers, activation patterns, and the site of latest 
activation.

Detection of electrical dyssynchrony from body surface potentials
Recent studies have suggested that by expanding the 12-lead ECG to 53-electrode body 
surface mapping, electrical dyssynchrony can be better diagnosed by LV-RS and SD-RS 
without the need for complex ECGi14, 15. Our study shows that LV-RS, SD-RS and QRSd 
were less sensitive than ECGi-derived markers. Specifically, ECGi-derived VEU showed an 
increase for all LBBB cases, while QRSd, SD-RS and LV-RS were within the control range 
for several mild LBBB cases. Furthermore, none of the body surface derived marker showed 
an improvement with biventricular pacing to give indication of resynchronization. Thus, 
ECGi adds significantly to the diagnostic and therapeutic potential in cases of LBBB, 
although the technique is more time consuming and requires cardiothoracic imaging 
and segmenting. 

The added value of LV-RS and SD-RS is explained from the fact that each torso lead 
contains information for the entire heart, weighted heavily towards the closest ventricle. 
As expected, the time to RS on the left and right torso gave a blurred reflection of their 
respective ventricular ATs (Figures 2 and 3). This means the time to RS can give some 
indication of directionality of electrical dyssynchrony but that ECGi would still provide 
a more precise image of the mechanisms involved.
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A theoretical limitation of LV-RS and SD-RS is ambiguity in marker placement 
on the steepest RS-downslope (according to previous studies14, 15) in LBBB and during 
biventricular pacing, due to the tendency of ECGs to have slurred, notched or irregular 
RS slopes22 (Figure 1D). 

Epicardial electrical dyssynchrony markers 
Our results have shown that epicardial electrical dyssynchrony markers can not only 
identify minor interventricular electrical dyssynchrony (VEU as low as 15 ms), but also 
provides potentially important information that is not provided by QRSd. With mild 
LBBB, LV activation was rapid (LVTAT and SD-LVAT similar to control), though delayed 
with respect to the RV (increase in VEU and TAT). This is likely due to partially blocked 
conduction through the main fascicles of the left bundle branches (possibly equivalent 
to incomplete LBBB or non-specific interventricular conduction disturbance (NICD) in 
humans). LV activation was more slowed with an increased degree of LBBB (increased 
LVTAT and SD-LVAT), attributed to failed conduction via all of the left Purkinje branches 
(complete LBBB). Thus, the application of multiple epicardial electrical dyssynchrony 
markers helps to delineate the various degrees of both inter- and intraventricular 
electrical dyssynchrony.

While interventricular activation was resynchronized with biventricular pacing 
(VEU substantially reduced), activation within the ventricular free walls was very slow 
compared to control sinus rhythm, as shown by TAT, LVAT and SD-LVAT remaining 
similar to their corresponding values in LBBB-sinus rhythm. These markers paradoxically 
increased in some cases. Our observations suggest that in the absence of complete Purkinje 
activation following pacing, the myocardial conduction velocity is insufficient to provide 
normalization of synchronization, even in the presence of biventricular pacing. This 
supports the idea that CRT is only effective when considerable electrical dyssynchrony is 
present during intrinsic activation4. Previous studies have demonstrated a hemodynamic 
CRT response with both reductions8, 10 and increase4 in ECGi-derived dyssynchrony 
markers. Potential thus exists to further improve resynchronization therapy, if methods 
can be developed to ensure resynchronization. Multisite and/or endocardial pacing may 
further improve not only interventricular, but also intraventricular resynchronization, 
although the additional benefit on hemodynamic function remains questionable23. 

Accuracy of ECGi for describing electrical dyssynchrony
With direct comparison of ECGi and recorded electrical dyssynchrony markers 
(Figure 7) we demonstrated that ECGi successfully reconstructed the presence of 
electrical dyssynchrony and resynchronization through pacing. Of all the electrical 
dyssynchrony markers, VEU was most accurately reconstructed. The variability seen in 
the correspondence of ECGi-derived to recorded markers is likely the result of two known 
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shortcomings of ECGi. First, ECGi tends to reduce the overall AT dispersion24. This is seen 
directly with TAT results, and has likely influenced the accuracy of LVTAT. Second, a 
heterogeneous spatial mismatch often exists between ECGi and recorded electrograms 
and thus ATs25. This spatial shift is generally small but important for LVTAT, SD-LVAT 
and VEU, which are derived from ATs within specific regions of the heart. 

Inaccuracy in ECGi-derived ATs is not always a cause for electrical dyssynchrony 
marker inaccuracy. Although ECGi derived activation patterns correlated poorly to those 
recorded during control-sinus rhythm in this study (R=0.17 ±0.37), ECGi reproduced the 
relatively simultaneous activation over both ventricles, and short activation dispersion, 
resulting in accurate electrical dyssynchrony markers. There is no doubt, however, that an 
improvement in ECGi AT accuracy would improve electrical dyssynchrony marker accuracy.

Previous studies suggest that targeting the LV lead to the site of latest electrical 
activation provides superior acute and long-term outcome for CRT26. This study 
demonstrates that ECGi can identify latest activation to 9.1±0.6 mm. Thus, the coronary 
branch lying closest can be identified noninvasively with ECGi prior to device implantation, 
markedly reducing procedure times and radiation exposure. 

Comparison with previous clinical studies of ECGi and LBBB
This study corroborates the results of several previous clinical studies using ECGi in CRT 
candidates4, 6, 7, 11, 27. For example, in agreement with a study investigating 11 LBBB patients, 
we found in both ECGi and contact measurements that LV free wall activation was 
slower during RV pacing compared to intrinsic rhythm27. In contrast, these studies also 
frequently report the presence of functional U-shaped activation and/or line of block in 
LBBB patients6, 7, 10. In this study, U-shaped activation was present in some (but not all) 
ECGi derived activation maps (Figure 5) but not in any direct recordings. This supports 
the notion that this is an artefact produced by ECGi. We speculate that in regions of 
change in electrogram morphology or conduction velocity, such as the epicardial region 
over the septum in LBBB28 (Figure 5), or near the LV pacing site29, ECGi compresses local 
activation creating an artefactual apparent “activation block”.

Study limitations
Validation was performed using a torso-tank model where electrical properties of the 
extra-cardiac medium are homogeneous. Although the inclusion of other organs may 
alter propagation of electrical activity from the heart to body surface30, previous studies 
have demonstrated the inclusion of inhomogeneous structures produce no systematic 
improvement in ECGi potentials13.

No endocardial recordings were made to assess transseptal conduction and the 
electrode sock did not entirely cover the posterior surface, meaning epicardial markers 
may have been slightly underestimated, i.e. TAT appears to be 10-20% shorter than QRSd 
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(Figure 4). Despite this missing information, epicardial markers still showed a greater 
sensitivity to dyssynchrony than body surface markers. 

As the ECGi methods used cannot assess endocardial or septal information, electrical 
activity and dyssynchrony was only assessed at the epicardial surface. Because endocardial 
activation differences may play an important role both in CRT patient selection and 
therapy delivery, further investigation and development of methods is required.

Electrical dyssynchrony markers were assessed using acute models of LBBB, without 
cardiomyopathy or infarction, in order to demonstrate their sensitivity to small degrees 
of electrical dyssynchrony. While we expect these results are translatable to the large 
population of patients without structural abnormalities, the incorporation of scar tissue 
into the model will be investigated in future studies. 

QRSd was computed using the 3 limb leads, not the 12-lead ECG as in clinical practice. 
Tank signals were of very high quality, with signal averaging used to effectively eliminate 
noise. Indeed; QRSd computed using 3 leads showed a non-substantial difference (-0.8±5.3 
ms) compared to using all tank leads, and thus it would not change the conclusions drawn 
in this manuscript.

Conclusions

We have demonstrated that ECGi is highly applicable to detect mild to severe electrical 
dyssynchrony and its resynchronization during biventricular pacing. ECGi provides more 
information than is available from the 12-lead ECG or body surface potential mapping, 
particularly concerning quantitative measures of the spread of epicardial activation 
and accurate detection of the latest site of activation. This non-invasive approach may 
improve response rates to CRT by both improving patient selection, optimization of 
treatment delivery and patient safety by reducing fluoroscopy times.
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Data supplement to chapter 3

In this appendix to Chapter 3 we discuss the following: 
1) Details on the experimental set-up and post-processing of the data
2) Analyses of recorded contact activation maps during different pacing settings at 

different states of intrinsic ventricular dyssynchrony

Methods: ex-vivo experimental data
Hearts were acquired from pigs (n=11; 30–40 kg) in accordance with the guidelines from 
Directive 2010/63/EU of the European Parliament on the protection of animals used for 
scientific purposes and approved by the local ethical committee. 

Pigs were pre-medicated with ketamine (20 mg/kg) and acepromazine (0.1 mg/kg), 
anaesthetized with propofol (1 mg/kg) and maintained under isoflurane, 2%, in air/O2 
(50/50) after intra-tracheal intubation. The thorax was opened and heparin (2 ml) infused 
intravenously. 1.5 L of blood was collected during intravenous infusion of Voluven. Cardiac 
standstill was induced with cold cardioplegic introduced into the aortic root. The heart 
was rapidly excised and immersed in ice-cold Tyrode’s solution. The aorta was cannulated 
and the heart perfused in Langendorff mode with a 1:9 mixture of blood and Tyrode’s 
solution containing (mM) NaCl, 128; NaHCO3, 28; NaH2PO4, 0.5; MgCl2, 0.7; glucose, 11; KCl, 
4.7; CaCl2, 1.5. The solution was oxygenated with 95%/5% O2/CO2, pH 7.4, temperature 37°C. 
An epicardial electrode sock (108 electrodes) was attached to the heart and pacing leads 
to the RV apex and postero-lateral LV epicardial free wall. The pacing leads were bipolar 
(made in house), held in place with a fixation hook (~2 mm between electrodes tips). An 
ablation catheter was placed in the LV and stitched over the bundle branch in such a way 
to allow some maneuverability. 

After instrumentation, perfusion was changed to 100% Tyrode’s solution and the 
heart transferred to a human-shaped torso tank (Figure 1A) filled with oxygenated 
Tyrode’s solution. LBBB was induced by 2-5 local radiofrequency ablations at 25–30W 
and a duration of 30–60 sec applied proximal at the left bundle (Figure 1B). Tank (128 
electrodes) and sock potentials were recorded simultaneously at 2 kHz (BioSemi, the 
Netherlands) and referenced to a Wilson’s central terminal. Tank and sock recordings 
were made during normal sinus rhythm following ablation, and during VVI LV, RV and 
biventricular pacing protocols. That is, constant current stimuli with pulse durations of 
1 ms, current amplitudes 2x the diastolic threshold for capture at 1.5-1.8 Hz. 

Channels in which signals were absent as a result of lead fracture or poor electrode 
contact were immediately evident on visual inspection and were discarded. A multi-lead 
signal averaging algorithm was used to remove noise and non-synchronized p-waves on 
recordings. In the case of retrograde VA conduction, p-waves were only present during 
the non-analyzed ST-segment. Upon completion of each experiment, an angiographic 
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CT (Artis, Siemens) was used to obtain the exact orientation and placement of the 
epicardium and electrodes with respect to the tank (Figure 1C). Afterwards, the presence 
and location of ablation lesions were inspected macroscopically.

Methods: definitions and markers for electrical dyssynchrony
Sock electrodes covering the LV and RV were noted while the heart was outside the tank, 
using the left anterior ascending artery (LAD) as a reference. Epicardial activation times 
(AT) were derived from recorded electrograms as the maximum dV/dt. For ECGi signals, 
this method often derives unreliable ATs18, 25, and thus ATs were estimated by fitting a 
global activation field to the maximum derivatives and the activation delays between 
adjacent electrograms18.

Methods: ECGi reconstruction and comparison
Experiment-specific ventricular epicardial surfaces were digitized from angiographic CT 
images, containing up to 4000 points or nodes. Epicardial electrograms were reconstructed 
at each node from tank potentials using ECGi methods used clinically20, 21. ECGi markers 
were calculated using the nodes within 5 mm of any sock electrode. The error between 
ECGi derived and recorded electrical dyssynchrony markers was computed using the 
root mean square error (RMSE). In addition, a linear regression model was also used to 
compare ECGi derived and recorded electrical dyssynchrony markers, with the RMSE of 
the residuals (SRES) and Pearson’s correlation coefficient (R) to quantify this model.

To evaluate ECGi reconstructed ATs and the localization of the site of latest activation, 
the nodes closest to each sock electrode were defined. ECGi derived ATs were compared 
to recorded ATs for each activation sequence using RMSE, SRES and R. The electrical 
dyssynchrony was defined as the sock electrode demonstrating the latest activating signal 
for both recorded and ECGi derived signals. Localization error was then calculated using 
Euclidean distance. 

Results
Of the 11 experiments, normal sinus rhythm was recorded prior to ablation in 4 hearts 
(defined as control). LBBB was induced in 8 hearts (one heart had both control and LBBB 
states). For 5 of the 8 LBBB hearts, electrical dyssynchrony was substantially augmented 
through further ablation after which a second sinus rhythm recording was analyzed. 
For hearts with control and one or multiple dyssynchrony states, activation patterns 
were similar during LV, RV and biventricular pacing along the different dyssynchrony 
states (Supplemental Figure 1). In addition, no difference in dyssynchrony metrics were 
observed for each specific pacing setting at different dyssynchrony states. Therefore, one 
pacing sequences was analyzed per heart, during final-state LBBB hearts. LV pacing did 
not capture in one heart. 
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Results: markers for dyssynchrony derived from recordings 
Supplement Table 1 summarizes the markers across all activation sequences, including 
LV and RV pacing. Torso derived markers (QRSd, LV-RS and SD-RS) were significantly 
increased with LBBB when compared to control values (p<0.03), though these markers 
lay within the normal range for 20, 13 and 13% of LBBB cases respectively. For epicardial 
markers, TAT and VEU increased for all cases of LBBB (p<0.002) while intraventricular 
dyssynchrony markers (LVTAT and SDLVTAT) only increased with large levels of LV delay 
in LBBB. That is, 40 and 27% of LBBB cases gave LVTAT and SD-LVAT within control 
min-max range respectively. 

With biventricular pacing, QRSd, LV-RS, SD-RS remained significantly increased 
compared to control (p<0.04), with no difference compared to LBBB values (p>0.39). 
The interventricular delay present in LBBB was rectified with biventricular pacing 
(p<0.0001) seen by |VEU|<20 ms and no difference compared to control values (p=0.89). 
However, TAT showed no change (p=0.39), while LVTAT and SD-LVAT even increased 
with biventricular pacing (p<0.02). All three markers were longer than control values 
(p<0.02). 

LV and RV and biventricular pacing sequences showed relatively similar degrees of 
electrical dyssynchrony between hearts (marker ranges for each pacing type were small). 
Any difference is likely due to differing pacing locations as hearts had no underlying 
structural abnormalities.

Supplemental Table 1. Overview of recorded inter-ventricular, intra-ventricular and body surface 
potential dyssynchrony markers from experimental data. Data are presented as median [UQR, LQR]. 
SR: sinus rhythm; BiV: biventricular. 

[ms] Control-SR
(n=4)

LBBB-SR 
(n=13)

RV Pacing 
(n=8)

LV Pacing 
(n=7)

BiV Pacing 
(n=7)

QRSd 54 [43,65] 80 [68,94] 91 [72,96] 101 [88,111] 94 [80,101]

TAT 42 [29,42] 69 [57,77] 85 [69,99] 90 [77,105] 69 [62,86]

VEU 0 [-2,3] 42 [20,47] 36 [23,55] -48 [-42,-63] 0[-10,-7]

LVTAT 28 [17,30] 34 [25,40] 43 [39,60] 48 [41,52] 46 [40,53]

SD-LVAT 6 [6,7] 8 [7,9] 12 [10,18] 13 [12,15] 12 [11,15]

LV-RS 25 [21,32] 47 [41,53] 61 [45,68] 47 [37,48] 45 [42,48]

SD-RS 8[8,10] 15[11,23] 16[14,21] 22[17,23] 15[13,16]
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Supplemental Figure 1. Recorded sock activation maps in 2D with LAD (black). (top left) sinus rhythm 
in control state: no ablation performed; (top right) sinus rhythm when LBBB is induced; (bottom left) 
BiV (biventricular) pacing in control state; (bottom right) BiV pacing when LBBB is induced. RV: right 
ventricle; LV: left ventricle; RVOT: right ventricular outflow tract; LAD: left anterior descending artery. 
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Chapter 4
Acute hemodynamic response to 
cardiac resynchronization therapy: 
what is the importance of 
atrioventricular synchronization?



Abstract

Aims: To assess the potential hemodynamic benefit of optimizing atrioventricular 
(AV)-delay in hearts with first degree AV-block (1dAVB) by performing a combined 
animal experimental – computational proof-of-principle study.

Methods and Results: Experiments were performed in 7 pigs with complete AV-block, 
in which 1dAVB was mimicked by AV pacing at an AV-delay of 300 ms (baseline). 
Subsequently, the AV-interval was programmed between 50 and 250ms in randomized 
steps of 50ms to determine the potential hemodynamic effect of restoring AV-
coupling. Simulations were performed in the CircAdapt model of the human heart 
and circulation. In both animals and simulations, biventricular pacing at the optimal 
AV-delay significantly improved mean arterial pressure (MAP) and cardiac output 
(CO), compared to AV-delay 300ms. These increases were attributed to the increase 
in end-diastolic volume (EDV), which was caused by a reduction in diastolic mitral 
regurgitation (MR) and better passive and active left ventricular (LV) filling. The role 
of the latter was supported by simulations with the function of diastolic MR disabled, 
showing persistence of the increases in CO and EDV. Desynchronization by right 
ventricular (RV) pacing in animals and simulated biventricular pacing (+40 ms in 
simulated total ventricular activation time) in the model caused only minor reduction 
of the benefit of AV-optimization, but severe desynchronization in the simulations 
by RV pacing (+80 ms in simulated total ventricular activation time) prevented the 
benefit of AV-delay optimization. Hemodynamic improvements were present in 
simulations at normal and slightly elevated heartrates.

Conclusions: The combination of animal studies and computer simulations suggests 
that restoration of AV-coupling in 1dAVB improves hemodynamic status. This effect 
is predominantly achieved by better ventricular filling, caused by a combination of 
reduction in MR and better passive and active filling.
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Introduction

First-degree atrioventricular (AV) block is a conduction disorder is characterized by a 
prolonged PR interval (>200ms) on the electrocardiogram. First-degree AV-block (1dAVB) 
is seen as a benign disorder in healthy people. In heart failure (HF) patients, however, of 
which 15-51% have 1dAVB1-4, prolonged PR interval is associated with an increased risk of 
atrial fibrillation5 and mitral regurgitation (MR)6. In theory, 1dAVB could be treated by AV-
pacing, as suggested by a few studies in the 1990s7-9. Of note, since this was before the era 
of cardiac resynchronization therapy (CRT), right ventricular (RV) pacing was used. After 
a period of silence in literature, the topic was revitalized by recent sub-analyses of clinical 
trials investigating the benefit of CRT. In a sub-study of the Multicenter Automatic 
Defibrillator Implantation Trial – Cardiac Resynchronization Therapy (MADIT-CRT), 
Kutyifa et al. reported that in patients without a typical left bundle branch block (non-
LBBB) but with a prolonged PR interval (>230ms), CRT-D treatment was associated with 
a 73% reduction in the risk of HF/death and 81% decrease in the risk of all-cause mortality 
compared with the control (ICD) group10. In a secondary analysis of the Comparison of 
Medical Therapy, Pacing, and Defibrillation in HF (COMPANION) trial, restoration of 
AV-coupling with CRT-D improved survival in patients with advanced systolic HF, QRS 
≥120ms, non-LBBB and prolonged PR intervals11. These data suggest that improving LV 
filling by AV-delay shortening is an essential component to improve clinical outcome in 
CRT patients with 1dAVB. In a sub-study of the ReThinQ trial, which included patients 
with QRS duration <130ms, only patients with a prolonged PR interval (>180ms) showed 
a significant increase in maximum oxygen uptake12. 

In contrast to the aforementioned studies, a sub-analysis of the Cardiac 
Resynchronization in Heart Failure (CARE-HF) study showed that prolonged PR interval 
(>200ms) was associated with non-response to CRT in a dyssynchronous HF patient 
population (QRS>120ms)2. Interestingly, the relation between CRT response and reduction 
in PR interval with pacing was stronger than between response and shortening of QRS 
duration, suggesting that PR interval shortening is a sign of appropriate CRT delivery. 

These sub-analyses inspired us to investigate the potential of CRT in 1dAVB in a 
controlled experimental and an in-silico setting, allowing to isolate the components 
of CRT driving hemodynamic response. Accordingly, the objective of this study was to 
investigate the effect of normalization of AV-delay on cardiac pump function. Specific 
questions were: to what extent can normalization of AV-coupling improve acute 
hemodynamic function and to what extent does this effect depend on the degree of 
pacing-induced dyssynchrony, diastolic MR and heart rate?
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Methods

Experiments were first performed in a porcine model. The acquired data were subsequently 
used as input for CircAdapt, a computer model of the human cardiovascular system. 

Experimental model
Animal handling was performed in compliance with the Guide for the Care and Use of 
Laboratory Animals and in accordance with the European Community recommendations. 
The protocol was approved by the Dutch National Ethical Committee for Animal Handling.
Experiments were performed in seven female landrace pigs weighing 60.8 ± 2.6kg in 
which a total AV-block was induced. Details of the experimental model are provided in 
the supplement. 

After instrumentation and hemodynamic stabilization, the pacing protocol was 
performed. Atrio-biventricular pacing at 10 bpm above intrinsic rhythm with an AV-
delay of 300ms was used to mimic 1dAVB. Subsequently, the AV-interval was programmed 
between 50 and 250ms in randomized steps of 50ms. Baseline recordings were performed 
after every step. Each recording lasted for at least two respiratory cycles. 

First the pacing protocol was performed in biventricular pacing mode, allowing 
to study the effect of normalization of AV-delay without changes in the synchrony of 
ventricular activation. Subsequently, the protocol was repeated using RV pacing at the 
shorter AV-delays, while baseline pacing mode was kept at biventricular pacing at 300 
ms AV-delay. 

Data analysis
Data analysis was performed using custom-made MATLAB software (MathWorks, 
Natick, Massachusetts, USA). PQ interval and QRS duration were measured from the 
electrocardiogram. From the LV pressure signal, systolic (LVESP) and end diastolic LV 
pressure (LVEDP) were calculated as well as the maximal rate of rise of LV pressure 
(LVdP/dtmax). Cardiac output (CO) was calculated from the aortic flow probe signal. 
Mechanical interventricular dyssynchrony (MIVD) was determined as the time delay 
between normalized upslope of simultaneously recorded LV and RV pressure curves, with 
negative MIVD values indicating earlier RV than LV contraction13.

Diastolic filling pattern and MR were assessed using the first derivative of the 
LV volume signal of the conductance catheter (flow). The diastolic phase was defined 
as the time between the moment of minimal LV volume and the time of LVdP/dtmax. 
Diastolic MR volume was quantified as the area under the flow curve during diastole. 
Only diastolic MR that occurred after the A-wave of the LA pressure curve was taken 
into account. Forward flow over the mitral valve was quantified as the combined area 
under the E and A-wave.
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Statistical analysis
Continuous data are presented as mean ± standard error of the mean (SEM). Statistical 
analysis was performed using Statistical Package for Social Sciences version 24.0 (SPSS 
Inc., Chicago, Illinois, USA). The relative change of the hemodynamic variables at various 
AV-delays were evaluated using a one-way repeated measures ANOVA. If significant, a 
Student’s paired samples T-test and Bonferroni correction was used to test significance 
of the change at individual AV-delays. This test was also performed to test significance 
at the optimal AV-delay (AVopt), which was defined as the AV-delay providing the largest 
increase in CO per animal. To evaluate differences between biventricular and RV pacing, 
a two-way ANOVA for repeated measurements was used, followed by Student’s paired 
samples T-test. A Wilcoxon signed-ranked test was performed in case distribution 
was not normal. A two-sided probability value of <0.05 was considered statistically 
significant. 

Computer simulations
In the CircAdapt model14, 15 a condition was created that mimicked the condition in 
the pigs with respect to AV-delay (300 ms) and heart rate (100 bpm) combined with 
synchronous ventricular activation. The following simulation protocols were performed:
1) Shortening AV-delay with unchanged ventricular synchrony.
2) Shortening AV-delay with increased ventricular dyssynchrony, simulated by 

biventricular and RV pacing, adding 40 and 80 ms to total ventricular activation 
time, respectively.

3) Investigate the role of heart rate and MR by simulations at 70 bpm and with diastolic 
MR disabled.

Details are provided in the supplemental data of this chapter. 

Results

Normalization of atrioventricular coupling 
The experimental recordings (Figure 1) show that during the reference AV-delay setting 
of 300ms there was only one peak of LV filling, due to merging of the E and A waves. 
This single filling peak was followed by negative mitral flow, indicating late diastolic MR. 
Decreasing the AV-delay led to separation of the E and A wave, with optimal separation at 
AV-delay 150ms. In the latter AV-delay the atrial kick was clearly visible in the LV pressure 
curve as a hump before the start of LV systole. Further shortening of the AV-delay led 
to A-wave truncation. The accompanying elevated mean LA pressure was presumably 
caused by atrial contraction against a closed mitral valve. Similar phenomena were 
observed in the computer simulations (Figure 1). 
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Figure 1. Effect of improving AV-coupling on pressure and flow signals in pig experiments and 
computer simulations. (Top row) Left ventricular and left atrial pressures and (Second row) flow, as 
measured in a representative experiment. (Third & Fourth row) Similar to experimental data, pressures 
and flow of computer simulations are shown in lower two panels. Ejection phase (aortic valve opening 
(AVO) until closure AVC) is indicated in grey. LAP: mean left atrial pressure.

For all experiments combined, most hemodynamics parameters showed a parabolic 
improvement during shortening of AV-delay (Figure 2), with largest relative increase in 
CO occurring at an AV-delay of 157±7ms (AVopt). Mean aortic pressure (ΔMAP, 9.3±3.2%) 
and CO (ΔCO: 10.7±2.6%) at AVopt were significantly higher than at baseline (all p<0.05) 
(Table 1). These improvements occurred in the absence of a change in LVdP/dtmax. LV 
end-diastolic volume (LVEDV) and pressure (LVEDP) were significantly larger at AVopt 
than at baseline (Table 1). In both animal experiments and computer simulations mean 
LA pressure was increased at an AV-delay of 50 ms (Figure 1, p<0.05).

Comparable observations for MAP, CO, LVEDV and LA pressures were made in 
the computer simulations, but simulations predicted also an increase in LVdP/dtmax 
(Figure 2).
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Atrioventricular resynchronization versus ventricular desynchronization
To investigate whether inducing ventricular dyssynchrony hampers the hemodynamic 
improvement obtained by restoration of AV-coupling, shortening of AV-delays was 
performed using RV pacing, alternated with baseline biventricular pacing at 300ms. RV 
pacing did not significantly increase QRS duration as compared to baseline biventricular 
pacing in the animals, but increased MIVD from -0.5±2.0ms to -6.5±2.9ms (p<0.05) 
indicating increased interventricular dyssynchrony.

The optimization curves in the RV pacing protocol were comparable to those in the 
biventricular pacing protocol (Figure 3: top panel). At the AVopt of 164±18ms MAP, CO and 
LVEDV were significantly elevated compared to baseline (Table 1). 

In the CircAdapt model moderate dyssynchrony (BiV40) had little effect on the 
improvement in MAP and CO during AV-delay optimization (Figure 3; lower panel). 
However, increasing total activation time by an additional 40ms (RV80) clearly reduced 
the benefit of AV-delay optimization, even worsening hemodynamics at suboptimal AV-
delays compared to baseline. 
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Figure 2. Hemodynamic effect of improving AV-coupling in pig experiments and computer 
simulations. Presented are the relative changes in hemodynamic function by shortening AV-delay in 
pig experiments (Top Panel) and simulations (Bottom Panel) as compared to a baseline PR interval of 
300ms. MAP: mean arterial pressure, CO: cardiac output, LVEDV: left ventricular end diastolic volume, 
BL: baseline (AV-delay 300ms). For the pig experiments mean values and standard error of the mean 
are presented. *p<0.05 compared to baseline.
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Table 1. Hemodynamic data of optimal AV-delay and baseline values for biventricular and RV-only 
pacing protocol in 7 pigs. AVopt: optimal AV-delay, MAP: mean arterial pressure, CO: cardiac output, LV: 
left ventricle, ESP: end systolic pressure, EDP; end diastolic pressure, LA: left atrium, ESV: end systolic 
volume, EDV: end diastolic volume, MR: mitral regurgitation. * indicates P<0.05 as compared to BL; ‡ 
indicates P<0.05 compared to AVopt biventricular pacing

Biventricular Pacing RV-only Pacing

BL AVopt BL AVopt

AV-delay (ms) 303 ± 1 158 ± 7 * 302 ± 1 167 ± 18 *

QRS duration (ms) 82 ± 4 86 ± 5 84 ± 5 84 ± 4

MAP (mmHg) 85 ± 10 91 ± 9 * 83 ± 8 87 ± 9 *‡

CO (L/min) 3.1 ± 0.1 3.4 ± 0.2 * 3.1 ± 0.1 3.4 ± 0.1 *

LVdP/dtmax (mmHg/s) 1259 ± 117 1273 ± 99 1236 ± 117 1253 ± 100

LVdP/dtmin (mmHg/s) -1675 ± 212 -1718 ± 191 -1620 ± 191 -1719 ± 169 *

LV ESP (mmHg) 81 ± 10 88 ± 9 * 80 ± 8 85 ± 9 *

LV EDP (mmHg) 7 ± 1 9 ± 1 * 7 ± 1 8 ± 1 *

LA pressure (mmHg) 7 ± 1 7 ± 1 6 ± 1 7 ± 1 *

LV ESV (mL) 38 ± 14 42 ± 13 * 38 ± 13 41 ± 12 *

LV EDV (mL 80 ± 15 90 ± 14 * 80 ± 14 87 ± 14 *‡

Diastolic MR (mL) 6.2 ± 1.5 4.4 ± 1.1 6.0 ± 1.4 5.8 ± 1.8

Forward flow (mL) 51 ± 3 52 ± 2 50 ± 3 53 ± 3
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Figure 3. Effect of interventricular desynchronization on hemodynamic benefits of restoring AV-
coupling. (Top panel) Data from pig experiments, when AV-coupling was restored using biventricular 
pacing (black bars) and RV pacing (orange bars). (Bottom panel) Simulation data from the protocol 
where restoration of AV-coupling was achieved with unchanged ventricular dyssynchrony (red) or 
with moderate (green) or severe dyssynchrony (blue). SYN: Synchronous, BiV40: Biventricular pacing 
with total ventricular activation time of 40ms, RV80: Right ventricular pacing with total ventricular 
activation time of 80ms. All other abbreviations as in Figure 2. *p<0.05 compared to baseline.
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Mitral valve flow patterns in atrioventricular optimization 
In the experiments, diastolic MR did not change significantly at AV-delays between 
150 and 300ms (Figure 4A) but almost completely disappeared at AV-delay 50ms 
(p<0.05). 

The CircAdapt simulations showed a disappearance of diastolic MR when AV-delay 
was shorter than 175ms (Figure 4A). Changes in LVEDV were caused by either a change 
in forward mitral flow, reduced diastolic mitral backflow or a combination of both (Figure 
4C). At AV-delays of 200 - 250ms, increased forward flow over the mitral valve was the 
main driver of better LV filling, whereas the largest filling was achieved by a combination 
of larger forward and less backward flow. 

Even after disabling diastolic MR in CircAdapt, AV-delay optimization led to 
improvements in CO and EDV, although less pronounced than in the simulation in which 
MR was enabled (Figure 4B). 
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Figure 4. Role of diastolic mitral regurgitation in the hemodynamic effect of improving AV-
coupling. (A) Diastolic MR measured in both animal experiments (black) and simulations (red). (B) 
Changes in CO and LVEDV in the reference simulations with diastolic MR enabled (Red, same data as 
shown in Figure 4) and simulations in which diastolic MR is prevented from occurring. (C) Changes 
in LVEDV (dots) in simulations in which diastolic MR is enabled. Colors indicate the origin of change 
in LVEDV: Blue: change in mitral valve forward flow compared to baseline; Red: change in diastolic 
MR compared to baseline. MR: mitral regurgitation, CO: cardiac output, LVEDV: left ventricular end 
diastolic volume.
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Effect of heart rate in CircAdapt simulations
Although slowing the simulated pacing rate to 70 bpm did reduce the increase of MAP 
(-3.1%-point), ΔLVdP/dtmax (-3.5%-point) and ΔCO (-2.6%-point) at an AV-delay of 150ms 
as compared to 100 bpm, there was still a significant hemodynamic benefit, as evidenced 
by ~10% increases in MAP and CO (Figure 5A). At 70 bpm merging of the E and A wave 
occurred at higher AV-delays than at 100 bpm (250ms vs. 150ms, respectively). Regardless 
of pacing rate, diastolic MR occurred at longer AV-delay values (Figure 5B).
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Figure 5. Effect of atrial pacing rate on the hemodynamic effect of improving AV-coupling. (A) 
Relative changes in MAP, LVdP/dtmax, CO and EDV at the reference heart rate of 100bpm (red) and at 
atrial pacing rate of 70bpm (green). (B) Pressure and flow curves of simulations with atrial pacing rate 
70bpm. Similar curves of simulations with atrial pacing rate 100bpm are shown in Figure 3. MAP: mean 
arterial pressure, CO: cardiac output, LVEDV: left ventricular end diastolic volume.

Discussion

The main finding of the present study is that normalization of AV-delay provides 
significant hemodynamic benefit in both an animal model mimicking 1dAVB and a 
computer model of the human cardiovascular system. The present study provides 
evidence 1) that better AV-coupling leads to improved cardiac function by improved 
fulling by better distribution of active and passive filling and a reduction in diastolic MR; 
2) The hemodynamic benefit of improved AV-coupling is not precluded by ventricular 
desynchronization and 3) occurs at normal and moderately elevated heart rate.
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Restoring atrioventricular coupling provides hemodynamic improvement
These results appear in line with small studies in the 1990s, where DDD RV pacing was used to 
normalize AV-coupling6-8, as well as with sub analyses of the MADIT-CRT16 and RethinQ12 trials 
where non-LBBB patients benefited from CRT, only if they had a long PR interval. Moreover, 
in the COMPANION study, patients had a 17% lower risk of HF hospitalization or death if they 
had a prolonged PR interval17. The present study not only shows that normalization of AV-
coupling is even beneficial in normal hearts, but it also provides clues about the mechanism of 
this intervention. It was remarkable that the size of the effect of optimizing AV-coupling (~10% 
increases in both MAP and CO) is larger than that achieved by resynchronizing the ventricles 
in hearts with LBBB, regardless of whether this concerns animal models18 or patients19.

Important is also the observation that in the animal experiments the improved pump 
function was evidenced primarily by higher systolic pressures and stroke volume and 
not by an increase in LVdP/dtmax, In the computer simulations LVdP/dtmax did changes 
with changes in AV-delay, but appeared to be more sensitive to variation in ventricular 
dyssynchrony. The relative sensitivity of LVdP/dtmax on ventricular dyssynchrony is in line 
with previous observations20.

Restoring atrioventricular coupling improves active-passive left ventricular filling 
ratio and reduces mitral regurgitation
The present study indicates that the better hemodynamics performance achieved by 
AV-optimization can be attributed to the Frank-Starling mechanism, because LVEDV 
increased by 10% when shortening the AV-delay from 300 to 150ms. This is the first time 
this has been quantified in any setting [50 ms – 300 ms]. 

This finding is in line with animal studies done half a century ago21, 22, reporting that a 
properly timed, effective atrial contraction is necessary for optimal LV systolic function by 
increasing LVEDP while maintaining a low mean left atrial pressure. In our experiments 
LVEDP and EDV were indeed higher at optimal AV-delays while LA pressure remained 
unchanged (Table 1).

Similar findings were obtained in a small clinical study where echo-Doppler as well 
as invasive pressure and flow measurements were used. It was observed that in eight 
patients with PR intervals >200ms, AV-optimization using DDD RV pacing increased 
filling times, LVEDP and CO23. Other clinical studies showed echo-Doppler recordings of 
mitral E and A waves. These recordings show A-wave truncation at too short AV-delays 
and fusion of E and A wave and evidence of diastolic MR at too long AV-delays. These 
phenomena were also observed in our flow measurements. 

Interestingly, while MR was considered the dominant factor in normalizing AV-
coupling in previous studies, the present study shows that this is probably only part of the 
mechanism. When E and A waves fuse, forward flow from LA to LV was decreased in the 
simulations, suggesting loss of energy when the active and passive filling phases merge.
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Of note, the E and A waves in the present study were derived from the first derivative 
of LV volume curve. Therefore, the thus obtained flow curves have the unit ml/min, 
this is in contrast to the clinically obtained Doppler recordings, which indicate flow 
velocity (m/s). Therefore, the forward and backward flows, determined in the present 
study, represent the actual volume displaced. 

These experimental phenomena were replicated in CircAdapt simulations. The 
fact that the computer model could replicate all the changes seen in the animals, 
even almost quantitatively correct, indicates that the mechanism of hemodynamic 
improvement by optimizing AV-delay can be explained by the relatively small number 
of physical and physiological parameters that are incorporated in the model, such as 
conservation of energy, resistances, inertia of blood and length-dependent activation 
(Frank-Starling effect)14.

Effect of interventricular desynchronization and heart rate
Because in clinical practice any ventricular pacing will affect ventricular dyssynchrony, 
the finding that moderate ventricular desynchronization hardly affects the optimization 
of pump function during AV-optimization is important. Only the most extremely 
simulated desynchronization (RV80) almost completely abrogated the hemodynamic 
benefits. The experimental and simulation data demonstrate the interaction between AV 
and interventricular synchronization, the effect of AV-synchronization being the most 
important. This finding is compatible with the early clinical studies where RV pacing 
was performed7, 8, 23 and yet hemodynamic benefit was observed. It should be recognized 
that those studies were very small and were performed in mixed populations. However, 
additional support for this idea comes from the sub-analyses of the randomized MADIT-
CRT and RethinQ trials that showed that non-LBBB patients benefit from biventricular 
pacing (only) if they have prolonged PR interval12, 16.

The difference in hemodynamic effect between maintaining biventricular pacing 
or switching to RV apex pacing was negligible in the animal experiments. In part this 
may be related to the fact that biventricular pacing already creates some degree of 
dyssynchrony as compared to natural conduction through the His-Purkinje system. The 
fact that RV pacing did not increase QRS duration as compared to biventricular pacing 
may be related to the smaller pacing-induced dyssynchrony known to occur in this 
species24, 25 as compared to man and dog26. Nevertheless, RV pacing did cause significant 
interventricular desynchronization, as shown by the increase in MIVD. Therefore, also 
the animal experiments suggest that moderate ventricular desynchronization does not 
preclude hemodynamic benefit when performing AV-resynchronization.

In the animal experiments the benefit of AV-optimization might have been 
influenced by the relatively high heart rate (~100bpm), but the simulations indicate that 
also at normal resting heart rate the benefit remains. The observation that the potential 
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benefit of improved AV-coupling is larger at higher heart rate could have implications 
for exercise. This is relevant, because complaints of HF patients often increase under 
these conditions27.

Clinical implications
The results in the present study reinforce early small single center studies and sub 
analyses of randomized clinical trials, indicating that the use of ventricular pacing 
to normalize the delay between atrial and ventricular contraction may be used as an 
adjunct therapy in HF. This is also the background of the HOPE-HF trial, a multicenter, 
double-blind, randomized, crossover study aiming to randomize 160 patients with PR 
prolongation (≥200ms), LV impairment (EF ≤40%), and either narrow QRS (≤140ms) or 
right bundle branch block to back-up pacing or AV-His-bundle pacing28. The His-bundle 
pacing approach is clearly the best option to keep ventricular desynchronization to the 
minimum, but biventricular pacing may also be an option, especially in patients with 
moderately widened QRS complexes.

Most likely, it is important to compare conditions with long and short AV-delay either 
in a cross-over design or a randomized study, because a long PR interval is an expression 
of poor cardiac function. As a consequence, non-randomized CRT studies are likely to 
show worse outcomes in patients with prolonged PR interval when comparing them to 
patients with normal PR interval, as also demonstrated in a recent review article29.

If results from randomized studies are positive, this therapy is easy to establish, 
because all tools are already available. However, it would require a more precise definition 
of the category patients that qualify for this therapy, such as NYHA class, ischemic or 
non-ischemic cardiomyopathy, PR interval, P-wave duration and ejection fraction. 

Limitations
Results from animal experiments and computer simulations should be extrapolated to 
the clinical situation with considerable caution, because conditions in patients may differ 
significantly. However, potential shortcomings of the animal model may be compensated 
by the computer simulations and vice versa. The similarity between the results in both 
parts of the study indicates that the results are not accidental, especially not, since the 
simulations show that the effects are not very sensitive to variations in conditions, 
like heart rate and ventricular dyssynchrony. On the other hand, the current study was 
not performed in failing hearts, which may differ from our experimental settings and 
simulations, with respect to parameters like contractility, stiffness and filling pressures. 
Further investigation is required to assess the effect of these non-electrical substrates on 
the potential benefit of restoring AV-coupling. 
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Conclusions

The combination of animal studies and computer simulations suggests that restoration 
of AV-coupling in 1dAVB may improve hemodynamic status. This improvement is 
predominantly achieved by better ventricular filling, caused by a combination of 
reduction in MR and increase in flow during the better separated E and A wave. The 
properly timed atrial contraction provides a higher preload in combination with low 
atrial pressures. The hemodynamic benefit of improved AV-coupling is not precluded by 
ventricular desynchronization and occurs at normal and moderately elevated heart rate. 
Further research in patients is required to confirm the clinical implications of improving 
AV-coupling by CRT.
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Data supplement to chapter 4

In this appendix to Chapter 4 we provide the following details: 
1) Details on the animal experimental set-up and measured hemodynamic signals.
2) Overview of Valve module in CircAdapt and detailed description of simulation 

protocol.
3) Supplemental results of the animal experimental data. 

Methods: animal experiments
Animals were pre-medicated with intramuscular Zoletil (5 mg/kg). After induction with 
intravenous sodium thiopental (5-15 mg/kg), anesthesia was maintained by continuous 
infusion of Propofol (10 mg/kg/h), Sufentanyl (5 µg/kg/h) and Rocuronium (0.1 µg/kg/h). 
Surface electrocardiograms were recorded from the limb lead electrodes. Two pacemaker 
leads were transvenously inserted in the right atrial appendage and right ventricular (RV) 
apex (Supplemental Figure 1A). Total AV-block was created by X-ray guided radiofrequency 
ablation (MarinR, Medtronic, Heerlen, the Netherlands) of the AV-node. After left-sided 
thoracotomy an epicardial pacemaker lead was placed on the left ventricular (LV) lateral 
wall. All pacemaker leads were connected to a custom-built pacemaker system. LV and 
RV pressures and LV volumes were measured using 7F catheter-tip manometer and 
conductance catheters (CD-Leycom, Zoetermeer, the Netherlands). A 4F Millar Mikro-
Tip pressure catheters (Millar, Houston, Texas, USA) was used to measure left atrial (LA) 
pressures (Supplemental Figure 1B). A vascular flow probe (Transonic Europe B.V., Elsloo, 
the Netherlands) was mounted around the ascending aorta to asses aortic flow.

CircAdapt computer simulations
The CircAdapt closed-loop cardiovascular system model enables real time simulation 
of hemodynamical and mechanical interactions between the ventricles, the atria and 
ventricles, and between the heart and the systemic and pulmonary circulation. 

Previously, simulations of mechanical and hemodynamic interventricular and AV-
interactions have been validated and applied under physiological and pathophysiological 
conditions.15, 30-32 The model consists of a network of connected modules which represent 
the atria, ventricles, myocardial tissue, the pericardium, atrioventricular (tricuspid and 
mitral) and semilunar valves (pulmonary and aortic), large blood vessels, and a module 
representing the systemic and pulmonary vasculature (Supplemental Figure 2A).

Valve module in the CircAdapt model
In CircAdapt, cardiac valves connect cardiac cavities (atrioventricular valves) or connect 
cardiac cavities to the systemic or pulmonary circulation (ventriculo-arterial valves). In 
addition to the normal physiological valves, the valve module can be used to create atrial 
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or ventricular septal defects in CircAdapt. The valve in CircAdapt consists of a narrow 
orifice whose area can vary during the cardiac cycle. Blood flow through the valve is 
assumed to have a nonlinear flow pattern, to be unsteady and to be non-viscous. Pressure 
drop across the cardiac valves is related to flow velocity through the valve and valve area 
(Bernoulli’s principle). In addition, inertial effects due to blood mass on acceleration and 
deceleration are implemented in the valve module. 

Hemodynamic
MeasurementsAnimal Model

Time

Aortic, LV
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Supplemental Figure 1. Experimental animal model setup and hemodynamic measurements. (A) 
Overview of the measurements in the porcine model. For details see text in methods. (B) Analysis 
of the signals. The first derivative of the LV volume was used to define the forward flow over the 
mitral valve (blue area under E and A wave) and the diastolic MR volume (red negative area after 
A wave and before start of systole). The grey beam depicts the systolic phase which starts at the 
moment of aortic valve opening. The integral of aortic flow was used to quantify forward stroke 
volume (grey area). RA: right atrium, RV: right ventricle, LV: left ventricle, LA: left atrium, AO: 
aorta, MR: mitral regurgitation.

Assuming that there is no effect of gravity, blood is incompressible and blood flow 
is an unsteady and non-viscous laminar flow, the Bernoulli equation for unsteady flow 
can be written as:

∙  d
d

+  1
2

∙  ( dist ( )2 −  prox ( )2)  +  ( dist ( )2 −  prox ( )2)  = 0  (4.1)
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where ρ is blood density, l is the term representing the inertance of the valve and dq/dt 
is the rate of change in blood flow over the valve. The blood flow velocities and pressure 
at a specific time point proximal and distal of the valve are included as vprox(t), vdist(t), 
pprox(t) and pdist(t). From Equation 1 the pressure drop (distal - proximal) across the valve 
can be written as:

Δ ( ) = ∙  d
d

+  1
2

∙  ( dist ( )2 −  prox ( )2)    (4.2)

It is assumed that energy is lost across the valve by friction and turbulence. As such, there 
is no regain in pressure distal of the valve (in case of forward flow: qvalve > 0: proximal à 
distal), despite a reduction in velocity. Therefore Equation 2 can be restructured to: 

Δ ( ) = ∙  d valve
d

+  1
2

 { max ( )2 −  prox ( )2, va lve ( ) ≥ 0

dist ( )2 −  max ( )2, valve ( ) < 0
 (4.3)

Of which the first term of the right hand side of the equation represents the inertia effects 
(blood acceleration/deceleration related to blood mass). The Bernoulli pressure losses are 
represented by the second term on the right hand side. vmax(t) equals the maximal value 
of the velocities of either proximal, within or distal from the valve.
Flow velocities  vprox(t), vvalve(t) and vdist(t) are calculated as valve flow, qvalve(t), divided by 
the cross-sectional area at the proximal element, valve and distal elements at time t, 
respectively. The effective cross-sectional area of a valve at time t, Avalve(t), is determined 
by the pressure gradient. When the valve is open, Avalve(t) equals Aopen, and when it is 
closed, Avalve(t) equals Aleak. The valve opens rapidly when the pressure gradient is positive 
(pdist(t) < pprox(t)), allowing forward flow across the valve into the distal element. When the 
distal pressure is equal to the proximal pressure (pdist(t) = pprox(t)), the valve starts closing. 
In the closing state, the pressure gradient is negative (pdist(t) > pprox(t)), but a forward flow 
can briefly exist because of inertial effects (Equation 1). A valve finally closes when the 
pressure gradient is negative and no forward flow remains.

For atrioventricular valves the effective leak area ALeak of the valve is influenced by the 
tension in the distal ventricular myocardium, mimicking papillary muscles function. The 
papillary muscles prevent the prolapse of atrioventricular valves during contraction of the 
ventricle, as this contraction leads to very high ventricle pressures. Without the papillary 
muscles, blood would not only be pumped into the aorta, but also back towards the atrium. 
However, during diastole, the papillary muscles relax and therefore the (possible) leak area 
is greater in diastole than in systole, allowing for considerable retrograde flow (diastolic 
regurgitation). To investigate the effect of diastolic mitral regurgitation in this study, 
occurrence of retrograde flow was disabled in a sub set of simulations. More specifically, 
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regurgitation of the mitral valve was disabled by setting ALeak to 0 m2 independent of 
tension in the ventricular walls. 

Reference simulations of prolonged PR
Similar to the animal experiments, a reference CircAdapt simulation was created in 
which AV-delay was prolonged. Starting from a simulation representing the normal 
adult human heart15, all ventricular segments were delayed by 300ms relative to right 
atrial activation. In agreement with a prolonged pacing induced atrial activation in pigs 
(P-width: 123 ± 5ms), mean left atrial activation was delayed by 30ms in addition to 
its normal value. Global contractility was decreased by 20% to incorporate the reduced 
contractile reserve due to anesthetics. Atrial pacing rate was set to 100bpm, equal to 
the mean value in pigs (100 ± 2bpm). Circulating blood volume and peripheral vascular 
resistance of the systemic circulation were adjusted to maintain a cardiac output of 5.1L/
min and mean arterial pressure of 92mmHg in the reference simulations15. The resulting 
values of circulating blood volume and peripheral vascular resistance were maintained 
during the AV-delay optimization protocol. Hemodynamic measurements of all other 
simulations were compared to the reference simulation. 

Sensitivity of hemodynamic effect by restoring AV-coupling in CircAdapt
Similar to the animal experiment, AV-delay was decreased from 300ms to 50ms in 

CircAdapt simulations. Step size was set to 25ms, resulting in 10 shortened AV-delays. 
First, ventricular activation and atrial pacing rate were kept constant to isolate the 
hemodynamic effect of improving AV-coupling. Simulated hemodynamic changes 
induced by AV-delay shortening were compared to the measured values in animal 
experiments. 

To isolate the effect of pacing induced ventricular dyssynchrony on hemodynamic 
function, a simulation protocol with dyssynchronous ventricular activation was 
performed. Starting from the reference simulation with prolonged PR interval (300ms) and 
synchronous ventricular activation, ventricular dyssynchrony was induced concurrently 
with AV-delay shortening (Supplemental Figure 2B: I). In total two subset of simulations 
were performed with increased ventricular dyssynchrony activation patterns compared 
to the simulation of synchronous activation: 1) a biventricular pacing activation pattern 
with an increase of 40ms in total ventricular activation time33 and 2) a RV-only pacing 
activation pattern with an additional increase of 40ms (80ms) in total ventricular 
activation time compared to biventricular pacing activation34.
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Supplemental Figure 2. CircAdapt simulation protocol to assess the hemodynamic effect of 
improving AV-coupling. (A) Schematic overview of the CircAdapt model of the heart and circulation. 
CircAdapt consists of connected modules representing the ventricles, atria, valves and pulmonary and 
systemic circulation. Similar to the porcine experiments, in the reference simulations atrial pacing was 
set to 100bpm and AV-delay to 300ms. (B) To investigate the sensitivity of the hemodynamic effect 
of AV-coupling, simulations were performed (I) varying the degree of ventricular dyssynchrony; (II) 
disabling mitral regurgitation and (III) decreasing atrial pacing rate. RA: right atrium, LA: left atrium, 
RV: right ventricle, LV: left ventricle, bpm: beat per minute. 
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Next, to characterize the contribution of diastolic MR in AV-delay optimization a 
virtual patient with an PR interval of 300ms was created in which diastolic MR was 
disabled (Supplemental Figure 2B: II). Starting from this reference simulation the 
previously described AV-delay optimization protocol with synchronous ventricular 
activation was repeated in CircAdapt. 

Furthermore, to investigate whether our observations in the animal experiments 
at high atrial pacing rate (100 bpm) could be translated towards more clinically 
observed values of atrial pacing rates, the AV-delay optimization protocol was repeated 
in simulations in which atrial pacing rate was set equal to 70 bpm in all simulations 
(Supplemental Figure 2B: III). 

Results: Animal experiments

Supplemental Table 1. Hemodynamic data of AV-optimization protocol in 7 porcine hearts during 
biventricular pacing. MAP: mean arterial pressure, CO: cardiac output, LV: left ventricle, ESP: end 
systolic pressure, EDP: end diastolic pressure, LA: left atrium, ESV: end systolic volume, EDV: end 
diastolic volume, MR: mitral regurgitation.

50 100
AV-delay 

150 200 250 300 (BL)

AV-delay (ms) 53 ± 1 102 ± 1 151 ± 1 202 ± 1 254 ± 1 304 ± 1

QRS duration (ms) 80 ± 4 84 ± 6 86 ± 5 82 ± 4 83 ± 5 81 ± 7

MAP (mmHg) 79 ± 9,3 87 ± 8,7 91 ± 8,9 91 ± 8,7 88 ± 9,3 84 ± 9,1

CO (L/min) 3 ± 0,1 3,3 ± 0,1 3,4 ± 0,2 3,4 ± 0,1 3,2 ± 0,1 3,1 ± 0,1

LVdP/dtmax (mmHg/s) 1225 ± 118 1297 ± 107 1274 ± 98 1308 ± 107 1275 ± 112 1265 ± 118

LVdP/dtmin (mmHg/s) -1566 ± 216 -1710 ± 191 -1716 ± 191 -1739 ± 191 -1726 ± 200 -1678 ± 204

LV ESP (mmHg) 75 ± 9 84 ± 9 88 ± 9 88 ± 9 84 ± 9 81 ± 9

LV EDP (mmHg) 7 ± 1 8,7 ± 1 9,5 ± 0,8 7,8 ± 0,9 7,4 ± 1,1 6,9 ± 1,1

LA pressure (mmHg) 8,4 ± 0,9 7,8 ± 0,9 6,8 ± 0,9 6,6 ± 0,8 6,6 ± 0,9 6,5 ± 0,8

LV ESV (mL) 35 ± 13 40 ± 13 42 ± 13 41 ± 13 40 ± 13 38 ± 13

LV EDV (mL) 78 ± 15 83 ± 15 90 ± 14 87 ± 14 83 ± 15 80 ± 15

Diastolic MR (mL) 0,3 ± 0,2 2,5 ± 0,7 4,4 ± 1,1 4,5 ± 1,3 4,3 ± 1,3 6,1 ± 1,5

Forward flow (mL) 50 ± 3 53 ± 3 53 ± 2 53 ± 2 51 ± 3 51 ± 3
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Chapter 5
Assessment of septal motion 
abnormalities in left bundle branch block 
patients using computer simulations



Abstract

Septal Flash (SF) is a rapid leftward – rightward motion of the septal wall during 
the isovolumic contraction phase that is frequently but not always observed in heart 
failure patients with left bundle branch block (LBBB). The goal of the present study 
is to evaluate the feasibility of detecting SF by assessing septal curvature both in 
patients with LBBB using magnetic resonance imaging and in simulations using the 
CircAdapt model of the heart and circulation. In both patients and simulations, SF 
was characterized by a decrease of septal wall curvature and septum to lateral wall 
distance, followed by a rapid increase prior to aortic valve opening. Additionally, 
computer simulations revealed that SF can be explained by an intra-left ventricular 
(septal-to-lateral wall) activation delay. Reducing contractility in the left ventricular 
free wall abolished the rightward SF motion in LBBB. This finding suggests that 
lack of SF may indicate co-morbidities that can result in non-response to cardiac 
resynchronization therapy.
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Introduction

Septal Flash (SF) is an abnormal motion of the septum that is frequently observed during 
isovolumic contraction phase in left bundle branch block (LBBB) patients with heart 
failure (HF)1. SF is a leftward motion of the early activated septum, rapidly followed by 
a rightward movement, which coincides with lateral wall contraction. Abnormal septal 
motion, assessed by magnetic resonance imaging (MRI) or echocardiography, has been 
associated with cardiac resynchronization therapy (CRT) response2, 3. However it remains 
unclear why presence of SF is a predictor of response to CRT. In addition, causes of SF 
absence in LBBB patients are not entirely clear. Differences in electrical activation patterns 
have been proposed as a possible explanation for SF absence in LBBB patients4. Furthermore, 
it was shown in an animal model that SF was not present in hearts with septal myocardial 
scar5. Simulations using a computational model of the cardiovascular system (CircAdapt) 
and patient recordings revealed that local differences in contractility could affect septal 
longitudinal deformation patterns6. The goal of the present study is to evaluate the 
feasibility of detecting SF by assessing septal curvature both in patients with LBBB using 
MRI and in simulations using the CircAdapt model. Using CircAdapt simulations, we 
tested our hypothesis that septal motion is possibly affected by both intra-left-ventricular 
activation delay and left ventricular (LV) free wall contractility differences. 

Methods

Magnetic Resonance Imaging
Two patients with QRS duration > 120 ms and LBBB ECG morphology, one of them 
with SF, were retrospectively selected. Presence of SF was based on visually inspection 
of four chamber MRI images, obtained by a Siemens 1.5 Tesla system (Avanto, Siemens 
Medical Systems, Germany). No scar tissue was present based on late gadolinium 
enhancement images in either patient. Phase flow quantification images were 
acquired to determine aortic valve opening time. An MRI set of short axis images at 
the level of the papillary muscles was identified and used for septal curvature (Csept) 
and displacement measurements. The time delay between the moment of onset QRS 
and the acquisition of the first image was ignored. Matlab (MathWorks Inc., MA, USA) 
was used to select the superior and inferior RV-LV junction points at the endocardial 
site in the first frame (Figure 1A: J1 and J2). The image was rotated so that the line 
through the junction points was perpendicular to the y-axis. Two endocardial points 
on the perpendicular bisector of the junction points were selected: one on the septum 
and one on the LV free wall (Figure 1A: S and L). Using these reference endocardial 
points, Csept was calculated as previously described by Dellegrottaglie et al.7 (Figure 1B). 
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Briefly, two chords, connecting the mid-wall point to the superior and inferior RV-LV 
junction points, were defined. The intersection point of the two lines which bisects 
these chords perpendicularly was defined as the centroid of the circular arc segment 
intersecting the defined mid-wall and two junction points. Csept was defined as the 
inverse of the distance of the line drawn from the calculated centroid C to any point 
on the arc segment. The distance from mid-point of the septum to the mid-point of 
the LV free wall (both endocardial site) along the x-axis was defined as septal-to-
lateral wall distance (SLWD). 

The four endocardial reference points were tracked over time using an automated-
feature-tracking algorithm based on normalized cross-correlation8. Briefly, a 20 pixel 
square area surrounding the selected point in the initial view was compared to a 40 
pixel square search area in the next phase. The pixel which correlated the most to the 
selected point in the previous frame was selected as the location of the new point. This 
procedure was performed for all frames, to provide measurements of septal curvature and 
displacement throughout the cardiac cycle.

A
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Figure 1. Septal curvature measurement. (A) Points tracked in short-axis images for measurement of 
septal curvature: midpoints of septum (S) and LV free wall (L), and anterior ( J1) and inferior ( J2) LV/RV 
junction points. (B) Geometric method for calculation of location of center and radius of circle through 
three points. Distance between endocardial septal mid-point (S) and the endocardial LV free wall mid-
point (L) was defined as the septum-lateral wall distance (SLWD).

CircAdapt model
The effects of dyssynchronous activation and LV free wall hypocontractility on 
septal motion were tested using the CircAdapt computational model of the human 
heart and circulation9, 10. CircAdapt consists of modules, representing cardiac walls, 
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cardiac valves, large blood vessels, systemic and pulmonary peripheral vasculature, 
the pericardium and local cardiac tissue mechanics. The geometrically simplified LV 
and RV cavities of the heart in the CircAdapt model are surrounded by three spherical 
caps: the LV free wall, RV free wall and interventricular septum. The cardiac walls 
are surrounded by a passive elastic sheet, the pericardium. The ventricular walls are 
mechanically coupled at the septal junction through equilibrium of tensile forces 
(Figure 2)10.

Assessment of septal motion using CircAdapt
SF was assessed in the CircAdapt model by calculating traces of curvature and SLWD, and 
by generating a pseudo-MMode image. Transmural pressure calculations take place on 
the midwall surface dividing the volume of the wall in two (Figure 2B)10. The thickness of 
tissue on either side of the mid-wall surface depends on mid-wall curvature (Cm). For each 
cap, the displacement of the mid-wall surface from the septal junction (xm), the mid-wall 
surface area (Am), the wall volume (Vw) and Cm are known (Figure 2B). The wall area of the 
entire sphere Am,s (Figure 2C) can be calculated by:

, = 4 (
1

)
2

(5.1)

RA LAPV AV

TV MV
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RV LV
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- Cm

1

MID-WALL SURFACE (Am)

A B

Vwall, cap

pulmonary
circulation

C

MMode
Calculations

Vwall, sphere

Septum rin
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Figure 2. (A) CircAdapt model designed as a network of modules representing atrial and ventricular 
cardiac walls, blood vessels, cardiac valves: AV: aortic; MV: mitral; PV: pulmonary; TV: tricuspid valve, 
and the pulmonary and systemic peripheral vasculatures. (B) Cross-sectional view of ventricular walls. 
The walls are mechanically coupled at the junction points. Cm: mid-wall curvature; xm: distance from 
junction plane to mid-wall. (C) rout: radius of outer wall; rin: radius of inner wall. Solid lines denote the 
shaded cap in panel B, dashed lines are constructed in the calculation. Panels A and B are adapted from 
Lumens et al.10 
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The cap therefore takes up a proportion of the whole sphere:

,
=  

2

4 (5.2)

The corresponding wall volume of the entire sphere is:

, =  
4

2 (5.3)

Solving the following equations then gives the inner and outer radii of this sphere:

4
3

3 = , −  1
2 ,      , and 4

3 out , +  1
2 , (5.4)

In which Vw,s is the wall volume of the entire sphere, while rin and rout are the distances 
of the epicardial and endocardial sides of the wall, respectively, from the center of the 
sphere on which the cap lies, which differs between caps. We calculate the locations 
of inner (xin) and outer (xout) surfaces of the wall relative to the septal junction (Figure 
2A) as follows:

in = −  + in      , and   out =
1 1

+ out (5.5)

It is possible for the septum to become flat, i.e. the Cm becomes zero and hence Equation 
1 is undefined. When the septum is flat, mid-wall surface divides the width of the wall in 
half and the inner and outer surface radii are calculated as follows:

in = + 
2

 , and   out = −  
2 (5.6)

When the outer and inner radii of all ventricular walls are known, the positions of the 
mid-wall, endocardial and epicardial boundaries of the ventricular walls are plotted in 
time. The position of the LV epicardial surface is taken to be the zero reference position 
in our pseudo-MMode figures. Cm of the septal wall was used to compare curvature of 
model simulations to MRI-derived curvatures, Csept. In addition, SLWD was defined as the 
sum of the rin of the septal wall and rin of the LV free wall.

= 3

−
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Simulation of dyssynchronous heart failure
Starting from a reference simulation representing the normal adult heart and 
circulation6, a failing heart without LBBB, with LBBB and with LBBB and LV free wall 
hypocontractility were simulated. In all simulations heart rate was set to 70 bpm. 
Circulating blood volume and peripheral vascular resistance of the systemic circulation 
were adjusted so that cardiac output and mean arterial pressure equaled 3.8 L/min 
and 84 mmHg10. HF was induced by a reduction of contractility of all ventricular walls 
to 60% of its normal value. In the LBBB simulations, dyssynchronous activation was 
simulated by inducing a delay in onset of mechanical activation of 20 ms in the septum 
and 60 ms in the LV free wall, relative to the RV free wall. To assess the effect of local 
differences in contractile myofiber function on SF, the contractility in the LV free wall 
was reduced to 20% of its normal value. 

Results

In the patient with SF, SF was associated with a decrease in SLWD, followed by an increase. 
In addition, septal flattening could be observed as a decrease in curvature, i.e. increase in 
septal wall radius. An increase in curvature was caused by both the rightward movement 
of the septal wall and inward movement of the junction points (Figure 3, Panels A & C). In 
the LBBB patient without SF, the absence of a rightward motion of the septal wall resulted 
in a decrease of SLWD. However, curvature increased throughout the cardiac cycle due 
to inward motion of the junction points (Figure 3, Panels B & C). In the simulation of 
a dyssynchronous heart an abrupt leftward – rightward motion during the isovolumic 
contraction phase could be observed in either SLWD or pseudo-MMode (Figure 4). During 
ejection SLWD was decreasing, while curvature of the septum was increasing. SF became 
apparent when intra-ventricular dyssynchrony of mechanical activation was present, as 
seen in both curvature and SLWD, and in the MMode images (Figure 4, middle column). 
Fibers in the septum shortened prior to ejection, stretching the LV free wall, as shown by 
changes in fiber strain (Figure 4, lower panel). When the LV free wall became activated, 
LV free wall fibers started to shorten, while septal fibers lengthened (= rebound stretch), 
coinciding with the SF motion pattern. When the contractility of the LV free wall fibers 
was reduced (Figure 4 right column), rebound stretch of the septal fibers was absent. 
No SF pattern could be observed in neither the SLWD and curvature traces, nor in the 
pseudo-MMode. 
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Discussion

We have developed a method to assess septal curvature and SLWD changes in clinical 
short-axis MRI data and in model simulations. With this method the detection of 
SF in MRI data and model simulations appears to be feasible. Using a computational 
model of the cardiovascular system, we have evaluated the effect of dyssynchrony of 
mechanical activation and local differences in contractility on septal motion patterns. 
Septal curvature and SLWD dynamics of an LBBB activation simulation in CircAdapt 
showed good agreement with measured SF patient data. However, the number of patients 
and simulations included in our study are limited and validation with a larger patient 
cohort is required. 

Reduction of contractility in the LV free wall in CircAdapt simulations resulted in a 
‘no SF’ motion pattern by eliminating the rightward motion of the septal wall. This is in 
accordance with the absence of septal systolic rebound stretch observed in heart failure 
patients with LBBB and coexisting LV hypocontractility6. Reduced contractility of the LV 
free wall therefore provides a possible explanation for CRT non-response in LBBB patients 
without SF, which requires further testing in a patient study.

The absolute LV diameter change reflected in MMode figures and SLWD patterns 
is small. This is a result of inducing HF in the simulations by decreasing global 
contractility, causing dilation of the LV (EDV>150ml). In addition, short-axis diameters 
are overestimated in CircAdapt due to the simplified spherical geometry of the ventricles. 
At high ventricular volumes, a relatively small change in radius is required to cause a 
large change in volume. 

Despite the fact that SLWD and curvature both reflect the evolving equilibrium 
between septal tension, trans-septal pressure gradient and cavity volumes, both features 
can behave differently. This is the case in the patient without SF, in which a leftward 
movement of the septum accompanied with an increase in curvature can be observed. 
However, in our CircAdapt simulation with reduced LV free wall contractility, both 
curvature and SLWD patterns appeared to be comparable. The relation between curvature 
and displacement could be valuable to assess inter-ventricular mechanics and tissue 
properties, such as contractility reserve. 

Simulating SF motion patterns in CircAdapt could give us the possibility to further 
investigate the underlying mechanisms of SF. Combining model simulations with patient 
data could provide us with a better understanding of mechanisms contributing to SF and 
its relation to CRT response. 
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Septal flash and septal rebound stretch 
have different underlying mechanisms



Abstract

Background: Abnormal left-right motion of the inter-ventricular septum in early 
systole, known as septal flash (SF), is frequently observed in patients with left 
bundle-branch block (LBBB). Trans-septal pressure gradient and early active septal 
contraction have been proposed as explanations for SF. Similarities in timing (early 
systole) and location (septum) suggest SF may be related to septal systolic rebound 
stretch (SRSsept). We aim to clarify the mechanisms generating SF and SRSsept.

Methods and Results: The CircAdapt computer model was used to isolate the effects 
of timing of activation of the left ventricular (LV) free wall, right ventricular (RV) free 
wall, and septum on SF and SRSsept. LV free wall and septal activation times were varied 
by ±80 ms relative to RV free wall activation time. M-mode derived wall motions and 
septal strains were computed and used to quantify SF and SRSsept, respectively. SF 
depended on early activation of the RV free wall relative to the LV free wall. SF and 
SRSsept occurred in LBBB-like simulations and against a rising trans-septal pressure 
gradient. When the septum was activated before both LV free wall and RV free wall, 
no SF occurred despite presence of SRSsept.

Conclusions: Computer simulations indicate that SF and SRSsept have different 

underlying mechanisms, even though both can occur in LBBB. The mechanism 
of leftwards motion during SF is early RV free wall contraction pulling on and 
straightening the septum when unopposed by the LV free wall. SRSsept is caused by 
late LV free wall contraction following early contraction of the septum. Changes in 
trans-septal pressure gradient are not the main cause of SF in LBBB.
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Introduction

Left bundle-branch block (LBBB) causes asynchronous electrical activation of the 
ventricular myocardium, resulting in discoordinated contraction and inefficient pump 
function1. A commonly-observed echocardiographic feature of LBBB is an abnormal early-
systolic left-right motion of the inter-ventricular septum referred to as septal beaking 
or septal flash (SF)2. Presence of SF has been associated with reduced left ventricular 
(LV) pump function3. Septal systolic rebound stretch (SRSsept) as detected by strain 
measurements is another septal mechanical anomaly observed in patients with LBBB. 
SRSsept is a stretch during early systole following pre-ejection shortening in the septum1, 4-6. 

LBBB and other ventricular conduction delays are observed in patients with heart 
failure (HF), typically manifesting as changes in the duration and morphology of the 
QRS complex on the ECG7, 8. Cardiac resynchronization therapy (CRT) is an increasingly 
common treatment for HF when LV electrical asynchrony is present9. CRT aims to restore 
a more synchronous activation of the LV by pacing the right ventricular (RV) apex and 
the LV free wall, thereby improving pump function. CRT is most effective when an LBBB-
like pattern on the 12-lead ECG is present and QRS duration is above 150 ms. CRT is not 
recommended when QRS duration is less than 120 ms, and clinical uncertainty remains 
when the QRS duration is between 120-150ms or when the ECG does not show an LBBB 
morphology10. There is considerable interest in finding additional indications for CRT in 
this intermediate group. 

Recent studies have shown that patients exhibiting SF or SRSsept are likely to respond 
to CRT and that correction of SF and SRSsept by CRT indicates an increased likelihood of 
LV volumetric reverse remodeling4, 11, 12. SF and SRSsept may therefore be additional clinical 
indicators for stratification of patients prior to CRT device implantation5, 13, 14, although 
some patients with no observable SF still do respond to CRT12. It is therefore important 
to understand the mechanisms through which SRSsept and SF do, or do not, occur when 
ventricular activation is abnormal.

The similarities in timing (early systole) and location (septum) imply that SF and 
SRSsept may reflect the same phenomenon. SF and SRSsept are therefore sometimes 
conflated in the literature. The purpose of this study is to investigate how the relative 
timing of activation in the RV free wall, LV free wall, and septum together determine the 
presence or absence of SF and SRSsept. We aim to clarify the connection between SF and 
SRSsept. We use a computational model to isolate the effects of the timing of activation 
of the ventricular walls, and determine ventricular cavity pressures, septal motion, and 
myocardial deformation.
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Methods

The CircAdapt model
We used the CircAdapt computational model of the human heart and circulatory system15 
to investigate the mechanisms of SF. CircAdapt consists of modules representing the aortic, 
mitral, pulmonary, and tricuspid valves; systemic and pulmonary arteries, veins, and peripheral 
microvasculatures; left and right atria; and left and right ventricles including inter-ventricular 
mechanical interaction through the interventricular septum16. Cardiac myofiber mechanics are 
described using the sarcomere module16. These modules are coupled together to represent the 
healthy human adult circulation (Figure 1A). Realistic model boundary conditions and tissue 
properties are obtained through adaptation of cardiac and vascular tissues to mechanical load 
as previously described17. Heart failure was not simulated in accordance with the experimental 
data used for comparison. The version of the CircAdapt model used for all simulations has 
been previously published18 and can also be downloaded from the CircAdapt website (www.
circadapt.org). Matlab® (The MathWorks, Natick, MA) scripts to perform all simulations and 
analysis are provided as an online data supplement.
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Figure 1. CircAdapt simulations of asynchronous ventricular activation. (A) The structure of the 
CircAdapt model of the heart and circulation is shown, together with (B) the relative average activation 
times of the three ventricular walls used in this study. The first ventricular wall is activated 150ms after 
the RA, mimicking the PQ interval. Activation times of the septum and LV free wall are given relative 
to the RV free wall. Abbreviations in figure: left ventricle (LV), right ventricle (RV), free wall (FW), 
right atrium (RA), left atrium (LA), LV free wall (LVFW), RV free wall (RVFW), aortic valve (AV), mitral 
valve (MV), pulmonary valve (PV), tricuspid valve (TV). Panel A is adapted from Lumens et al. (2009)16.
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Simulation of activation delay
Each of the three ventricular walls in the CircAdapt model can be assigned an activation 
time, representing the time at which, on average, the tissue in that wall begins to actively 
generate tension 6. We varied the delay of activation onset in the LV free wall and 
interventricular septum by ±80 ms relative to the time of RV activation to investigate 
the sensitivity of SF to different activation times of the three ventricular walls (Figure 
1B). Activation time was varied in steps of 20 ms. The PQ interval was set at 150 ms in 
all simulations, and defined as the time from right atrial (RA) activation to the time 
of activation of the earliest ventricular wall, which could be the RV free wall, LV free 
wall, or the septum depending on their timings relative to each other. Simulations were 
performed using a heart rate of 70 beats per minute. A stroke volume of 72 ml and mean 
aortic pressure of 92 mmHg were maintained in the simulations. Hemodynamics reached 
steady state before the simulations were analysed. We defined the trans-septal pressure 
(PTS) to be the LV pressure minus the RV pressure. Hence, PTS > 0 mmHg means that LV 
pressure exceeds RV pressure, and a rising PTS means that LV pressure is rising more 
quickly than RV pressure. Simulated results representing normal physiology and LBBB 
were compared to canine experimental data originally published by Gjesdal et al.19. We 
prevented diastolic mitral regurgitation from occurring in the model when the effective 
atrioventricular delay was prolonged by delayed onset of activation to remove a potential 
confounder.

Calculation of M-mode and quantification of septal flash
Pseudo M-mode images were calculated from the CircAdapt model as described 
previously20. All distances were measured from the LV epicardium when plotting the 
pseudo M-mode images. SF was quantified from this image by calculating the distance 
from the LV side of the septum to the lateral LV free wall (DLVS-LW) as shown in Figure 
2. SF magnitude was quantified as the magnitude of rightwards motion of the septum 
(increase in DLVS-LW) following leftwards motion (decrease in DLVS-LW), occurring after the 
first onset of ventricular excitation and before the end of LV systole.

Quantification of Septal Rebound Stretch
Fiber strain is calculated from the simulations using the segment length (Ls) from the 
sarcomere module in CircAdapt16. Strain is calculated relative to the sarcomere length at 
the onset of ventricular activation (Ls,0). The engineering strain, E, is used to determine 
strain patterns, where 
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Figure 2. Calculations for determining presence of septal flash and systolic septal rebound stretch. 
We compute a pseudo M-Mode by tracking the inner and outer surfaces of the LV free wall and the 
septum and plotting their locations relative to the LV epicardial surface as a function of time. DLVS-LW is 
the distance between the LV lateral wall endocardium and the LV side of the septum. SF is computed 
from DLVS-LW as the maximum rightwards movement between onset of ventricular activation and 
aortic valve closure. Septal strain (E) is shown in the right hand panel, together with a diagrammatic 
representation of the calculation of SRSsept. Onset of ventricular activation (dashed line), closure of the 
mitral valve (solid line), and LV ejection (grey bar) are shown. New abbreviations: distance from left 
ventricular septum to lateral wall (DLVS-LW), septal flash (SF), septal systolic rebound stretch (SRSsept), 
MV closure (MVC), AV closure (AVC).
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SRSsept was calculated from the simulated strain patterns as follows (Figure 2); 1) find 
the first shortening in the septal strain pattern that occurs after mitral valve closure; 2) 
find the first stretch following this period of shortening; 3) SRSsept is defined as the total 
stretch during this period that occurs before closure of the aortic valve.

Sensitivity Analysis
We performed a sensitivity analysis to determine the effects of other model parameters 
on the output variables (OVs) SF and SRSsept. Parameter values were changed by ±30% 
relative to their baseline values. Three baseline cases were considered; ‘Normal’ with 
simultaneous LV free wall, RV free wall, and septal activation onset; ‘LBBB’ with LV free 
wall activation onset delayed by 60ms relative to the septum and RV free wall; and ‘Early 
Septum’ with septal activation onset 60ms prior to the LV free wall and RV free wall. The 
input parameters we investigated were wall volume (Vwall), contractility (Sf,act), and passive 
stiffness (Sf,pas) of the LV free wall, septum, RV free wall, and all three simultaneously 
(ALL); the opening areas of the aortic (AAoV) and pulmonary (APuV) valves; heart rate 
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(HR), and cardiac output (CO). Activation times relative to the RV free wall of the LV 
free wall (TALVFW-RV) and septum (TASEPT-RV) were also included for comparative purposes, 
and were varied by ±20ms from the baseline simulations with PR interval kept constant 
as described above. Mean arterial pressure and CO were maintained in the sensitivity 
analysis simulations at 92 mmHg and 5 l/min, respectively. For each of the three baseline 
simulations, the normalized effect size was calculated as

=  baseline ± 30% − baseline

LBBB
 

 

(6.2)

where OVx is the value of SF or SRSsept in simulation x. Baseline can be the Normal, LBBB, 
or Early Septum simulation.

Results

Early right ventricular activation gives rise to septal flash
Simulations of synchronous ventricular activation produced no SF in the pseudo M-mode 
images, as in normal human physiology and in canine experimental data from the study 
by Gjesdal et al. (Figure 3). When a delay of the LV free wall was introduced into the 
CircAdapt model, a decrease of the distance between the septum and the LV free wall 
was observed that closely resembled the beaking seen in M-mode images recorded during 
experiments in a canine model of LBBB by left bundle-branch ablation (Figure 3). Inwards 
motion of the LV free wall epicardium in the simulated M-Mode is not present because 
the LV free wall epicardium is used as the reference point for calculation.

Figure 4 shows the sensitivity of SF magnitude to the relative timing of all three 
ventricular walls. Almost no septal flash appears unless the RV free wall is activated 
before the LV free wall, as demonstrated by the sensitivity map of SF magnitudes and 
the corresponding traces of distance between LV and septal walls. The horizontal dashed 
line in Figure 4 indicates where LV free wall activation becomes later than RV free wall 
activation. The timing of septal activation then determines the magnitude of SF, with 
a larger activation delay of the septum relative to the RV free wall causing a larger SF. 
Consequently, the greatest magnitude of SF (the top-right corner of the sensitivity map 
in Figure 4) occurs when both the septum and the LV free wall have a large activation 
delay relative to the RV free wall. When the septum is prematurely activated relative to 
the RV free wall, SF magnitude is decreased or even abolished, unless the LV free wall 
has a very large delay.
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Figure 3. CircAdapt simulations produce realistic septal motion. Panel A shows M-mode 
echocardiography recordings from a canine model at baseline and with left LBBB induced by left 
bundle branch ablation. Image is modified from Gjesdal et al. 19. The ECG is shown below and the dashed 
vertical line indicates onset QRS. Septal beaking (or SF) is indicated in the LBBB recording. Panel B 
shows corresponding simulations at baseline (simultaneous onset of ventricular activation) and LBBB 
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LV free wall is shown in red. The dashed vertical line indicates the time of first ventricular activation. 
Closure of the mitral valve (solid line), and LV ejection (grey bar) are also shown for the simulated data. 
Activation times and the line used for pseudo M-mode calculation are indicated below the figure for 
the simulations. Only one beat is shown for the simulations. Time 0 ms in the simulations corresponds 
to the onset of RA excitation. New abbreviations: septum (SEPT.), left bundle-branch block (LBBB).

Early septal activation gives rise to septal systolic rebound stretch
Figure 5 confirms that almost no SRSsept appears unless the septum is activated before 
the LV free wall, as illustrated by the diagonal dashed line. When the septum is activated 
later than the LV free wall, SRSsept does not occur since any stretch of the septum is not 
preceded by an initial shortening as the septum is inactive. A small exception is observed 
when the LV free wall and septum are simultaneously activated and SF is extremely large 
due to very early RV free wall activation. Deformation of the septum during SF then 
causes a small degree of early fibre shortening. The shape of the SRSsept sensitivity map 
is visually different to the SF sensitivity map, with SRSsept magnitude becoming greater 
towards the top-left hand corner of Figure 5, indicating a very prematurely activated 
septum relative to the RV free wall, and a very large delay of the LV free wall. 

Septal flash can occur without a falling left-right trans-septal pressure gradient
In Figure 6, we compare the normal simulation and a simulation representing LBBB 
with the experimental results presented by Gjesdal et al.19. Both the simulations and the 
experiments demonstrate similar patterns of septal displacement relative to the LV free 
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wall. The maximum deflection of the septum in LBBB occurs against a rising PTS in both the 
LBBB simulation and the canine experiment. The pattern of myocardial deformation is also 
similar between the simulations and the experiments. In both simulated and experimental 
LBBB, a characteristic pre-ejection shortening of the septum followed by stretch and then 
shortening is observed, coinciding with the timing of SF and indicating SRSsept.

In Figure 7 the LV free wall is activated 60ms later than the RV free wall and the 
septum is allowed to vary its activation time between being simultaneous with the RV 
free wall and simultaneous with the LV free wall. When the septum is activated after 
the RV free wall, a reversal in PTS begins to appear. As septal activation becomes later, SF 
magnitude and PTS reversal across the septum both increase, but SRSsept decreases.
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Figure 4. Sensitivity of SF to relative timing of ventricular walls. (A) The sensitivity of SF magnitude 
to the timing of the LV free wall and the septum, relative to the RV free wall, for all 81 simulations. 
Calculation of SF magnitude is described in Figure 2. Above the dashed line, the LV free wall is activated 
after the RV free wall. Traces of DLVS-LW used for calculation of SF are also shown for 25 simulations in 
panel (B). Activation time relative to the RV free wall is shown on the large axes, DLVS-LW is shown on 
the small y-axis, and time from onset RA activation is shown on the small x-axis. The grey bar indicates 
LV ejection, the dashed vertical line indicates onset of ventricular excitation, and the solid vertical line 
indicates mitral valve closure.

Role of early septal activation in septal flash and systolic septal rebound stretch
To investigate whether early septal activation alone is sufficient to cause SF and SRSsept, 
we simulated the septum activating first, with delayed activation of both LV and RV free 
walls 60ms later (Figure 8). Under these conditions, SRSsept occurred but no SF, showing 
that early-systolic septal shortening is not necessarily related to early septal leftward 
motion (SF).
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Figure 5. Sensitivity of SRSsept to relative timing of ventricular walls. (A) The sensitivity of SRSsept 
magnitude to the timing of the LV free wall and the septum, relative to the RV free wall, for all 81 
simulations as shown in Figure 4. To the left of the dashed line the septum is activated before the LV 
free wall. Septal strain patterns are shown in panel (B). New abbreviations: septal systolic rebound 
stretch (SRSsept).

Sensitivity analysis
The results of the parameter sensitivity analyses for SF and SRSsept are shown in Figure 
9. For the baseline simulations with little/no SF (Normal and Early Septum), changing 
parameter values other than activation time had very little effect upon the magnitude of 
SF. In the LBBB simulation, where a SF of 0.38cm exists, varying other tissue parameters 
had a much larger effect on the magnitude of SF. After activation time, the largest effects 
were due to HR and LV free wall Vwall.

For SRSsept, the effect of changing parameters was minimal in the normal simulation 
where no SRSsept was present at baseline. A much larger effect of changing the parameters 
was recorded in the LBBB and Early Septum simulations where SRSsept of 6.6% and 4.9%, 
respectively, was present. Again, changing activation time had the largest effect on SRSsept. 
Other parameters which gave a significant effect were LV free wall Vwall, Sf,act, and Sf,pas; 
global Vwall and Sf,pas; HR; and CO.
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◀ Figure 6. Septal position, trans-septal pressure, and septal deformation in simulations and 
experiments at baseline and with left bundle-branch block. The top pane compares hemodynamics 
and ventricular mechanics at baseline and in LBBB in a canine experiment. The figure is reproduced 
from Gjesdal et al.19. The bottom panel shows simulations representing normal ventricular activation 
and LBBB. LBBB was simulated as a 60 ms average delay in activation in the LV free wall compared to 
the RV free wall and septum. Septal and lateral wall circumferential (Circ.) and longitudinal (Long.) 
deformation are shown for the experiments, and compared to fiber strain in the LV free wall and 
septum for the simulations. Activation patterns from intra-myocardial electromyograms (EMG) and the 
electrocardiogram (ECG) are shown for the experiments. New abbreviations: aortic pressure (PAo), LV 
pressure (PLV), RV pressure (PRV), AV opening (AVO), PV opening (PVO), MV closure (MVC), AV closure 
(AVC), PV closure (PVC), end diastole (ED).
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Figure 7. Delayed septal activation leads to reversal of trans-septal pressure gradient. PTS, pseudo 
M-mode and septal strain from four simulations are shown. The simulation on the left-hand side is the 
LBBB simulation from Figure 5 with the septum activated simultaneously with the RV free wall and 
the LV free wall 60ms delayed. The next three simulations delay the septum by 20ms, 40ms, and 60ms, 
until the septum is activated with the LV free wall. Onset of ventricular activation (dashed line), closure 
of the mitral valve (solid line), and LV ejection (grey bar) are shown in all plots.
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Figure 9. Activation changes are the most significant cause of SF and SRSsept. The results of the 
parameter sensitivity analysis are shown for both SF (left panel) and SRSsept (right panel). The effect is 
measured as the change in SF or SRSsept arising from a ±30% change in the parameter value, normalized 
by the value of SF or SRSsept in the LBBB case (0.38cm and 6.6%, respectively). A minus sign indicates a 
decrease in SF or SRSsept as a result of the parameter change. New abbreviations: heart rate (HR), cardiac 
output (CO), contractility (Sf,act), passive stiffness (Sf,pas), wall volume (Vwall), activation time relative to 
the RV free wall (TA), valve opening area (Aopen), all ventricular walls (ALL).

Discussion

Septal flash and septal rebound stretch represent different phenomena
The main finding of our simulation study is that SF and SRSsept have different mechanisms. 
The generation of leftwards motion of the septum in SF relies critically on an early onset 
of RV free wall active stress generation relative to the LV free wall. Early septal shortening 
followed by SRSsept depends primarily on early onset of septal active stress generation relative 
to the LV free wall 6. Both SF and SRSsept require the LV free wall to be late-activated. Our 
simulations mechanistically support the hypothesis that the main mechanism of the initial 
leftward septal motion during SF is deformation of the septum due to contraction of the RV 
free wall that is unopposed because contraction of the LV free wall is delayed3. The subsequent 
return motion of the septum is caused by an increased septal curvature resulting from forceful 
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contraction of the LV free wall. A decrease in PTS was not necessary for SF or SRSsept to occur, 
although a decrease in PTS was present in many of the simulations. We therefore propose 
that the mechanism of SF in LBBB is hinging of the septum at the attachment points of 
the RV and the septum. Hinging occurs due to an imbalance of forces at the RV attachment 
points resulting from early RV free wall contraction. The proposed mechanism is explained 
diagrammatically in Figure 10.

Role of trans-septal pressure and septal contraction
It is well-established that septal position is related to trans-septal pressure gradient21. 
Pacing studies in canines have shown that SF-like septal motion can be explained by the 
interventricular septum being forced leftwards when RV pressure transiently increases relative 
to LV pressure, due to early activation in the RV22, 23. A more recent canine experimental study 
has shown that when LBBB is induced by ablation of the left bundle branch, SF was apparent 
despite a rising LV pressure relative to RV pressure19. In LBBB, as opposed to cardiac pacing, SF 
was therefore attributed primarily to an active mechanism arising from early contraction of 
the septum relative to the LV free wall. The latter suggests a direct physical relation between 
SF and SRSsept, the systolic lengthening following initial pre-ejection shortening of septal 
myofibers1, 4-6. 

Results consistent with both passive pressure-driven and active contraction-driven 
hypotheses of SF generation were observed in our simulations, depending on the timing of 
RV free wall activation relative to the septum and LV free wall. Deformation of the septum 
with a transient increase in RV pressure relative to LV pressure was observed when the RV 
free wall was activated before the septum and LV free wall, consistent with RV outflow tract 
pacing as in the experiments of Little et al. and Kingma et al.22, 23. When the RV free wall and 
septum were simultaneously activated before the LV free wall, behaviour closely resembling 
that observed by Gjesdal et al.19 was apparent, with SF occurring without a decrease in PTS. 
Myocardial strain in the simulations also closely resembled deformation recorded in the 
experimental study of Gjesdal et al.

Early septal contraction is not sufficient for septal flash
We were able to isolate the effect of septal timing using our computer model. If early 
contraction of the septum sufficed to generate SF, then the simulation presented in Figure 
8, where the septum contracted before either the RV free wall or the LV free wall, ought to 
exhibit SF. Early contraction of the septum relative to the LV free wall alone did not cause SF, 
although a large amount of SRSsept was present. Therefore, there must be some role for the 
RV in the generation of SF. This finding is consistent with the experimental study by Little 
et al. 22, which showed that pacing the LV side of the interventricular septum gave no SF, but 
pacing the RV side of the septum did give SF. In the latter case, but not the former, the RV free 
wall would be expected to activate before the LV free wall due to trans-septal conduction25, 
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and the septum is activated first in both cases. Conversely, this form of pacing may also 
reduce the delay between septal and LV free wall activation which would also be expected 
to reduce septal flash, particularly if fast-conducting endocardial tissue is activated26, 27. The 
simulations in Figure 7 and Figure 8 also clearly illustrate that SRSsept is not necessarily the 
same phenomenon as SF. Care should therefore be taken to differentiate between abnormal 
early systolic motion of the septum as observed in M-mode echocardiography, referred to in 
this study as SF, and pre-ejection septal shortening followed by systolic stretching observed 
in strain measurements, known as SRSsept.

Modulation of septal flash and septal rebound stretch
Trans-septal pressure gradient and septal activation modulate magnitudes of SF and SRSsept. 
In the case of early septal activation, LV cavity pressure increases due to septal contraction, 
and passive stress within the LV free wall is increased, opposing the stress generated by the 
RV free wall and therefore diminishing SF. Similarly, a late activation of the septum relative 
to the LV free wall will not only delay the rise of LV cavity pressure but it will also decrease 
preload on the LV free wall, diminishing its opposition to the RV free wall and therefore 
allowing a larger SF to take place. Presence of SRSsept in our simulations depended primarily 
on an activation delay between the septum and the LV free wall, as we have previously 
shown6. However, according to our definition, SRSsept could be induced by a large SF when 
both septum and LV free wall were activated much later than the RV free wall28. This septal 
strain pattern was qualitatively different to those observed when the septum was activated 
before the LV free wall, as it represents an interrupted stretch during filling rather than an 
interrupted shortening during LV systole. It may therefore be possible to record SRSsept from 
a non-active septum if SF is sufficiently large.

Clinical significance
Several research groups have shown that presence of SF may improve prediction of response 
to cardiac resynchronization therapy (CRT)11-14, 29. It is therefore important to understand the 
mechanisms why SF might, or might not, occur in patients. Our simulations predict that 
SF may not occur if both left- and right-sided conduction delays are present, despite the 
presence of pre-ejection shortening in the septum. This situation, known as a bilateral or 
masquerading bundle-branch block, can sometimes occur in patients and could respond to 
CRT30-33. We therefore suggest that, although the lack of SF in a patient with an LBBB-like 
morphology on the 12-lead ECG is likely to indicate some form of co-existing pathology, 
it should not exclude CRT without further investigation of what that pathology is. Septal 
infarction has been associated with lack of SF 2, 34, and a simulation study by Huntjens et al. 20 
has also demonstrated that reduced LV free wall contractility may prevent SF from appearing 
due to slowing of the return of the septum into the right ventricle. Hence, other mechanisms 
than delayed RV activation can prevent SF from occurring and these mechanisms may well 
preclude response to CRT.
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Figure 10. Early right ventricular contraction and force balance as a mechanism for septal flash. 
Diastole: At end-diastole, passive forces at the septal junction and right ventricular attachment points are 
balanced due to the septal position. Leftward motion: In LBBB, activation begins in the RV free wall and 
the septum7, 24, initiating active force generation in the septum and RV free wall. Active force generation 
by the septum contributes to LV cavity pressure, which may prevent PTS from reversing. Forces acting on 
the junction point become imbalanced because the RV free wall is not opposed by the LV free wall. RV 
free wall contraction exerts force on the septum through the attachment points, causing the septum to 
hinge inwards and flatten, displacing blood towards the LV free wall and restoring force balance at the 
septal junction through the change in septal position. Rightward motion: The LV free wall then becomes 
activated due to conduction through the myocardium from the septum and RV. Pre-stretch of the LV 
free wall due to septal contraction and displacement of blood from septal leftwards movement results 
in powerful contraction of the LV free wall, causing a force imbalance towards the LV. LV free wall 
contraction exerts force on the septum, which hinges about the attachment points and curves back into 
the RV, restoring force balance. RV pressure is increased by septal return, causing RV ejection. 

Use of the CircAdapt model
Our use of a computational model for this study was motivated by the difficulty of developing 
a closed chest animal model in which LV free wall, RV free wall, and septal activation times 
can be independently varied. Ventricular pacing may not be sufficient as shown by the 
qualitative differences in pressure behaviour between the pacing studies of Kingma et al.23 
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and Little et al.22, and the left bundle-branch ablation study of Gjesdal et al.19. Furthermore, 
use of computer models is consistent with the reduction, replacement, and refinement of 
animal experiments where possible. We used the CircAdapt model because it has been shown 
to produce realistic simulations of ventricular deformation observed in pacing studies and 
dyssynchronous heart failure as measured by both strain and M-mode echocardiography, 
including SF and SRSsept

6, 18, 35, 36. CircAdapt also allows for control of hemodynamic boundary 
conditions as it incorporates the systemic and pulmonary circulations and both atria. The 
model is freely available, allowing others to easily reproduce our findings. We used the most 
recently published version18 to be consistent with our other recent studies.

The CircAdapt model is a lumped-parameter model that contains a simplified 
geometry of the heart consisting of three spherical caps16. The model therefore does 
not accurately describe geometry of the junction of the ventricular septum with the 
atrioventricular septum or apex and is based on a simplified description of the complex 
ventricular fiber structure37. We therefore cannot exclude that early septal activation 
could cause SF if these factors were taken into account. No bending stiffness of the 
septal junction points is included in CircAdapt, which may influence the magnitude of 
SF38. The model represents a generalised human physiology but comparison was made 
to canine experiments so length and time scales are qualitatively but not quantitatively 
comparable. In light of these limitations, our results should be considered hypothesis-
generating and they require validation in more complex settings such as geometrically-
accurate finite element models, animal experiments, or patient studies.

Conclusions

Computer simulations showed that SF does not represent the same phenomenon as 
SRSsept, even though both occur at a similar time in early systole when LBBB is present. 
RV-LV pressure difference and early active contraction of the septum alone were not 
always required to generate SF. Simulations demonstrated that the mechanism driving 
SF is early contraction of the RV free wall that exerts force on the septum and pulls it 
leftwards when unopposed by contraction of the LV free wall. SRSsept depended on early 
shortening of the septum being terminated by late contraction of the LV free wall.
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Influence of left ventricular lead position 
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Abstract

Background and Objective: It is unclear how the position of the left ventricular 
(LV) lead relative to a scar affects the hemodynamic response in patients with 
dyssynchronous heart failure receiving cardiac resynchronization therapy (CRT). We 
investigated this complex interaction using a computational model.

Methods: The CircAdapt computational cardiovascular system model was used to 
simulate heart failure with left bundle branch block (LBBB). Myocardial scar was 
induced in four different regions of the LV free wall. We then simulated biventricular 
pacing in each heart, in which LV lead position was varied. The LV lead position 
leading to maximal acute change in LV stroke volume (SV) was defined as optimal 
lead position. 

Results: In LBBB without scar, SV increase was maximal when pacing the LV free wall 
region most distant from the septum. With a scar adjacent to the septum, maximal 
response was achieved when pacing remote from both the septum and the scar. When 
the scar was located further from the septum, the biventricular pacing-induced 
increase of SV was small. For all hearts, pacing from the optimal LV lead position 
resulted in the most homogeneous distribution of local ventricular myofiber work 
and the largest increase in summed left and right ventricular pump work.

Conclusions: These computer simulations suggest that, in hearts with LBBB and scar, 
the optimal LV lead position is a compromise between a position distant from the scar 
and from the septum. In infarcted hearts the best hemodynamic effect is achieved 
when electromechanical resynchronization of the remaining viable myocardium is 
most effective.
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Introduction

Cardiac resynchronization therapy (CRT) is recommended for patients with moderate-to-
severe heart fail ure, decreased left ventricular ejection fraction (LVEF <35%), and widened 
QRS complex (≥120 ms) preferentially with left bundle branch block (LBBB) morphology 
on the 12-lead electrocardiogram1. CRT has been shown to improve heart failure symptoms, 
cardiac pump function, and survival rate of these patients2, 3. It is believed that CRT 
improves cardiac pump function by resynchronization of left ventricular (LV) and right 
ventricular (RV) electrical activation, making myocardial contraction and relaxation more 
uniform throughout the ventricular walls. Yet, approximately one third of the patients 
fail to benefit from CRT2. 

Suboptimal LV lead positioning and regional myocardial scarring are two factors 
believed to be associated with nonresponse to CRT4, 5. Several clinical studies have 
shown that long-term CRT response is larger in patients with a non-ischemic etiology 
than in patients with an ischemic etiology of heart failure6, 7, and that size and 
severity of the scarred region were inversely related to CRT response8. Nevertheless, 
these studies also demonstrated that ischemic cardiomyopathy does not preclude a 
positive response to CRT. Moreover, it has been suggested that location of the scar is 
an important determinant of CRT response9. The site of optimal LV lead position has 
been shown to vary among patients with ischemic cardiomyopathy5, 10. Lead placement 
in scarred regions is associated with a greater risk of mortality and morbidity than 
lead placement in viable tissue11. In addition, animal experimental data suggest that 
acute hemodynamic response to CRT depends more critically on LV lead position in 
hearts with myocardial infarction than in non-infarcted hearts9, 12. However, the exact 
relation between the location of myocardial scar, the position of the LV pacing lead, 
and response to CRT is poorly understood.

In this study, we investigated the effects of LV lead position relative to scar location 
on acute response to biventricular pacing, using the CircAdapt computational model of 
the human cardiovascular system13, 14. Simulations of biventricular pacing with different 
LV lead positions in hearts with and without myocardial scar were performed to obtain 
more insight into the working mechanism of CRT.
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Methods

Model design
The CircAdapt model of the heart and circulation13, 14 enables realistic beat-to-beat 
simulation of cardiovascular mechanics and hemodynamics under a wide variety 
of (patho-)physiological circumstances (www.circadapt.org). CircAdapt consists of 
several module types, including cardiac walls, cardiac valves, large blood vessels, 
systemic and pulmonary peripheral vasculature, the pericardium and local cardiac 
tissue mechanics (Figure 1A). The ventricles consist of three myocardial walls, i.e. 
the LV free wall, the interventricular septum (SEPT) and the RV free wall. These 
ventricular walls are mechanically coupled at their junction by equilibrium of tensile 
forces, giving mechanical ventricular interaction (16). Global LV and RV pump 
mechanics are related to myofiber mechanics in the three ventricular walls by the 
principle of conservation of energy. As described previously by Lumens et al.15, each 
cardiac wall was subdivided into mechanically coupled segments to enable simulation 
of local inhomogeneities in myocardial tissue properties (onset time of activation, 
contractility, and passive stiffness).

Simulation of dyssynchronous heart failure
Starting from a reference simulation representing the normal adult heart and circulation16, 
a simulation of a failing heart with LBBB was obtained as described previously15. Briefly, 
an LBBB-like pattern of mechanical activation in the ventricles is modelled by activating 
the center of the RV free wall after a fixed delay of 220 ms. Earliest activation of a septal 
segment occurred 30 ms later, mimicking slow transseptal activation17-19. Activation then 
spreads from segment to segment with a delay of 15 ms, as shown in Figure 1B, resulting 
in a total ventricular activation time of 135 ms5, 15. Activation delay of a single segment, 
as illustrated in Figure 1 (panels B and C), represents the average time delay of onset 
activation in the midwall region the segment. Heart rate was set to 75 bpm 2. Circulating 
blood volume and peripheral vascular resistance of the systemic circulation were adjusted 
so that cardiac output (CO) and mean arterial pressure equaled 3.8 l/min20 and 84 mmHg2, 
respectively, representing homeostatic pressure-flow regulation. The resulting values 
of circulating blood volume and peripheral vascular resistance were maintained during 
all other simulations. Global myocardial failure was simulated by decreasing myofiber 
contractility in all ventricular segments to 60% of its normal value so that LVEF was 
reduced to 34%.
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Simulation of myocardial scar
Using the simulation of the failing heart with LBBB as a starting point, myocardial scar was 
induced by reducing myofiber contractility in three adjacent ventricular segments further 
from 60% to 10% of the normal contractility value, and by increasing passive stiffness in 
these three segments to ten times its original value. In the two neighboring segments, 
representing the border of the scar, contractility was reduced to 35% of its normal value, 
while passive stiffness was increased five times. As shown in Figure 1B, scar was induced at 
four different locations in the LV free wall, beginning adjacent to the septum (SCAR1) and 
moving gradually towards the center of the LV free wall (SCAR2 to SCAR4).

Simulations of cardiac resynchronization therapy
CRT was simulated by simultaneously activating the center of the RV free wall and 
the SEPT, together with activation of one of the 11 LV free wall segments. For the LBBB 
heart with no scar, this biventricular pacing protocol resulted in 11 different biventricular 
pacing simulations (Figure 1C, left). In contrast, only 8 different biventricular pacing 
simulations were performed in the LBBB hearts with scar, as we assumed that scarred 
segments cannot be paced (Figure 1C, right). In all simulations, intersegment activation 
delay remained constant in viable, scar border, and scar tissue at 15 ms. As a result, average 
activation of the LV myocardium during biventricular pacing varied between 60 ms 
and 105 ms depending on both LV lead position and the presence of LV free wall scar. 
Additionally, the AV delay was reduced to 100 ms as in clinical CRT. All of the biventricular 
pacing simulations were assumed to lead to full ventricular capture, i.e. no fusion between 
intrinsic ventricular conduction and pacing-induced activation.

Assessment of hemodynamic and mechanical response to CRT
Hemodynamic response to CRT at each pacing position was defined as the %-change of LV 
stroke volume (SV) relative to the baseline simulation with the LBBB pattern of ventricular 
activation. The LV lead position associated with the maximal biventricular pacing-induced 
acute change in LV stroke volume (SV) was defined as optimal lead position. Dyssynchrony, 
defined as the dispersion in onset time of electrical activation, was quantified by calculation 
of SD ATviable, the standard deviation of the activation delay of all viable (non-scar and scar 
border) segments for both the RV and LV. For each wall segment, local external myofiber 
work (in joule per cardiac cycle, J/beat) was defined as the area enclosed by the Cauchy 
myofiber stress-natural strain relation multiplied by the wall segment’s volume (being 8.5 
ml for all segments). Heterogeneity of local myofiber work distribution, SD WORKsegmental, 
was quantified by the standard deviation of all segments’ local myofiber work. Total 
ventricular pump work (in joule per cardiac cycle, J/beat) was calculated as the sum of the 
areas enclosed by both the LV and RV pressure – volume relations.
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◀ Figure 1. Overview of the CircAdapt model and the simulation protocol. Panel row A shows the 
closed-loop circulation designed as a network of modules representing atrial and ventricular cardiac 
walls subdivided in patches, blood vessels (arteries and veins), cardiac valves (AV = aortic valve; MV = 
mitral valve; PV = pulmonary valve; TV = tricuspid valve), and the pulmonary and systemic peripheral 
vasculatures. Panel row B illustrates the baseline LBBB-like ventricular activation pattern in the heart 
without myocardial scar (no SCAR) and in a heart with SCAR close to the septum. Four different SCAR 
locations are simulated as indicated by numbers representing SCAR centers shifting from close to 
the septum (SCAR1) to remote from the septum (SCAR4). Colors represent local activation delay with 
respect to the first activated ventricular segment. Per segment, this activation delay represents the 
tissue’s average time delay of onset activation. Panel row C shows examples of biventricular pacing-
induced ventricular activation patterns (with arbitrary chosen LV lead position) in the no SCAR and 
the SCAR1 hearts. Transparent red asterisks indicate all other potential LV lead positions. LBBB = left 
bundle branch block; CRT = cardiac resynchronization therapy; LA = left atrium; LV = left ventricle; RA 
= right atrium; and RV = right ventricle. Adapted from Lumens et al.15.

Results

Table 1 shows general LV hemodynamic function for all five baseline LBBB simulations. 
Compared to the non-infarcted state, LV peak systolic pressure and LVdP/dtmax were lower 
in the presence of LV myocardial scar, while LV end-diastolic pressure (LVEDP) was higher 
in the SCAR simulations. 

Table 1. Simulated baseline left ventricular hemodynamics.

no SCAR SCAR1
LBBB

SCAR2 SCAR3 SCAR4

LV peak systolic pressure (mmHg) 106 91 93 95 96

LVdP/dtmax (mmHg/s) 773 611 650 685 697

LV end-diastolic pressure (mmHg) 10 14 13 13 13

LV ejection fraction (%) 34 30 31 31 32

Hemodynamic response to CRT: the dyssynchronous failing heart without scar
Figure 2 shows pump function (SV), and CRT response, as %-change in SV, resulting 
from CRT when varying the LV lead position. In the failing heart with LBBB and no scar, 
maximal increase of SV (21%) was achieved when pacing any of the three LV free wall 
segments most distant from the septum. The least optimal LV pacing position (adjacent 
to the septum) was still associated with a 12% increase in SV. 

Hemodynamic response to CRT: the dyssynchronous failing heart with scar
SV increase due to biventricular pacing in a heart with a scar adjacent to the septum 
(Figure 2B: SCAR1) was maximal when pacing was remote from both the septum and 
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the scar location, i.e. in the center of the remaining viable tissue. When the scar was 
located more distant from the septum (Figure 2B: SCAR2 and SCAR3), the optimal LV 
pacing position moved towards the viable tissue closer to the septum. On average, the 
CRT-induced increase in SV was smaller when the scar was located further away from the 
septum, as can be appreciated from Figure 2B. In case of a heart with a scar most distant 
from the septum (SCAR4), all available pacing positions resulted in a similar and relatively 
small increase in SV (≈11%). In general, biventricular pacing with optimal LV lead position 
led to a larger absolute SV in the failing heart without scar than in the hearts with scar, 
as shown in Figure 2A. For each heart, the relation between biventricular pacing-induced 
hemodynamic response, in terms of ΔSV, and synchrony of activation, in terms of SD 
ATviable, is shown in Figure 2C. For each heart, ΔSV was inversely related to SD ATviable. The 
maximal gain in resynchronization of the viable tissue and thus also in hemodynamic 
function that could be achieved by optimizing LV lead position was largest in the no 
SCAR and SCAR1 hearts and smallest in the SCAR4 heart.

Mechanical response to CRT: pacing-induced redistribution of local myofiber work
To further investigate the link between local (dys)synchrony of ventricular activation 
and global ventricular pump function, we quantified the distributions of local myofiber 
work (WORKsegmental) over the ventricular segments in all pacing simulations (Figure 3). 
The relation between the standard deviation of WORKsegmental (SD WORKsegmental) and total 
ventricular pump work is shown in Figure 3A. In all hearts, biventricular pacing with the 
LV lead at the optimal pacing site, i.e. leading to maximal increase of total pump work, and 
thus maximal SV, was associated with a more homogeneous distribution of WORKsegmental. 
When applying biventricular pacing to a heart with a scar located remote from the 
septum (SCAR4), all biventricular pacing simulations with different LV lead positions 
led to similar values of SD WORKsegmental (0.037 ± 0.001 J/beat) and total ventricular pump 
work (0.78 ± 0.01 J/beat, Figure 3A). Consequently, the increase of SV was almost equal 
for all biventricular pacing simulations in the SCAR4 heart. As an example, Figure 3B 
shows local myofiber work distributions for the SCAR1 heart during baseline (LBBB), and 
during biventricular pacing with LV lead positions leading to largest (green panel) and 
smallest (red panel) increase in SV. biventricular pacing with optimal LV pacing position 
resulted in the most effective resynchronization of the viable myocardial tissue (SD ATviable 

decreased from 38 ms to 17 ms, Figure 2C). This resynchronization coincided with the 
largest biventricular pacing-induced decrease of SD WORKsegmental and the largest increase 
in pump work compared to baseline (Figure 3A, green arrow). The scarred segments made 
very little contribution to the total amount of pump work (1% per segment), since they 
were stiff and non-contractile.
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Figure 2. Effects of CRT on stroke volume and resynchronization of viable myocardial tissue. In panel 
row A, the color of a LV free wall segment represents absolute stroke volume (SV), during biventricular 
pacing with the LV lead positioned in that particular segment. In panel row B, the colors represent the 
%-change in SV relative to baseline (ΔSV), as a result of biventricular pacing with the LV lead positioned 
in that segment. Black circles indicate the optimal LV pacing position for that heart as measured by 
maximal increase in SV. SVbaseline is the SV value in the non-paced baseline situation, i.e. left bundle 
branch block activation. The lower panel row C shows correlations between the standard deviation of 
delay in onset activation time of both RV and LV viable tissue (SD ATviable) and ΔSV. Colors in circles 
represent ΔSV. Grey regions indicate scar, black dots border zone.
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Figure 3. Total pump work vs. distribution of segmental myofiber work. Correlation between increase 
in total pump work (ΔPump Work) and the standard deviation of LV and RV segmental myofiber 
work (SD WORKsegmental) during biventricular pacing (panel row A). Arrows indicate the data points 
corresponding with the two example simulations of biventricular pacing in the SCAR1 heart resulting 
in best (green) and worst (red) CRT response for which myofiber work per ventricular segment is shown 
(panel row B).

Discussion

Using a computational model of the human cardiovascular system representing a failing 
heart with LBBB and myocardial scar, we have evaluated how the position of the LV pacing 
lead interacts with scar location in achieving acute response to biventricular pacing. The 
results indicate that the largest improvement in LV pump function occurs when viable 
myocardial tissue is maximally resynchronized. This is achieved by positioning the LV 
lead as remote as possible from both the scar and the septum. These results highlight the 
importance of LV pacing lead positioning in CRT and may help to design clinical studies 
on the most effective pacing site in patients with dyssynchronous heart failure and scar.
The finding that in the heart with LBBB without scar, pacing in a relatively large area of 
the LV free wall was associated with optimal or near optimal hemodynamic response, 
correspond to findings in canine models of dyssynchronous heart failure by Helm et 
al.12 and Rademakers et al.9. Derval et al. 21 found a wide variation of the optimal LV lead 
position, but with significant effect at almost all sites.
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It has been reported that pacing near or in the scar is associated with a disproportionally 
worse outcome compared to any pacing outside the scar or in hearts without scar22-27. De 
Roest et al.24 observed an improvement in cardiac pump function in hearts with scarred 
regions, when placing the LV lead in viable tissue. However, they did not investigate 
the optimal LV lead location within the viable tissue relative to scar location and the 
septum. Our simulations indicate for the first time what the optimal location of a LV 
lead could be in hearts with LBBB and scar. Patients with scar tissue may benefit from 
CRT provided that the LV lead is positioned strategically, as also is shown in both an 
electro-anatomic mapping study5 and a recent echocardiographic study28. Spragg et al.5 
used electro-anatomic mapping to determine the influence of infarct location and LV 
endocardial pacing lead location on acute hemodynamic response. Optimal pacing sites 
were located remote from scar regions and in viable tissue, which is in accordance with 
our simulations results. However, in the simulation with the scar most remote from the 
septum (SCAR4), the increase in SV achieved by pacing was relatively small compared 
to the response in the hearts with intermediate scar locations, irrespective of LV lead 
positioning. This finding may explain the observation that patients with lateral infarcts 
are poor responders to CRT22, 29. We excluded the possibility of pacing within the scar as 
this is against current clinical practice due to limited capture of the remaining viable LV 
myocardium caused by slow conduction30 and limited capture of the scar due to high 
pacing thresholds.

It is known from experimental animal studies31, 32 that ventricular pacing 
redistributes mechanical myofiber work in the LV myocardium so that the latest 
activated region generates the highest amount of mechanical work, and the earliest 
activated region generates nearly no mechanical work or even dissipates work. In a 
more recent study15, we demonstrated that pump work performed by both RV and LV 
plays an important role in the explanation of hemodynamic response to CRT. A further 
insight resulting from our current study is that the pacing-induced redistribution of 
regional myofiber work also plays an important role in the optimization of LV lead 
positioning relative to infarct location in ischemic heart failure. Our simulation data 
suggest that the optimal LV lead position is a compromise between the position most 
distant from the scarred region and the position most distant from the RV lead. This 
balanced position will lead to the most synchronous activation of the viable tissue 
and, hence, the most homogeneous distribution of mechanical myofiber work in the 
ventricular walls, leading to best hemodynamic response to CRT. In a heart without 
myocardial scar, this reasoning automatically guides the optimal position to the tissue 
most distant from the RV lead, being the lateral wall when LV myocardial conduction 
velocity is homogeneous.
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Clinical implications and future perspectives
In general, our simulation data highlight the need for proper LV lead positioning relative 
to both scar and the interventricular septum in order to obtain optimal hemodynamic 
response to CRT. These novel insights obtained from model simulations may be useful 
in the design of prospective clinical and experimental studies. In clinical practice, LV 
lead placement may be limited by the accessibility and anatomy of epicardial coronary 
veins and by the risk of phrenic nerve stimulation. However, novel developments such 
as quadripolar leads, endocardial pacing, and wireless pacing may increase the chance 
of positioning the LV lead in the preferred region9, 33-35. To determine optimal LV lead 
position in an individual patient for optimal CRT response, we must also take into account 
the heterogeneity in the pathological and clinical status present in patients. We believe 
that computational modeling will become more important in understanding the role of 
different factors related to CRT response and their complex interactions, and that it can 
potentially be used in individualized patient selection.

Limitations
In these simulations, dyssynchrony-induced structural and electrophysiological 
remodeling have not been taken into account36. Furthermore, we only considered acute 
response to CRT, and did not consider resynchronization-induced remodeling which 
may influence long-term response7. The Frank-Starling mechanism by which myocytes 
increase contractility with sarcomere length is not limited in our model, which may 
cause non-physiological contractility at high levels of pre-stretch. Scar-related local 
heterogeneities in conduction velocity, which can influence CRT response30, have not 
been considered. Our model cannot be used to evaluate arrhythmic risk that may arise 
from pacing near or in the scar region, as it does not include a mathematical description 
of cellular electrophysiology. The highly simplified description of ventricular geometry in 
the CircAdapt model did not allow investigation of the potential role of transmural and 
apex-to-base propagation of activation. Geometrically more complex models, such as the 
one presented by Constantino et al.37, can be used to gain more insight in the effects of 
transmural and apex-to-base conduction on response to CRT in infarcted hearts. 

Conclusions

Computer simulations show that the largest hemodynamic improvement following CRT 
can be obtained by activating the viable myocardial tissue as synchronously as possible. 
Hence, in a failing heart with LBBB and no scar, one should target the LV myocardium most 
distant from the RV lead for LV lead positioning. In the presence of LV scar, however, the 
LV lead should be placed in a balanced position remote from both the scar and the RV lead. 
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General Discussion

In this thesis we sought to improve our mechanistic insight in the puzzle of the working 
action of CRT1, 2. Ultimately, improved understanding of the exact working mechanisms 
through which CRT exerts its beneficial effect on cardiac pump function will increase the 
success rate of this invasive and expensive pacemaker therapy. By in silico exploration of the 
mechanisms in the dyssynchronous failing heart, and by combining computer modeling 
with both animal experimental and clinical data, we stratified which electromechanical 
factors drive response to CRT. 

atrio
ventricular

dromotropathy

?

Figure 1. The puzzle of response to cardiac resynchronization therapy. Schematic overview of the 
multiple factors which determine response to CRT. Factors related to the patient’s underlying disease 
are indicated in dark red while those factors related to therapy delivery are in light red.
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The ventricular electrical substrate amenable to CRT

Heart failure (HF) is a syndrome in which the pumping action is impaired so that the 
heart cannot deliver the amount of blood demanded by the organs. Besides pump 
failure and related circulatory deficiency, sudden death related to arrhythmic events 
accounts for a large part of mortality (~50%) among HF patients3. In addition, a bundle 
branch block was reported to be present in 30% of the patients with systolic HF and 
associated with increased mortality risk4. Briefly, these numbers show the mutual 
dependency between HF and impaired cardiac electrophysiology. Abnormal cardiac 
electrophysiology affects cardiac function at multiple scales. Although changes 
at the molecular scale of ion channels and calcium handling in HF patients have 
been intensively investigated5-7, there is relatively little mechanistic insight on the 
macroscopic scale of activation and repolarization patterns in patients experiencing 
dyssynchronous HF. Furthermore, the link between these activation sequences and 
pump function, which is the main focus of this thesis, is not fully understood. 

The importance 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 activation8, 

9, has the strongest recommendation for CRT10, 11. However, the suboptimal response 
rate based on QRS morphology and QRS duration in patients who received a CRT 
device suggest that both the understanding of the electrical substrate amenable to 
CRT and the accuracy of the measurement tools can be improved12, 13. In this thesis, 
both challenges were addressed.

Increasing the accuracy of measuring the electrical ventricular substrate
Recently, multiple non-invasive techniques were developed to measure ventricular 
electrophysiology more precisely, of which ECGi potentially contains the most detailed 
information on epicardial activation14-18. Although ECGi has been used to investigate 
the conduction abnormalities in CRT candidates, the accuracy and robustness of 
the technique has never been validated in the dyssynchronous failing heart16, 19, 20. In 
Chapter 2 and Chapter 3 we provided important additional support towards clinical 
application of ECGi to detect the electrical substrate amenable to CRT. 

The torso-tank set-up presented in Chapter 3 provides a well-controlled in 
situ experimental set-up to validate the use of ECGi to detect interventricular and 
intraventricular dyssynchrony. Although in our study no human heart with HF was 
used, the pig heart with LBBB approximates the most important electrophysiological 
characteristic of dyssynchronous HF, i.e. delayed LV free wall activation. Two major 
findings that may be essential for an appropriate integration of ECGi in clinical 
practice, with respect to dyssynchronous HF as well as other pathologies, were derived 
from this animal experimental study. First, clinically observed functional lines of 
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block are an artefact of ECGi measurements. The data presented in Chapter 3 show 
that functional lines of block and their associated “U-shape” activation pattern are 
only present in ECGi data, while absent in the epicardial contact mapping recording. 
Potentially, lines of block in the non-contact mapping data result from how the 
ECGi algorithm addresses measured regional changes in electrogram morphology. 
Our findings have been corroborated by Duchateau et al., who showed that lines 
of block are intrinsic to the ECGi technique and not caused by measurement noise, 
as they were also observed in a noise-free and well-controlled in silico model21. 
Consequently, clinically and experimentally observed functional lines of block in 
non-contact mapping data8, 16, 19, 20, 22 and their association with CRT response23, 24 should 
be interpreted with care. 

Second, it is shown in Chapter 3 that measures of interventricular and 
intraventricular dyssynchrony are accurately detected by ECGi. Since the validated 
dyssynchrony markers reflect the overall activation pattern of at least one ventricular 
wall, these markers are less prone to local errors (lines of block) in the ECGi 
reconstruction of epicardial activation. Therefore, our results suggest that ECGi 
could potentially fulfill an important role in appropriate patient selection for CRT 
by accurate detection of electrical characteristics of ventricular dyssynchrony.

Of interest, we showed in Chapter 6 that similar to ECGi, septal motion measured 
by septal flash is sensitive to RV-to-LV free wall activation delay. Consequently, this 
could potentially explain why septal flash has been shown to be a prognostic marker 
of response to CRT25. However, as shown in Chapter 5 and as discussed in more detail 
in the paragraph entitled “Septal mechanics as a tool to select CRT candidates”, septal 
flash is also sensitive to other, non-electrical, physiological mechanisms that may 
play a role in the response to CRT. 

Better characterizing the electrical substrate amenable to CRT
In addition to accurate measurements, advanced knowledge on the electrical substrate 
responsive to CRT is required to translate measured values of interventricular 
and intraventricular dyssynchrony into an accurate CRT response prediction16. 
Since both inter- and intraventricular dyssynchrony are mutually dependent, we 
used computational modeling to isolate the effect of these ventricular activation 
characteristics on acute hemodynamic response in Chapter 2. From our results, it 
can be concluded that interventricular dyssynchrony is the major driver of response 
to CRT. More precisely, right-to-leftward interventricular dyssynchrony drives 
response to CRT. These data confirm the hypothesis that pure right bundle branch 
block (RBBB) patients without a conduction disorder on the left side of the heart, do 
not respond to CRT26, 27. Unfortunately, ECGi-derived interventricular dyssynchrony 
alone did not suffice to perform patient-specific prediction of response to CRT. 
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In the total patient cohort of our study, ECGi measurements of interventricular 
dyssynchrony outperformed QRS duration and QRS morphology to predict acute 
hemodynamic CRT response16. However, within the LBBB patient population, ECGi-
derived interventricular dyssynchrony did not add value to the 12-lead surface ECG for 
prediction of response to CRT. Only in a few patients who were not classified as LBBB 
but who responded to CRT, significant interventricular dyssynchrony was detected 
by ECGi. This finding raises the question whether the relatively expensive ECGi 
technology should be routinely used in all potential CRT candidates as a replacement 
for the 12-lead ECG to select patients for CRT. 

The role of septal activation
Electrocardiographic imaging does not provide information about the time of 
septal activation. Only few invasive studies in small numbers of patients have 
measured septal activation times, of which none reported data on right ventricular 
(RV) activation time8, 9, 28, 29. Though endocardial mapping studies have shown that 
transseptal conduction times varied widely among CRT patients [0 – 80 ms]8, 29, the 
implication of this finding for CRT response remains unclear.

In Chapter 2 we assumed mean septal activation to be in between mean RV free 
wall and mean LV free wall activation (Figure 2: mid septum). As a result, septal-to-
lateral wall (intra-LV) dyssynchrony equaled 50% of the total interventricular (RV free 
wall to LV free wall) dyssynchrony in all simulations. As computer modeling allows 
assessment of the hemodynamic effect of septal activation time, we performed two 
new subsets of simulations that were not presented in the research chapters of this 
thesis. In these two subsets of simulations, the septum was either activated early 
(simultaneously with the RV free wall) or activated late (simultaneously with the LV 
free wall) as shown in Figure 2. 

As shown in Figure 2 and concluded from our results in Chapter 2, interventricular 
dyssynchrony drives response to CRT. Relative timing of septal activation, which 
affects intra-LV dyssynchrony, modulates response to CRT in simulations with 
high values of interventricular dyssynchrony. These simulation results indicate 
that information on septal activation could be of added value to predict response 
to CRT. Although methods have been developed to reconstruct both epicardial and 
endocardial activation from ECGi30, 31, non-invasive electrophysiological techniques 
to measure septal activation are not clinically available yet. As we have shown in 
Chapter 6, imaging of septal mechanics could be an alternative to characterize the 
patient’s electrical substrate, as it also provides information on the septal activation.
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Figure 2.  Effect of interventricular dyssynchrony and mean septal activation time on hemodynamic 
response to CRT. Red: Mean septal activation halfway in between RV free wall and LV free wall action, 
as shown in Chapter 2. Green: Early septal activation (equal to RV free wall activation) results in a large 
septal-to-lateral-wall delay. Blue: Late septal activation (equal to LV free wall activation). 

The role of ventricular filling in CRT response

Though it has been shown that AV-delay optimization in CRT patients does not improve 
clinical outcome32, these studies do not preclude that part of the hemodynamic benefit of 
CRT is due to improved ventricular filling through restored AV-coupling. The important 
role of improving ventricular filling through CRT has been suggested in the early days 
of pacemaker implantation33 and is currently regaining interest34. Computer simulations 
have indicated that in CRT patients with an average PR interval of 200 ms, two-thirds 
of the pacing-induced improvement in cardiac output was a consequence of improved 
LV filling35. In line with these observations, retrospective analyses of CRT trials have 
indicated that patients with limited ventricular dyssynchrony, but with prolonged PR 
interval, are likely to respond to CRT36-38. However, there are only a few retrospective 
studies showing the beneficial effect of AV-delay shortening. Therefore, new prospective 
studies have to be performed to investigate the potential beneficial effect of CRT in 
patients with limited ventricular dyssynchrony and prolonged PR interval. As a first step 
towards a prospective clinical study on the effect of pacing in a patient population with 
prolonged PR interval and limited ventricular dyssynchrony we showed the mechanism 
of improving AV-coupling and its hemodynamic effect in a combined experimental-
computational evaluation. The results of Chapter 4 imply that optimization of AV-
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coupling by CRT may improve hemodynamic status of a patient with first-degree AV-
block. Most likely, this hemodynamic improvement is highly dependent on the ability of 
ventricular myocardium to translate an increased preload into an increased cardiac output 
(Frank-Starling reserve capacity)39. Both in our experimental and computational data the 
improvement in LV end-diastolic volume is predominantly achieved by a combination 
of reduction in mitral backflow and an increase in forward mitral flow due to a better 
separation of the E and A filling waves. Although these experimental-computational 
results are promising, some factors which may vary among patients and potentially affect 
the effectiveness of improving AV-coupling were not part of this study and require further 
investigation. Our study predominantly focused on the effect of variations in PR interval 
as measured from onset of atrial activation to onset of ventricular activation. Presuming 
the effective AV-delay for the left side of the heart is dominated by the delay between 
the left atrium and LV, this effective delay may vary among patients showing a similar 
PR interval on the ECG. First of all, under normal circumstances, the onset of the P wave 
reflects right atrial activation. Among patients, timing of left atrial activation may vary 
depending on inter-atrial conduction delays, potentially reflected in P wave duration40, 

41. Another potential reason for differences in effective AV-delay among patients with a 
similar PR interval, are differences in QRS duration. For example, in a patient with LBBB, 
delay in LV activation relative to left atrial activation is much higher than in a normal 
healthy individual. Therefore, LBBB increases the effective AV-delay of the left heart 
and thereby the potential for CRT to improve hemodynamic function. Consequently, the 
working action of CRT in patients with interventricular dyssynchrony may partially lie 
in the fact that pacing reduces total ventricular depolarization and repolarization times, 
thereby reallocating a part of the total heart cycle duration to the diastolic period33, 42, 43. In 
addition to the interindividual differences in electrical abnormalities, the non-electrical 
substrate of a patient may also influence its responsiveness to improved ventricular filling 
and thereby clinical outcome. Future research regarding these effects of the non-electrical 
substrate on the effectiveness of improved ventricular filling is required to understand 
differences between patients in their cardiac response to changes in AV-delay.

Septal mechanics as a tool to select CRT candidates

Several imaging markers related to the motion or deformation of the septum, such as 
septal flash44, apical rocking, septal systolic rebound stretch (SRSSEPT)45-47 and wasted septal 
work48, 49 have been shown to be associated with both acute response to and clinical 
outcome after CRT. It is therefore important to understand the mechanisms underlying 
abnormal septal mechanical behavior in patients. The reason for the lack of markers of 
septal mechanics in current guidelines10, 11 is twofold. First, some dyssynchrony markers 
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can be subtle in specific patients, which makes these markers difficult to measure 
and therefore prone to inter- and intra-observer variability. Secondly, mechanical 
dyssynchrony measures are more prone to misinterpretation than purely electrical indices, 
because mechanics are related to both the electrical and the mechanical characteristics 
of the patient’s heart. An example of such misinterpretation lies in the determination 
of electrical dyssynchrony from peak-to-peak strain measures (time to peak strain)50. 
Computer simulations have indicated that the value of this measure both increases with 
ventricular dyssynchrony and with heterogeneities in viability of the myocardium, of 
which the latter is not amenable to CRT51. Although not proven, this could be a potential 
reason for the negative outcome of the Echo-CRT trial, where CRT was given to HF 
patients with narrow QRS (i.e. <130 ms) and echocardiographic evidence of peak-to-peak 
mechanical dyssynchrony52. For this reason, careful interpretation of septal mechanics 
is needed before these measures can be clinically applied to select candidates for CRT. 

In Chapter 6 we showed that, whereas both septal flash and SRSsept require delayed 
activation of the LV free wall, their underlying mechanism differed, i.e. septal flash 
requires early RV free wall activation, whereas SRSsept requires early septal activation. In 
agreement with previously published work that non-electrical substrates affect septal 
mechanics46, 53, 54, we demonstrated in Chapter 5 that the viability of the LV free wall also 
affects septal deformation and motion. Reducing the contractility of the LV free wall 
resulted in an elimination of systolic septal rebound stretch and the essential rightward 
movement of septal flash. By combining these insights in the effect of electrical and 
non-electrical substrates on septal and LV free wall deformation, a novel strain-based 
diagnostic index (not part of this thesis) was eventually developed in our lab51. This 
so-called systolic stretch index (SSI) was sensitive to the electromechanical substrate 
amenable to CRT, i.e. SSI increased linearly with increased right-to-left delay. Importantly, 
the total amount of systolic stretch decreased with reduced viability of the myocardium 
or the existence of scar, of which the latter has been shown to reduce response to CRT in 
Chapter 7. Consequently, by improving our understanding of the underlying physiology 
of discoordinated ventricular contraction we were able to develop an index that clinically 
could differentiate between responders and non-responders to CRT55

Not only electrical and mechanical tissue properties of the myocardium affect septal 
mechanics, but potentially also characteristics of the circulatory system. Computer 
simulation, animal experiments and clinical data have shown that LV afterload changes 
the work performed by the septal wall and thereby affects global cardiac function measures 
(LV ejection fraction; global longitudinal strain)56, 57. Therefore, not only local cardiac 
mechanics, but also global measurements of cardiac function should be interpreted with 
care when used to predict response to CRT. Further research is required to investigate the 
effect of hemodynamic boundary conditions of the heart on local cardiac mechanics and 
global whole-heart function. 
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Optimization of CRT delivery

Once a patient is selected for CRT, response can potentially be improved by optimizing the 
delivery of the treatment. Optimization can be performed during implantation (LV lead 
location, number of LV leads) or post-implantation (biventricular versus LV-only pacing; 
AV- and interventricular (VV) pacing delays)58. All of these optimization strategies aim to 
improve cardiac pump function through optimization of ventricular and atrioventricular 
activation delays.

Optimizing atrioventricular 
and interventricular pacing delays

Optimizing the AV-delay
The hemodynamic and clinical benefit of AV-delay optimization remains controversial 
59. Several studies have shown the potential of AV-delay optimization as a strategy to 
further increase acute hemodynamic response to CRT60-62. However, impact of AV-delay 
optimization on clinical long-term response remains uncertain31. Although finding the 
optimal AV-delay was not the purpose of the animal study presented in Chapter 4, a 
few implications can be derived from our results. In the computer simulations, varying 
the AV-delay by -50 ms or +50 ms from the optimal AV-delay setting only had a minor 
effect on acute hemodynamic response to CRT (<2%-point in hemodynamic response). 
These results imply that on the patient group level, optimization of AV-delay would not 
significantly improve hemodynamic function on top of the improvement achieved by 
shortening a prolonged AV-delay to a nominal setting. 

Hemodynamic changes by AV-delay optimization are relatively small and may change 
over time with biological variations. Automated and continuous AV-delay optimization can 
therefore potentially be important to achieve hemodynamic benefit through optimization. 
The optimal AV-delay in the computer simulations of Chapter 4 was affected by both delayed 
left atrial activation (increased P-width) and pacing-induced ventricular dyssynchrony. This 
indicates that both the patient’s intrinsic activation characteristics and electrical activation 
components during pacing affect the optimal AV-delay and should therefore be included 
in the automated device-based optimization algorithms32, 63, 64.

Optimizing the VV-delay
The controversy of AV-delay optimization is even more apparent for VV-delay 
optimization32, 59. Large VV-delay induced hemodynamic changes have been reported in 
animal studies65, 66. However, applied variations in VV-delay (up to 180 ms) were much 
larger than considered in a clinical setting59. Clinical studies have shown a potential 
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benefit for post-procedural VV-delay optimization in a small number of patients67, 68. 
However, its clinical use remains limited59. Although it was not the goal of this thesis 
to investigate the effect of VV-delay optimization on CRT response, some implications 
on the importance of the VV-interval during pacing could be derived from the results 
presented in Chapter 2. Computer simulations suggested that optimization of ventricular 
pacing settings should aim at minimization of residual right-to-left ventricular free wall 
activation delay, which was rarely observed in the patient population during conventional 
biventricular pacing69. In addition, the presented simulations suggested that delaying 
RV free wall activation through changing VV-delay does not affect LV hemodynamic 
function. These observations are in line with previous studies that investigated the 
differences in hemodynamic effect of biventricular and LV-only pacing70.

Optimizing LV lead placement

Optimizing the LV lead location in the non-scarred heart
As shown by the aforementioned implications on VV-delay optimization, the 
hemodynamic impact of differences in ventricular activation during pacing is small 
in the non-scarred dyssynchronous heart. Consequently, the simulations presented in 
Chapter 2 suggest that the location and number of LV leads have a small effect on cardiac 
pump function in comparison to the patient’s substrate. In line with our observations, 
it has been reported that CRT-response is determined by activation during intrinsic 
activation, and not by the location of the LV lead27. Targeting the LV pacing site associated 
with maximal hemodynamic response, resulted in limited benefit over pacing at the 
conventional basolateral LV pacing site27. A potential explanation for this observation 
is that individuals without scarring have a large so-called ‘sweet spot’ for the LV pacing 
lead location that results in a relatively synchronous activation pattern71.

Optimizing the LV lead location in the scarred heart
As shown in Chapter 7, the existence of scar can change the role of LV lead optimization. 
As shown by our simulations and previously performed studies, the site of optimal LV 
lead position depends on scar location and thus varies among patients72. It is therefore 
more relevant to optimize CRT delivery in patients with scar73. It has been demonstrated 
that LV lead placement in the viable tissue is advantageous over pacing in the scarred 
regions74, of which the latter potentially increases the risk of arrhythmic events or loss 
of pacing capture. We performed an in silico evaluation to address the question “where 
to implant the LV lead in the remaining viable myocardium in the dyssynchronous and 
scarred heart?”. Our simulations as presented in Chapter 7 indicate that the LV lead 
should be positioned such that the remaining viable tissue is activated as synchronously 
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as possible. Because the active contribution of the scarred region to the overall cardiac 
function was limited, the moment of activation of the scarred tissue appeared irrelevant. 
Optimization techniques of left ventricular lead placement have been clinically 
explored resulting in variable success rates75, 76. Both electrical measurements from the 
LV pacing lead electrode and echocardiographic speckle tracking have been suggested 
as tool to guide LV lead placement to the site of latest activated viable myocardium75, 76. 
Of important note, both the echocardiographic and electrical assessment of the latest 
activated region are performed during sinus rhythm. Pacing from the RV lead, which 
is also part of biventricular pacing, is likely to change the site of latest activated region 
in the LV77, 78. Consequently, the LV lead position which should be targeted to achieve 
the most synchronous activation of the viable tissue could change when shifting from 
intrinsic rhythm to biventricular pacing. As such, computer simulations have indicated 
that there is no correlation between the time of activation of an LV segment at intrinsic 
LBBB rhythm and the acute hemodynamic response when the LV lead is placed in 
this particular segment79. Summarizing, optimal LV lead placement avoids the scarred 
regions and resynchronizes the viable tissue.

The role of multisite pacing
Optimization techniques did not only focus on the location of the LV lead, but also on the 
number of pacing electrodes being implanted. The computer simulations as presented 
in Chapter 2 indicate that reducing LV total activation time potentially accomplished 
by implanting more than one LV lead, does not improve hemodynamic function 
in the non-scarred heart. In agreement with our results, both animal experimental80 
and clinical81 data have shown that hemodynamic benefit of multisite pacing was 
limited despite improving the synchronicity of ventricular activation. In contrast, 
asynchronous activation of the viable tissue in the scarred heart is detrimental for 
response to CRT. The results of Chapter 7 imply that more synchronous LV activation 
through pacing with multiple LV electrodes could be beneficial in patients with 
scarred heart. This hypothesis has been confirmed in another biophysical modeling 
study in which multisite LV stimulation was beneficial in virtual patients with an 
LV posterolateral scar82.

Response to CRT: the role of computer modeling

The additive value of disease-specific computer modeling 
“We are to admit no more causes of natural things, than such as are both true and sufficient 
to explain their appearances” as stated by Newton in 168783 implies that the simplest 
explanation for a natural phenomenon is generally the most likely one. By definition, 



General Discussion   |   163

8

cardiovascular computer models represent a simplification of reality, aiming to identify 
those physical and physiological processes that suffice to describe the characteristics 
observed in the healthy and diseased human heart. 

In view of all the observations discussed above, non-response to CRT remains a 
multifactorial problem in patients and therefore a challenging puzzle to solve. On the 
one hand, computer models provide an integrative platform linking all factors involved 
by means of physical and physiological principles, while on the other hand these models 
can isolate these factors and their effect on cardiac performance in a controlled manner. 
Though well-controlled animal experiments have been designed based on the same 
principles, practical and ethical issues limit the interventions being performed84. By 
using modeling-derived insights on disease-specific (patho-)physiology, simulations can 
complement and refine animal experiments and even clinical trials, thereby increasing 
their efficiency and, subsequently, reducing costs and risks for both animals and patients85, 

86. Of note, results derived from animal experiments and studies in patients can help to 
confirm simulation-derived hypotheses and, if necessary, to improve the computational 
model for future purposes. For this reason, computer simulations may not reduce the 
amount of animal experiments, but change their scope to confirm computer modeling-
derived hypotheses.

Patient-specific models not only enhance physiological understanding of the disease-
specific processes involved in dyssynchronous HF and its treatment by CRT, but also 
can assist in personalized diagnostic, prognostic and treatment related support. To date, 
some feasibility studies containing small number of patients have shown that computer 
models have the potential to predict acute hemodynamic response to CRT87, 88. In Chapter 
2 we showed that personalized prediction of acute hemodynamic response did not 
improve by adding more detailed information on the electrical substrate in addition 
to interventricular dyssynchrony during intrinsic rhythm. We therefore state that not 
only the combination of both electrical and mechanical data, but also information on 
the boundary conditions of the circulatory system, is key to predict acute hemodynamic 
response in the most challenging patients.

Limitations of the CircAdapt model
Although CircAdapt describes many components of cardiac and circulatory mechanics 
and hemodynamics, the model unlikely covers the entire spectrum of mechanisms 
involved in response to CRT. Depending on the research question to be investigated, 
either the CircAdapt model should be further extended or a different model should be 
used. The CircAdapt model consists of a network of connected modules describing the 
heart and the systemic and pulmonary vasculature. Due to this modular structure, the 
currently used phenomenological module describing sarcomere mechanics can be replaced 
by a module that describes sarcomere mechanics from a physiological perspective92. 
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If a research question requires electro-mechanical coupling, a module describing the 
electrics on a microscopic level could be implemented in CircAdapt. More detailed 
electrophysiological questions, such as interaction between ion channels or activation 
propagation differences between endocardial and epicardial pacing, could be addressed 
by models describing electrical propagations in more detail85, 86, 89. Since CircAdapt is 
based on a one-fiber sarcomere model, finite element modeling on the mechanics would 
be required to address research questions related to the role of myofiber orientation of 
transmural differences85, 86, 89, 90.

As we have demonstrated in Chapter 4, the measured hemodynamic effect of CRT 
depends on the definition of response. In addition, there is no pre-clinical and only limited 
clinical91 evidence for a strong correlation between acute hemodynamic measurements 
and long-term reverse remodeling, or the relation between acute measures and survival 
rate92. Computer models could provide more insight in the relation between acute 
hemodynamic response and long term remodeling. However, the capability of currently 
used computer models to describe disease-related remodeling at the scale of the whole 
heart is limited. To date, the development of models describing cardiac tissue remodeling 
and growth is still in an early stage and requires further research93. Through further 
development of adaptation laws, CircAdapt can potentially provide more insights in the 
relation between acute hemodynamical and mechanical changes, and long-term reverse 
remodeling in terms of changes in wall thickness and cavity volumes94.

Future perspectives and clinical implications

The failure to explain and reduce the non-response rate to CRT can be attributed to 
incomplete understanding of basic cardiac physiology and pathophysiology and of the 
exact working mechanisms through which CRT exerts its beneficial or detrimental 
effect on cardiac pump function. By combining computer modeling with both animal 
experimental and clinical data, we provided new insights in the working mechanism of 
CRT. Eventually these insights can lead to an improved success rate of CRT, although 
clinical validation has to be performed first. 

The question remains whether a relatively complex and expensive technique as 
ECGi is required in all potential CRT candidates to identify whether or not they have an 
electrical substrate amenable to CRT. Therefore, further research is needed to determine 
whether simpler and cheaper techniques, which either use only the 12-lead ECG15, 17 or a so-
called ECG-belt (53 body surface electrodes)95, are capable of detecting right-to-leftward 
interventricular dyssynchrony to improve selection of responders to CRT. ECGi could 
potentially make a difference for those patients without prove of LBBB morphology on 
the 12-lead surface ECG, of which in some an increased interventricular dyssynchrony is 
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present. However, as these patients are more likely to have scar and other non-electrical 
comorbidities27, integration of diagnostic information on electrical and mechanical 
function of the same heart is essential and should be developed further. Biophysical 
computer models of the heart can play a key role, as they provide a computational 
platform for the integration of electromechanical data and hemodynamical data, based 
on widely accepted physical and physiological principles. As such, they can 1) increase 
our understanding of the interactions between cardiovascular electrics, mechanics and 
hemodynamics in the dyssynchronous human heart and 2) serve as a platform for patient-
specific simulations for in silico diagnostics and therapy planning. To date, patient-specific 
prediction of response in those patients who are most challenging to predict, i.e. those 
patients who do not response to CRT while experiencing a clear LBBB and those without 
LBBB who tend to respond, is not yet achieved. Therefore, further research is needed to 
determine which factors have to be incorporated in computational models to predict 
CRT response in a patient specific manner. In addition, it should be evaluated whether 
temporal and spatial resolution of the measurements currently used for patient-specific 
prediction suffice and where measurement accuracy should be improved.

Conclusions

The findings presented in this thesis illustrate that computer modeling can be a valuable 
tool to unravel the electromechanical interactions that affect response to CRT. By 
combining computer simulations with animal experimental or clinical data we showed 
that interventricular dyssynchrony is an important driver of response to CRT and that 
it can be accurately detected by non-invasive imaging. However, synchronization of 
interventricular dyssynchrony is not the sole determinant of hemodynamic improvement 
in patients receiving a pacemaker device. Proper orchestration of electrical and non-
electrical interventricular, atrioventricular and cardiac-circulatory interactions is required 
to achieve adequate CRT response in a patient with systolic heart failure.
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Summary

In patients with systolic heart failure, the heart’s pump function is impaired so that it 
cannot deliver the amount of blood demanded by the organs and the rest of the body. 
In 30% of the patients with systolic heart failure, reduced left ventricular (LV) ejection 
fraction coincides with conduction abnormalities in the form of bundle branch block. 
Whereas in the normal synchronously activated heart electrical activation travels 
through the fast conducting His-Purkinje system, a larger proportion of the ventricular 
myocardium is electrically activated through slow cell-to-cell conduction in a heart in 
which a ventricular conduction abnormality is present. Consequently, these cardiac 
conduction abnormalities can lead to larger than normal delays in electrical activation 
between the atria and ventricles (atrioventricular (AV) delay), between the right ventricle 
(RV) and LV (interventricular delay) and within the ventricles (intraventricular delay). As 
a result, mechanical contraction of the atria and ventricles becomes discoordinated and 
cardiac pump function is impaired.

Cardiac resynchronization therapy (CRT) aims to resynchronize cardiac electrical 
activation. Generally, CRT is performed through simultaneous pacing of both ventricles 
by an LV and RV electrode, accompanied by a right atrial electrode to sense or pace 
atrial electrical activation. As a consequence, LV systolic function is improved and 
survival rates increase. However, 30% to 50% percent of the patients receiving a CRT 
device do not respond to this expensive and invasive therapy. The ultimate goal of this 
thesis is to increase the success rate of CRT, first through improving our insight into the 
electromechanical interactions affecting cardiac function, and secondly by improving 
the quantification of these electromechanical interactions with non-invasive imaging. 
To improve the quantification and interpretation of electromechanical interactions, in 
silico exploration of these mechanisms was performed, as well as a combination of in silico 
modeling with animal experimental or with clinical data. 

In Chapter 2 we showed by in silico testing that interventricular rather than 
intraventricular dyssynchrony is the dominant ventricular electrical substrate driving 
response to CRT. In addition, computer simulations implied that variations in ventricular 
activation during pacing played a minor role in acute hemodynamic response to CRT, 
as opposed to the electrical substrate of the patient during intrinsic rhythm. These 
findings indicate that measuring interventricular dyssynchrony is essential to predict 
response to CRT. To investigate this further, we first showed with an animal experimental 
model of dyssynchrony that electrocardiographic imaging (ECGi) is an accurate and 
robust method to non-invasively quantify interventricular dyssynchrony (Chapter 3). 
The capacity to predict acute hemodynamic CRT response by ECGi-derived electrical 
activation characteristics was assessed by personalizing CircAdapt computer simulations 
with clinical ECGi data (Chapter 2). This combined clinical-computational evaluation 
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showed that interventricular dyssynchrony drives response to CRT, but that information 
on the ventricular electrical substrate alone does not allow accurate prediction of acute 
hemodynamic response to CRT on an individual basis.

The fact that it is impossible to accurately predict CRT response based on the 
ventricular electrical substrate alone, illustrates that (non-)response to CRT is a 
multifactorial problem. There is a growing number of retrospective clinical studies 
indicating that, in addition to ventricular resynchronization, improved LV filling through 
correcting abnormal AV-coupling is another essential component of response to CRT. 
In Chapter 4 we provided a first step towards a prospective clinical study on the effect 
of pacing in a patient population with abnormal AV-coupling and limited ventricular 
dyssynchrony. By performing a combined experimental-computational evaluation we 
showed that the effect of improving AV-coupling can potentially be beneficial in patients 
with a prolonged AV-delay. 

In addition to the electrophysiological substrate responsive to CRT, myocardial 
deformation patterns, particularly in the septum, may contain information to improve 
prediction of response to CRT. For accurate and robust interpretation of the measurements 
of septal mechanics, it is important to improve our mechanistic understanding on how 
the physiology of the cardiovascular system affects these imaging-based characteristics 
of septal mechanics. We therefore developed in Chapter 5 tools to derive septal motion 
and deformation characteristics from the CircAdapt model. In Chapter 6 we showed 
that abnormal septal motion and deformation in the presence of delayed LV free wall 
activation do not represent the same phenomenon. Computer simulations demonstrated 
that abnormal septal motion, as expressed by septal flash, is driven by early contraction of 
the RV free wall that exerts force on the septum and pulls it leftward when unopposed by 
contraction of the delayed LV free wall. In contrast, early septal shortening in the presence 
of delayed LV free wall activation was dependent on the onset of septal activation time. 
Non-invasive imaging-based measurement of septal deformation can therefore possibly 
provide more information on the relative timing of septal activation, which currently is 
impossible to measure using non-invasive ECGi. In addition to this dependency of septal 
mechanics on ventricular activation, the simulation results as presented in Chapter 5 
indicate that septal deformation and motion are also sensitive to the viability of the 
LV free wall. This observation strengthens the idea that non-invasive measurement of 
ventricular mechanics, if interpreted correctly, adds value to electrical measurements.

Once a patient is selected to receive a CRT device, delivery of the treatment can affect 
the outcome of the patient. In Chapter 7 we showed by means of computer simulation 
that scarred tissue does not preclude response to CRT, but that the LV lead should be 
placed in a balanced position remote from both the scarred region and the RV electrode. 
Hence, maximal hemodynamic benefit through CRT can be achieved by activating the 
viable tissue as synchronously as possible. 
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The findings presented in this thesis illustrate that computer modeling can be a 
valuable tool to unravel the electromechanical interactions that affect response to CRT. 
By combining in silico analysis with animal experiments or patient data we showed that 
interventricular dyssynchrony, although it is an important driver of response to CRT and 
can be measured by non-invasive imaging, is not the sole determinant of hemodynamic 
improvement in patients receiving a pacemaker device. In addition to interventricular 
synchronization, other electrical and non-electrical factors require correct orchestration 
to achieve an optimal CRT response in a patient with systolic heart failure.
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Samenvatting

Omdat de pompfunctie van het hart in patiënten met systolisch hartfalen is verminderd, 
kan de door de organen gevraagde hoeveelheid bloed niet geleverd worden. In 30% van 
de patiënten met systolisch hartfalen is er naast een verminderde pompfunctie van het 
linker ventrikel (LV) ook een abnormaliteit in het elektrische geleidingssysteem. In een 
normaal synchroon geactiveerd hart verspreidt de elektrische activatie zich door het 
snel geleidende His-Purkinje netwerk. In een patiënt met een bundeltakblok wordt een 
groter gedeelte van het hartweefsel geactiveerd via een veel langzamere elektrische cel-
tot-cel geleiding. Als gevolg van deze vertraagde elektrische geleiding, is er een verlengd 
tijdsverschil in elektrische activatie tussen de atria en ventrikels, tussen het rechter 
ventrikel (RV) en LV en binnen de ventrikels. Deze vertragingen in elektrische activatie 
leiden tot een ongecoördineerd samentrekken van de hartspier, hetgeen de pompfunctie 
van het hart drastisch verlaagt.

Cardiale resynchronisatietherapie (CRT) heeft als doel de synchrone activatie van het 
hart (gedeeltelijk) te herstellen. Gebruikelijk wordt er bij CRT een pacemaker geplaatst 
met een elektrode in beide ventrikels om synchrone ventriculaire activatie te verkrijgen. 
Daarnaast wordt er een elektrode geplaatst in het rechter atrium, bedoeld voor het 
detecteren of activeren van atriale elektrische activatie. Als gevolg van de ventriculaire 
elektrische synchronisatie kan de pompfunctie van het hart verbeteren en stijgt de 
overlevingskans van een patiënt. In 30% tot 50% van alle patiënten leidt CRT echter 
niet tot een aantoonbare verbetering. Het uiteindelijke doel van dit proefschrift was 
om de effectiviteit van deze dure therapie, die bovendien tot complicaties kan leiden, te 
verbeteren. Ten eerste trachtten we in dit proefschrift onze inzichten te verbeteren in 
de elektromechanische interacties die invloed hebben op de pompfunctie van het hart. 
Ten tweede stelden we als doel de kwantificatie van deze elektromechanische interacties 
met niet-invasieve meettechnieken te verbeteren. Om nauwkeurige kwantificatie en 
correcte interpretatie van deze elektromechanische interacties te bewerkstelligen, zijn 
in dit proefschrift zowel studies uitgevoerd gebruikmakende van computersimulaties, 
als ook studies waarin computersimulaties zijn gecombineerd met dierexperimenten of 
klinische metingen in patiënten.

In hoofdstuk 2 hebben we met computersimulaties aangetoond dat niet de 
abnormaliteiten in activatie binnen de ventrikels (intraventriculair), maar vertragingen 
in activatie tussen de ventrikels (interventriculair) belangrijk zijn voor de effectiviteit 
van CRT. Bovendien bleek uit computersimulaties dat intrinsieke activatieverschillen 
in een patiënt het gemeten hemodynamische effect van CRT veel minder beïnvloeden 
dan verschillen in activatie tijdens het pacen. Deze bevindingen impliceren dat het 
kwantificeren van intrinsieke interventriculaire activatieverschillen essentieel is om de 
effectiviteit van CRT in een patiënt te voorspellen. 
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Om dit activatiefenomeen verder te kunnen onderzoeken hebben we allereerst 
in een diermodel aangetoond dat ‘electrocardiographic imaging’ (ECGi) een robuuste 
meettechniek is om accuraat en niet invasief interventriculaire activatieverschillen in beeld 
te brengen en te kwantificeren (hoofdstuk 3). Vervolgens werden computersimulaties 
gepersonaliseerd met data betreffende in patiënten gemeten ventriculaire activatie 
(hoofdstuk 2). Zodoende kon worden aangetoond dat interventriculaire activatievertraging 
de belangrijkste ventriculaire elektrische voorspeller is of in een patiënt de pompfunctie 
met CRT verbeterd kan worden. Echter, het effect van CRT kon niet op een individuele 
basis voorspeld worden wanneer alleen gebruik gemaakt werd van informatie over het 
ventriculaire elektrische substraat.

Het feit dat het onmogelijk is om het effect van CRT nauwkeurig te voorspellen 
op basis van enkel en alleen interventriculaire elektrische activatie, toont aan dat 
het niet-responderen op CRT een multifactorieel en complex probleem is. Er is een 
groeiend aantal van retrospectieve klinische studies waarin wordt geïmpliceerd dat het 
verbeteren van de vullingsstatus van de ventrikels een essentiële component is van het 
werkingsmechanisme van CRT. De vullingsstatus van de ventrikels wordt mede bepaald 
door tijdsverschil in activatie tussen de atria en ventrikels (AV-koppeling). In hoofdstuk 4  
hebben we een eerste stap gezet naar een prospectieve klinische studie waarin het 
effect van CRT wordt onderzocht in een patiëntenpopulatie zonder abnormaliteiten in 
ventriculaire elektrische activatie maar met abnormale AV-koppeling. Door middel van 
een combinatie van dierexperimenten en computersimulaties hebben we aangetoond dat 
CRT mogelijk effectief is in patiënten met enkel en alleen een verlengde AV-vertraging.

Niet alleen metingen van het elektrisch substraat, maar ook metingen van deformatie 
en bewegingspatronen van het hartweefsel, met name in het septum, bevatten mogelijk 
informatie over de onderliggende pathologie in een patiënt. Met deze informatie zou op 
voorhand de effectiviteit van CRT beter voorspeld kunnen worden. Echter, inzicht in de 
invloed van het cardiovasculaire systeem op de mechanica van het septum is essentieel 
voor een accurate en robuuste interpretatie van de deformatie en beweging van het 
septum. Om de mechanica van het septum te kunnen onderzoeken, hebben we in 
hoofdstuk 5 een methode ontwikkeld om zowel septale beweging als karakteristieken van 
deformatie uit computersimulaties af te leiden. In hoofdstuk 6 hebben we met behulp 
van computersimulaties onthuld dat abnormale septale beweging en deformatiepatronen 
in niet-synchroon geactiveerde harten een verschillende oorzaak kunnen hebben. Met 
het computermodel is aangetoond dat abnormale septale bewegingspatronen worden 
veroorzaakt door een vervroegde samentrekking van de RV vrije wand ten opzichte van de 
vertraagde LV vrije wand. Dit is in tegenstelling tot abnormale septale deformatie, hetgeen 
veroorzaakt wordt door een vroege contractie van het septum ten opzichte van de LV vrije 
wand. Niet-invasieve metingen van septale deformatie patronen kunnen zodoende gebruikt 
worden in aanvulling op ECGi metingen om het moment van septale activatie te bepalen. 
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Naast de invloed van ventriculaire activatie op septale mechanica, impliceren 
de resultaten van de simulaties uitgevoerd in hoofdstuk 5 dat de mechanica van het 
septum informatie bevat over de vitaliteit van het hartweefsel in de LV vrije wand. Deze 
observatie versterkt de gedachte dat niet-invasieve metingen van ventriculaire mechanica 
van toegevoegde waarde kunnen zijn voor het voorspellen van het effect van CRT naast 
metingen van de elektrische activatie.

Als een patiënt eenmaal geselecteerd is voor CRT, kan de uitvoering van de therapie 
invloed hebben op het succes van de behandeling. In hoofdstuk 7 is met computersimulaties 
aangetoond dat CRT ook een positief effect kan hebben in harten met een infarctgebied 
met littekenweefsel, maar dat een goede plaatsing van de LV elektrode hiervoor wel 
essentieel is. De optimale locatie voor de LV elektrode in harten met een infarctgebied 
met littekenweefsel is de plek die zo ver mogelijk weg ligt van zowel het infarctgebied 
als de locatie van de RV elektrode.  Pacen vanaf deze optimale LV elektrodelocatie leidt 
ertoe dat het gezonde hartweefsel zo synchroon mogelijk wordt geactiveerd.

De gepresenteerde bevindingen in dit proefschrift tonen aan dat computersimulaties 
het effect van elektromechanische interacties op de effectiviteit van CRT bloot kunnen 
leggen. Door computersimulaties met dierexperimenten en klinische patiënten data 
te combineren, hebben we laten zien dat de mate van intrinsieke interventriculaire 
activatievertraging zeer bepalend is voor de effectiviteit van CRT en dat deze vertraging 
gemeten kan worden met niet-invasieve meettechnieken. Desalniettemin is het van belang 
dat naast interventriculaire synchronisatie ook andere elektrische en niet-elektrische 
factoren goed op elkaar worden afgestemd om het maximaal mogelijk haalbare effect 
van CRT te bereiken in patiënten met systolisch hartfalen.
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Résumé

Chez les patients souffrant d’insuffisance cardiaque systolique, la fonction de la pompe 
cardiaque est endommagée et le cœur ne peut donc pas distribuer la quantité de sang 
nécessaire aux organes et au reste du corps. Chez 30% des patients atteints d’insuffisance 
cardiaque systolique, une fraction d’éjection ventriculaire gauche diminuée coïncide avec 
des troubles de la conduction sous forme de bloc de branche. Dans un cœur où l’activation 
est normale et synchrone, l’activité électrique se propage à travers le réseau d’His-Purkinje 
de conduction rapide, tandis que dans un cœur atteint d’un trouble de la conduction 
ventriculaire, une plus grande portion du myocarde ventriculaire est électriquement 
activée par la conduction de proche en proche lente. Ces troubles de la conduction 
cardiaque peuvent donc mener à des délais de conduction plus grands qu’ordinaire entre 
les oreillettes et les ventricules (délai atrioventriculaire (AV)), entre le ventricule droit 
(VD) et le ventricule gauche (VG) (délai interventriculaire) et au sein des ventricules 
(délai intraventriculaire). En conséquence, la contraction mécanique des oreillettes et 
des ventricules se désynchronise et la pompe cardiaque est diminuée. 

La thérapie de resynchronisation cardiaque (TRC) a pour but de resynchroniser 
l’activité électrique cardiaque. En général, la TRC est effectuée par stimulation simultanée 
des deux ventricules avec une sonde d’entraînement ventriculaire gauche et ventriculaire 
droite, ainsi qu’une sonde d’entraînement auriculaire droite pour mesurer ou stimuler 
l’activation électrique auriculaire. En conséquence, la fonction systolique est améliorée 
et le taux de survie augmente. Cependant 30% à 50% pourcent des patients recevant un 
dispositif de TRC ne bénéficient pas de cette thérapie onéreuse et invasive. L’objectif final 
de cette thèse est d’accroître le taux de réussite de la TRC, tout d’abord en élargissant nos 
connaissances sur les interactions électromécaniques qui affectent la fonction cardiaque, 
et ensuite en améliorant la quantification de ces interactions électromécaniques grâce à 
des méthodes d’imagerie non-invasive. Pour améliorer la quantification et l’interprétation 
de ces interactions électromécaniques, nous avons réalisé une exploration in silico de ces 
mécanismes, et combiné cette modélisation in silico avec des études animales ou des 
données cliniques. 

Dans le chapitre 2, nous avons prouvé, au moyen d’un test in silico, que c’est l’asynchronie 
interventriculaire plutôt qu’intraventriculaire qui est le substrat électrique ventriculaire 
dominant déterminant la réponse à la TRC. De plus, les simulations informatiques ont 
suggéré que les variations d’activation ventriculaire pendant la stimulation électrique 
jouent un rôle mineur dans la réponse hémodynamique immédiate à la TRC, contrairement 
au substrat électrique du patient en rythme intrinsèque. Ces résultats indiquent donc 
que mesurer l’asynchronie interventriculaire est essentiel pour prédire la réponse à la 
TRC. Pour étudier cela plus en détail, nous avons tout d’abord démontré, en utilisant un 
modèle expérimental animal d’asynchronie, que l’electrocardiographic imaging (ECGi) 
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est une méthode précise et fiable pour quantifier l’asynchronie interventriculaire de 
manière non invasive (chapitre 3). La possibilité de prédire la réponse hémodynamique 
immédiate à la TRC avec des paramètres d’activation dérivés de l’ECGi a été évaluée grâce 
à la personnalisation de simulations informatiques CircAdapt avec des données ECGi 
(chapitre 2). Cette évaluation combinant étude clinique et modélisation a établi que 
l’asynchronie interventriculaire détermine la réponse à la TRC, mais que des informations 
uniquement sur le substrat électrique ventriculaire ne permettent pas une prédiction 
précise de la réponse hémodynamique immédiate à la TRC sur un plan individuel. 

Le fait qu’il soit impossible de prédire exactement la réponse à la TRC en se basant 
uniquement sur le substrat ventriculaire électrique indique que la (non-)réponse à la 
TRC est un problème multifactoriel. De plus en plus d’études cliniques rétrospectives 
démontrent que, en plus de la resynchronisation ventriculaire, l’amélioration du 
remplissage du VG grâce à la correction d’une asynchronie atrioventriculaire est un 
autre élément essentiel à la réponse à la TRC. Dans le chapitre 4, nous proposons une 
première étape vers une étude clinique prospective explorant les effets de la stimulation 
électrique dans une population de patients atteints d’asynchronie atrioventriculaire avec 
une asynchronie ventriculaire limitée. En réalisant une évaluation à la fois expérimentale 
et informatique, nous avons démontré qu’améliorer la synchronicité atrioventriculaire 
peut être bénéfique chez des patients atteints d’un ralentissement de la conduction 
atrioventriculaire. 

Outre le substrat électrophysiologique répondant à la TRC, des motifs de la déformation 
du myocarde, en particulier dans le septum, pourraient contenir des informations utiles 
pour améliorer la prédiction de la réponse à la TRC. Pour interpréter les mesures de 
mécanique septale de manière précise et robuste, nous devons mieux comprendre 
les mécanismes par lesquels le système cardiovasculaire influence ces paramètres de 
mécanique septale obtenus par imagerie. Nous avons donc, dans le chapitre 5, développé 
des techniques pour obtenir les paramètres de mouvement et de déformation du septum à 
partir du modèle informatique CircAdapt comme indiqué. Dans le chapitre 6, nous avons 
montré que des anomalies dans le mouvement et la déformation du septum en présence 
d’un délai d’activation de la paroi libre du VG ne représentent pas le même phénomène. La 
modélisation informatique a démontré que le mouvement anormal du septum, traduit par 
un flash septal, est dû principalement à une contraction précoce de la paroi libre du VD qui 
exerce alors une force sur le septum et l’attire vers la gauche quand il n’y a pas d’opposition 
par la contraction retardée de la paroi libre du VG. Au contraire, le raccourcissement 
précoce du septum en présence d’activation retardée de la paroi libre du VG dépend du 
début de l’activation septale. Des mesures de la déformation septale obtenues par imagerie 
non invasive peuvent donc fournir potentiellement plus d’informations sur le moment 
relatif de l’activation septale, ce qui est pour l’instant impossible à mesurer avec l’ECGi non 
invasif. Outre cette dépendance des mécaniques septales de l’activation ventriculaire, les 
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simulations présentées dans le chapitre 5 indiquent que la déformation et le mouvement 
du septum sont également sensibles à la viabilité de la paroi libre du VG. Cette observation 
renforce l’idée selon laquelle des mesures non invasives de la mécanique ventriculaire, 
si elles sont interprétées correctement, ajoutent de la valeur aux mesures électriques. 

Dès lors qu’un patient est choisi pour recevoir un dispositif de TRC, la manière dont le 
traitement est administré peut avoir un effet sur les bénéfices du patient. Dans le chapitre 7,  
nous avons démontré grâce à des simulations informatiques que la présence de tissu 
cicatriciel n’exclut pas une réponse positive à la TRC, mais que la sonde d’entraînement du 
VG doit être placée à une position équilibrée, éloignée à la fois du tissu cicatriciel et de la 
sonde d’entraînement du VD. Par conséquent, un bénéfice hémodynamique maximal peut 
être obtenu avec la TRC, par l’activation du tissue viable de la manière la plus synchronisée 
possible. 

Les résultats présentés dans cette thèse indiquent que la modélisation informatique 
peut être un outil précieux pour démêler les interactions électromécaniques qui affectent 
la réponse à la TRC. En combinant une analyse in silico avec des études animales et des 
données de patients, nous avons démontré que l’asynchronie interventriculaire, bien 
qu’elle soit un acteur majeur dans la réponse à la TRC et mesurable de manière non 
invasive, n’est pas le seul et unique facteur déterminant l’amélioration hémodynamique 
des patients qui reçoivent un pacemaker. En plus de la resynchronisation interventriculaire, 
d’autres facteurs électriques et non électriques nécessitent une orchestration adéquate 
pour obtenir une réponse optimale à la TRC chez des patients souffrants d’insuffisance 
cardiaque systolique.
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Valorization

Introductory remarks
Approximately 230,000 people are suffering from heart failure (HF) in the Netherlands 
alone. Annually, 31,000 patients are hospitalized and 7,700 die due to HF1. The total costs 
of HF treatment equaled 937 million euros in 2017 in the Netherlands, representing a 
severe economic burden2.

In those patients with dyssynchronous HF, i.e. reduced LV ejection fraction (<35%) and 
increased QRS duration (>120 ms), cardiac resynchronization therapy (CRT) has proven the 
most effective treatment3-5. In general, CRT aims to resynchronize atrial, right (RV) and 
left ventricular (LV) activation, resulting in improved pump function of the heart. Hence, 
CRT has been shown to reduce HF symptoms and mortality, and improve quality of life in 
dyssynchronous HF patients3, 6. Each year, approximately 3,100 CRT devices are implanted for 
treatment of dyssynchronous HF in the Netherlands, a number which is growing7. However, 
30% to 50% of the patients treated with CRT according to the current guidelines do not benefit 
from this highly invasive and expensive pacemaker device3, 6, 8, while potential responders who 
do not fulfill current guidelines may be withheld from receiving this therapy.

By combining cardiovascular computer modeling with animal experiments or 
patient data, the ultimate goal of this thesis was to increase the success rate of CRT. 
This chapter addresses the valorization potential of this work and presents how the 
combined computational, experimental and clinical research as presented in this thesis 
may impact society.

Innovation in cardiovascular computer modeling: who benefits how?
The first step of valorization is to transfer knowledge among academic and non-academic 
peers. In addition to transferring knowledge, it is important to consider how the research 
performed in this thesis can actually be used by the society. The latter valorization aspect 
of societal impact is presented in detail for each peer group below.

Innovation in patient care:
Each patient is different: a large variability in the underlying pathology 
is present among patients with dyssynchronous HF. As shown in this 
thesis, these inter-individual variations in pathology make treatment of 
dyssynchronous HF a complex puzzle. Therefore, it requires a personalized 

approach to solve the clinical problem of non-response to CRT which goes beyond the use 
of the 12-lead body surface electrocardiogram (ECG) as a sole diagnostic tool.

As an initial step towards personalized treatment of dyssynchronous HF, we 
showed in Chapter 2 that interventricular dyssynchrony (activation delay between the 
RV and the LV) is the major driver of response to CRT. To translate this novel insight 
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into clinical application, we provided evidence that commercially available noninvasive 
electrocardiographic imaging (ECGi; CardioInsightTM, Medtronic, Minneapolis, MN) can 
be used in a real world clinical setting to assess interventricular dyssynchrony in HF 
patients eligible for CRT (Chapter 3). Although this thesis provides important supportive 
data for the clinical introduction of interventricular dyssynchrony measures to improve 
patient selection for CRT, we foresee two major challenges that are essential to overcome 
to achieve clinical adoption and application on a larger scale. 

First of all, ECGi may be too advanced and too expensive to be used to measure 
interventricular dyssynchrony in a routine clinical setting. It has to be investigated 
whether interventricular dyssynchrony can be accurately detected by simpler and cheaper 
techniques. As also noted in an editorial comment to our work by Waks et al.9, insights 
obtained in Chapter 2 and Chapter 3 can be used to further improve relatively simple non-
invasive measurements currently being developed to measure dyssynchronous ventricular 
activation. Two examples of these simple and non-invasive measurements are the ECG-
belt (Medtronic, Minneapolis, MN)10 and QRSAREA, a 12-lead ECG derived measurement 
under development at Maastricht University11. In addition, revealing the mechanisms 
underlying abnormal septal motion in Chapter 6 enables further development of 
ultrasound and magnetic resonance imaging techniques for characterizing ventricular 
activation in the individual patient. 

Although the predictive value of interventricular dyssynchrony for acute hemodynamic 
response to CRT is larger than current conventional 12-lead ECG measurements (Chapter 
2), we foresee a second challenge that has to be addressed to reach clinical application 
of interventricular dyssynchrony measures. In Chapter 2 we were unable to predict 
acute hemodynamic response to CRT on an individual basis based on interventricular 
dyssynchrony alone. These results emphasize that electrical measurements alone give 
an incomplete picture of the underlying pathologies determining response to CRT in 
patients with dyssynchronous HF. Response to CRT cannot be predicted by “just” one 
number, but integration of multiple noninvasive imaging modalities and measurements 
is required to accurately predict response to CRT for each patient.

The open source CircAdapt cardiovascular model (www.circadapt.org) used in this 
thesis describes electro-mechanical and hemodynamic interactions based on physical 
and physiological principles. This makes the model the ideal platform to integrate multi-
modality diagnostic data into a virtual patient simulation. This in silico approach has the 
potential to improve diagnostics and tailor treatment to the patient’s electro-mechanical 
and hemodynamic characteristics (Figure 1). Insights derived in this thesis provide an 
essential step towards accurate integration of patient's measurements into the modeling 
platform to perform personalized medicine. 
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A key player in patient care is the health care provider. In the short 
term, computer modeling-enriched interpretation of non-invasive 
measurements and response to CRT will help the health care provider to 
improve patient selection and therapy delivery among dyssynchronous HF 

patients. In the future, integration of non-invasive imaging into a computer simulation 
platform may lead to a cheap decision support to optimize patient care. 

PATIENT

VIRTUAL PATIENT

MULTI-SCALE & MULTI-PHYSICS
DATA INTEGRATION / MODEL PERSONALIZATION

(I) PERSONALIZED DIAGNOSES AND TREATMENT
Pre-procedure simulation of the intervention

(II) VIRTUAL RESEARCH PLATFORM
Investigate the application of novel treatments in many cardiac

pathologies

Figure 1. By integrating multi-modality diagnostic data of the patient, the CircAdapt model is an ideal 
platform for (I) modeling-guided decision making in patient care and (II) to investigate novel treatment 
options in a safe and cheap cohort of virtual patients with multiple cardiac pathologies.

Innovation in scientific research:
The work performed in this thesis is not limited to solely patient care, 
but also has a beneficial impact on scientific research (Figure 1). By 
sharing the CircAdapt source code in addition to publishing methods 
and interpretation of results, transfer of knowledge is guaranteed. In 

addition, this thesis provides several examples of 1) enhancing mechanistic understanding 
of clinical observations (Chapter 6); 2) generating new hypotheses through simulation 
studies (Chapter 7); and 3) translating animal experimental (Chapter 4) or computer 
simulation-derived insights (Chapter 2) into clinical applications. This way of 
performing in silico research is not limited to CRT, but is applicable to many other 
cardiovascular diseases. 

On the one hand, computer models provide an integrative platform 
linking all the factors that affect cardiovascular function based 
on physical and physiological principles, while on the other 
hand they can isolate specific factors and their effect on cardiac 
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performance in a controlled manner. Although well-controlled animal experiments 
have been developed based on the same physical and physiological principles, 
practical and ethical issues limit the interventions that can be performed12. 
The usage of computer modeling in this thesis is therefore in line with new 
policies to reduce and refine animal experiments13. As shown in Chapter 4,  
computer simulations can complement, enhance and refine animal experiments, hence 
we were able to reduce the number of animals used in this study. The potential effect 
of discrepancies between animals and humans, such as heart rate and ventricular 
dyssynchrony, were investigated with the computer model to allow accurate 
translation of animal experiments towards the clinical setting. It is important to 
note that results derived from animal experiments were used to validate and confirm 
simulation-derived hypotheses, showing a true synergy between animal experiments 
and computer simulations.

The costs of the development of a drug or medical device are extremely 
high and the route from initial idea to an approved product on the 
market is very long. The health care industry plays a major role in the 
development of new products, especially when it comes to clinical testing 
in large multicenter trials. Similar to animal experiments, simulations 

of specific cardiovascular pathologies can complement, enhance and refine clinical 
trials. As specified in the AVICENNA roadmap project14, performing these so called 
in silico clinical trials can increase the efficiency of clinical trials and therefore reduce 
their costs and risk for patients. In Chapter 4 we closed the gap between our animal 
experiments and a currently ongoing clinical trial. In addition to animal experiments, 
CircAdapt simulations provided more insight in the effects of heart rate and ventricular 
dyssynchrony in a virtual cohort of prolonged PR interval patients, allowing us to 
develop a more efficient clinical trial protocol. Using computer simulations to improve 
clinical trial efficiency is currently gaining more attention from diagnostic imaging 
companies (e.g. Philips and GE) and device manufacturers (e.g. Medtronic and Abbott) 
resulting in collaboration between the health care industry and our research group at 
Maastricht University. 

Computer modeling-guided treatment of patients has the potential to 
become efficient and cheap, reducing the economic burden of health 
care for the society. Reliable and cheap alternatives for both animal 
experiments and clinical trials allow reallocation and more efficient use 
of research budgets. In addition, investments will more quickly result in 

products as time from initial development to clinical application of new diagnostic and 
therapeutic innovations shortens.
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Innovation in medical education:
Both a Matlab (MathWorks, Natick, NA) version of the open source 
CircAdapt cardiovascular computer model intended for research and a 
user-friendly interface of the CircAdapt simulator tool are available for 
free and disseminated through the CircAdapt web-portal: www.circadapt.

org. The user-friendly CircAdapt simulator not only enables education of relatively simple 
physical and physiological principles to medical students, but also allows more advanced 
education for cardiology fellows in training through simulation of complex virtual 
clinical cases. 

Concluding remarks
Non-response to CRT has a major societal impact as many patients do not respond to 
this invasive and expensive therapy. This thesis sheds more light on the role of computer 
modeling, both to improve diagnosis and treatment of individual patients with different 
cardiac pathologies as well as to enhance the efficiency, safety and costs of cardiovascular 
(pre-)clinical research. For the near future, the usage of computer modeling-enriched 
imaging technologies as presented in this thesis will improve patient selection and 
treatment of CRT candidates. These developments are not only important to improve 
patient care on the short term, but are also required to move forward towards personalized 
medicine in which computer modeling is a safe, reliable and cheap platform to guide both 
health care providers and (pre-)clinical scientists. 
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