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The pumping action of the healthy human heart ensures circulation of 

blood through our cardiovascular system. Normal cardiac pump function 

is by no means self-evident, but requires all four chambers to work 

together in a continuous and tightly coordinated effort. Cardiac muscle 

tissue and thereby the heart contracts when it is triggered with an 

electrical stimulus. In a normal heart cycle the first electrical stimulus 

originates from the sinoatrial node (SA node), located in the upper part 

of the right atrium. The resulting electrical wave front travels over, and 

activates the right and left atrium, and reaches the atrioventricular node 

(AV node). In a healthy heart, the AV node is the only location where 

electrical signals can propagate from the atria to the ventricles. In the AV 

node the electrical wave front propagation is slower than in cardiac tissue, 

causing a delay between atrial and ventricular activation. Propagation 

within the ventricle is fast as a result of the fast conducting His-Purkinje 

system. Starting from the AV node the electrical wave front travels at high 

velocity through the bundle of His, down the right and left bundle 

branches towards the Purkinje fibers. This results in an efficient 

synchronous contraction because the fast conduction systems allows all 

segments of the ventricles to contract within a short time1.  

Disturbances in normal electrical conduction in the heart affect cardiac 

function. In this thesis we mainly focused on two cardiac conduction 

disturbances: 

1. Blockage of the AV node (AV block): This leads to electrical 

uncoupling of atria to ventricles. As a result, the ventricles do not 

contract frequently enough (ventricular bradycardia) which can 

lead to insufficient blood flow which in its turn results in syncope 

and/or organ under perfusion. 

2. Blockage of parts of the ventricular rapid conduction system, such 

as left and right bundle branch: Leading to dyssynchronous 

ventricular activation and a less efficient contraction. In ventricular 

dyssynchrony early activated regions start to shorten before aortic 
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valve opening, thereby stretching later activated regions. Once 

these pre-stretched late activated regions are activated , they 

contract more forcefully due to the local Frank-Starling effect. The 

stronger contraction causes mid-systolic stretching of the earlier 

activated regions. Part of the work performed by the ventricle 

during ventricular dyssynchrony is thus used for stretching 

ventricular segments activated at another time, instead of building 

up ventricular pressure. Left ventricular dyssynchrony is 

associated with a higher risk of heart failure and mortality2,3.  

When disturbances in electrical conduction lead to acute symptoms or 

increase in mortality, artificial electrical stimulation of the heart (cardiac 

pacing) can support or take over a patients’ electrical activation. In cardiac 

pacing, electrode(s) are placed in or on the atria and/or ventricle(s) to 

provide an electrical stimulus. Cardiac pacing is predominantly, and for 

already more than 60 years, used in patients with symptomatic 

bradycardia, including patients with AV block. In these patients, cardiac 

pacing restores the natural heart rate and cardiac output to provide 

sufficient blood circulation for organ perfusion. However, conventional 

RV pacing causes an abnormal, more dyssynchronous activation 

compared to normal healthy activation. In bradycardic patients with a 

normal left ventricular (LV) ejection fraction, it was shown that 

conventional RV pacing can result in remodeling, atrial fibrillation and 

heart failure4,5. Moreover, AV delay is important to create optimal 

coupling between atria and ventricles.  

A newer pacemaker therapy is  cardiac resynchronization therapy (CRT). 

CRT can be applied in patients with ventricular conduction abnormalities 

like left bundle branch block (LBBB)  to restore a more synchronous 

activation by pacing both ventricles6. This recommendation is largely 

based on numerous randomized control trials, demonstrating reduced 

all-cause mortality and/or hospitalization in CRT-treated patients7–10. 

However, 30% of patients show no response to CRT11,12, even some 
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patients fulfilling strict criteria for LBBB13. The amount of  response of a 

patient to CRT depends on the underlying pathology and the delivery of 

the pacing therapy 14,15, delivery of the therapy can be modulated by 

choosing one or more good pacing sites and programming adequate 

delays of stimulation between the pacing electrodes (AV and VV).  

Optimizing pacing therapy 

In a cardiac pacemaker the moment of electrical stimulation and delay 

between different stimulations (pacing delay) can be programmed. 

Therefore the pacing delay is one of factors that can be used to optimize 

the benefit of pacing in a pacemaker recipient. Numerous studies have 

shown that atrio-ventricular delay can optimize ventricular filling while the 

ventriculoventricular delay can improve the ventricular activation 

pattern16–18. However, numerous optimization methods exist that provide 

different ‘optimal’ settings19. Furthermore, a metanalysis of pacing delay 

optimization studies in CRT showed no long-term benefits of optimizing 

pacing delay settings17.  

In light of the abovementioned studies, it is not completely understood 

what parameter should be used to optimize pacemaker therapy. For 

example, most studies focus on LV function alone while right ventricular 

(RV) function is also affected by ventricular pacing20. Furthermore, several 

studies show that RV failure is an independent predictor of mortality in 

patients with LV failure with and without CRT21,22. These data indicate that 

a whole-heart approach to pacing therapy optimization should be 

adopted. In the present thesis, we will use computer simulations of 

cardiovascular system dynamics to perform such a whole-heart 

investigation of pacing therapy optimization. 
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Mechanical consequences of abnormal ventricular 

conduction 

As previously explained, electrical dyssynchrony leads to mechanical 

dyscoordination. Measuring mechanical dyscoordination can thus 

potentially be used for better selection of patients for CRT. Studies into 

CRT patient selection have mainly focused on better identifying patients 

with LBBB-like mechanical dyscoordinationn. In LBBB the septum is 

activated early compared to the LV lateral wall, resulting in early septal 

shortening and systolic septal rebound stretch. These abnormal 

deformations of the septum have been studied using echocardiography 

and were found to be associated with outcome in CRT patients 23–25.  

CRT response can potentially also be predicted using regional 

myocardial work, the integral of deformation and pressure over a cardiac 

cycle 24,26. Recently, a method was introduced that allows measurement 

of this regional work through echocardiography combined with a simple 

brachial artery cuff pressure measurements27. In earlier animal-

experimental studies invasive LV pressure and non-invasive measures of 

myocardial strain were used. These studies showed low, sometimes 

negative, myocardial work in the early-activated septum and enhanced 

myocardial work in the late-activated LV lateral wall during RV pacing28 

and LBBB29. It was also previously shown that these measures of regional 

myocardial work relate to regional metabolism30 and changes in 

ventricular wall mass29.  

The mechanical consequences of ventricular electrical dyssynchrony can 

be measured and appear to be associated to CRT response in numerous 

single center trials. Such measures have however not been added to the 

recent guidelines, indicating the additive value of these imaging based 

measures is debatable. It is still unknown how typical pathophysiological 

variations, such as hypertension, affect deformation and myocardial work. 

In the present thesis we will use computer simulations to assess if and how 
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mechanical consequences of abnormal ventricular conduction are 

affected by more than ventricular conduction alone. 

 

Computational modeling of the paced heart 

Computer models provide a description of situations through 

simulations. The simulated outcome always depends on the relations and 

simulation conditions assumed. Computer simulations therethrough 

allow a level of control that is not always physically, ethically or financially 

possible within animal or clinical studies. Computer modeling thus 

enables forming of new insights, also in the context of cardiac pacing31–33. 

Many models were developed around the same time CRT was 

introduced. This led to computational studies on electrophysiology and 

mechanics at multiple levels (cell, tissue and organ scales) as well as 

hemodynamics (system scale)31. The ultimate goal of computer modeling 

in a cardiac pacing context is to maximize the efficacy and efficiency of 

pacing therapy in each patient. 

In this thesis we used CircAdapt to study factors influencing cardiac 

pacing response. CircAdapt is a lumped parameter model that enables 

real-time beat-to-beat simulations of the mechanics and hemodynamics 

of the human cardiovascular system under physiological and 

pathophysiological circumstances34–36. The model consists of connected 

modules which represent the atria, ventricles, myocardial tissue, the 

pericardium, valves, large blood vessels, and a module representing the 

systemic and pulmonary vasculature. The CircAdapt model is particularly 

apt to simulate cardiac pacing because it describes the physiology and 

physics of atrioventricular coupling, the mechanical interaction between 

the ventricles as well as the interaction between the ventricles and the 

circulatory system that itself leads to ventricular hemodynamic 

interaction. The serial and parallel coupling of the LV and RV makes 

CircAdapt particularly useful for whole-heart simulations. 
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CircAdapt has been used in the context of cardiac pacing to extend 

insights of existing clinical and animal experimental data37,38 or to form 

new hypotheses based on simulations alone 39–41. This thesis builds further 

upon this work, using CircAdapt in a whole-heart approach to extend 

insights into the working mechanisms of cardiac pacing. 

 

General aim and outline of thesis 

In this thesis we wholeheartedly computationally assessed cardiac pacing 

to better understand how cardiac pacing therapy and patient selection 

thereof can be optimized. In line with this, the general aim of this thesis 

was to improve our mechanistic understanding of how the variable 

aspects of pacing therapy delivery influence cardiac pump function.  

In Chapters 2 and 3 we investigated the functional consequences of 

optimization of pacing delays. Chapter 2 specifically focuses on how the 

hemodynamic response to optimization of the atrioventricular (AV) delay 

is affected by different timing factors. We used simulations in which inter-

atrial delay, pacing site and heart rate were varied to check the effects on 

AV flow dynamics and global hemodynamics.  

In Chapter 3 we extended analysis of previous canine experimental work 

from Strik et al16 with measurements of the RV. Measured electrical 

activation times were used as direct input for the timing differences in 

contraction of the RV and LV in the CircAdapt model. Differences 

between LV and RV hemodynamic responses were investigated and 

linked to the whole heart cardiac output that was available in the 

simulations.  

Studies looking into the prediction of response to CRT often focus only 

on electrical measurements performed before CRT implant. In Chapter 4 

we investigated whether pacing‐induced electrical dyssynchrony at the 

time of cardiac resynchronization therapy (CRT) device implantation was 
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associated with chronic CRT response. To assess pacing-induced 

electrical dyssynchrony we used electrograms, measured during CRT 

implant, to determine the interlead paced-to-sensed delays: the time 

interval between a pacing artefact at one electrode and the sensing 

artefact at the other electrode. The relative contributions of baseline 

dyssynchrony and interlead paced‐to‐sensed delays to CRT response 

were studied in a more well‐controlled in silico environment using 

CircAdapt. 

In Chapter 5 we investigated how changes in afterload affect measures 

of mechanical dyssynchrony and ventricular work in LBBB. The effect of 

afterload on selection and treatment of CRT patients is relevant since 

hypertension is a comorbidity, present in more than 60% of CRT and 

pacemaker patients42,43. In Chapter 6 we discussed and extended 

findings of a recent study by Storsten et al44, who for the first time looked 

into RV work in LBBB patient, showing that in patients with LBBB the RV 

free wall has a distinct early systolic shortening which coincides with the 

early systolic septal shortening. Creating LBBB in dogs also resulted in a 

decrease in both septal and RV free wall work, which increased again with 

CRT pacing. We investigated, using CircAdapt simulations, whether RV 

contractile failure would change this response and thereby also affect the 

effect of CRT as a whole.  

To conclude, Chapter 7 integrates the major findings of all 

aforementioned chapters and puts them in a broader scientific and 

clinical perspective. 
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Abstract 

Adaptation of the atrio-ventricular delay (AVd) during ventricular pacing 
affects ventricular filling and thereby cardiac pump function. In this study 
we use computer simulations to unravel the effect of heart rate, inter-
atrial delay and ventricular pacing site on the optimal AVd. In addition, 
our aim was to develop a novel physiology-based strategy to determine 
the optimal AVd. The optimal AVd was defined as the AVd that provides 
the highest steady-state cardiac output (equal  in in both systemic and 
pulmonary circulation). Effective AVd (eAVd), defined as the interval 
between mean onset of atrial and mean onset of ventricular contraction, 
was therefore tested as a physiology-based alternative to define optimal 
timing differences between the atria and ventricles. 

The simulations show that an increase in heart rate leads to a decrease 
in the optimal AVd. In contrast, the optimal AVd increases with 
increasing interatrial activation delay and with decreasing 
interventricular activation delay (such as during biventricular rather than 
right or left ventricular pacing). The latter observations suggest that both 
LV and RV filling dynamics determine the optimal AVd. Varying heart 
rate, inter-atrial delay and ventricular activation delay within 
physiological ranges resulted in a large range of optimal paced AVds 
(104 +/- 24 ms). To correct for all these variation, whole-heart effective 
AVd (eAVd) is proposed. eAVd is defined as the interval between mean 
onset of atrial and mean onset of ventricular contraction, and was 
expressed in absolute terms and as % of the cardiac cycle (%eAVd). The 
optimal %eAVd was 14.7 +/- 0.9%, thus showing a considerably smaller 
variation than the absolute optimal paced AVd.  In conclusion, whole-
heart effective AVd enables a more consistent definition of atrio-
ventricular coupling, possibly improving and facilitating clinical 
optimization of the AVd. 
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Introduction 

During ventricular pacing, timing between atrial and ventricular 
contraction can be affected by setting the atrioventricular (AV) delay 
(AVd). An optimal AVd promotes maximum contribution of atrial 
contraction to ventricular filling. If the AVd is too long, the atria contract 
too early in diastole. The passive mitral valve flow during the early filling 
phase therefore merges with the active transmitral flow resulting from 
the atrial contraction, characterized by a fusion of the E- and A-wave on 
echo-doppler. The large time delay between atrial and ventricular 
systole, as a result of a prolonged AVd, also leaves time for diastolic 
regurgitation to occur. If the AVd is too short, the ventricles contract too 
early, causing preliminary closure of the AV valve, limiting the 
contribution of the atrial contraction to ventricular filling. 

Cardiac output can increase 9-21% in pacemaker patients with normal 
left ventricular (LV) function when going from a too short AVd to a more 
physiological AVd (Manisty et al., 2012; Mehta et al., 1989; Wish et al., 
1987). However, the optimal AVd varies between individuals and 
between pacemaker conditions. It is known that the optimal AVd is 
shorter when the atrial activation is sensed as compared to when the 
atrium is paced (Janosik et al., 1989; Wish et al., 1987). This may be 
explained by a larger inter-atrial activation delay (IAd) during atrial 
pacing, which shortens the actual delay between left atrial (LA) and LV 
contraction(Levin et al., 2011). Furthermore, differences in pacing site 
result in variations of the ventricular activation pattern and therefore the 
delay between the atrial and ventricular contraction. Therefore, we 
hypothesize that ventricular pacing site also affects the optimal AVd. 
Another factor that affects the optimal AVd is heart rate (Whinnett et al., 
2006b), since increasing heart rate shortens the total diastolic time 
available for ventricular filling. 

In the present study we aim to unravel the effect of heart rate, IAd and 
ventricular pacing site on the optimal AVd by performing simulations 
with a computer model of the heart and circulation. The mechanistic 
knowledge obtained from these simulations will be used to devise a 
novel physiology-based and universal strategy to determine the optimal 
AVd.  
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Methods 

Computer simulations 

The CircAdapt model of the human heart and circulation (Walmsley et 
al., 2015) was used to characterize the effect of heart rate, IAd and 
pacing site on the cardiovascular mechanics and hemodynamics during 
variations in AVd. Previous experimental and clinical studies have shown 
that the CircAdapt model realistically relates local ventricular myofiber 
mechanics to global cardiovascular hemodynamics in the paced heart 
(Huntjens et al., 2014, 2018; Lumens et al., 2013, 2015; Walmsley et al., 
2015, 2016) The source code of the CircAdapt version used for this study 
can be freely downloaded from the CircAdapt website 
(http://www.circadapt.org). 

 
Simulation protocol 

In this study, we used a 2-stage approach: first, we investigated the 
individual effects of heart rate, IAd and ventricular pacing site on the 
relation between cardiac function, in terms of cardiac output and filling 
dynamics on the one hand, and paced AVd on the other hand; second, 
we used simulations with combinations of these factors to devise a more 
universal definition of optimal AVd that is less dependent on inter-
individual variations of heart rate, IAd and ventricular pacing site. 

From a healthy heart reference simulation the three above mentioned 
factors were changed as follows. Heart rate was changed between 60 
and 100bpm, in steps of 10 bpm. IAd was changed through setting the 
difference in timing of mean onset of contraction between the right and 
left atrium. The IAd values tested in this study ranged from CircAdapt’s 
default value of 28 ms to a maximum of 68 ms, in steps of 10 ms. LV-
only, right ventricular (RV)-only and biventricular (BiV) pacing were 
simulated by implementing different ventricular activation patterns, as 
illustrated in Figure 1. In all our simulations, the paced AVd is defined as 
the time delay between first assumed electrical atrial activation and the 
first activated ventricular segment.  Mean onset of right atrial contraction 
was assumed to be 40ms , based on a total right atrial electrical 
activation time of approximately 90ms (Lemery et al., 2007).  
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For each of the 75 unique combination of heart rate, IAd and ventricular 
pacing site, a hemodynamically steady-state baseline simulation was 
obtained. All other model parameters were the same for all of these 
baseline simulations, including a paced AVd of 120 ms, cardiac output 
of 5.1 l/min, and a mean arterial pressure of 90 mmHg. For each of the 
baseline simulations, cardiac output and mean arterial pressure were 
regulated by homeostatic control through changes of circulating blood 
volume and systemic vascular resistance. Finally, cardiac function and 
filling hemodynamics were simulated for paced AVds ranging between 
50ms and 250ms, in steps of 1ms. Each of these simulations was 
performed with homeostatic control turned off, until a new 
hemodynamic steady-state was reached.  

 

 

 

 

Figure 1 – Method of simulating the unique baseline conditions with changes in 
heart rate, inter-atrial delay (IAd) and ventricular pacing site. 
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Analysis of simulation results and the rationale 
behind the representation  

In this study, the effect of changes in AVd on pump function was 
quantified through cardiac output and LA-LV filling dynamics. 
Considering that simulations run until a new hemodynamic steady-state 
is reached, any change in cardiac output reflects a change in global 
cardiac pump function.  

Ventricular filling dynamics were studied in more detail by dividing the 
pattern of transmitral blood flow in passive, active and regurgitant flow. 
Active flow was defined as forward flow that occurs during active atrial 
contraction. Passive flow was defined as all forward flow occurring when 
the atrial myocardium was inactive. Regurgitant flow is defined as all 
retrograde flow across the AV valve. In the model, the AV valves only 
close when the distal pressure is equal to or larger than the proximal 
pressure and the tension of the distal myocardium is above a certain 
threshold value, the latter mimicking papillary muscle function. In other 
words, the AV valves allow late-diastolic regurgitant flow when the 
pressure gradient is negative and the distal myocardium is not activated.  

Analyzing left heart vs. whole-heart effective AVd 

In the second stage of the study we attempted to find a physiology-
based strategy to determine the optimal AVd under different pacing 
conditions. To this end, we compared the paced AVd with effective left 
heart and whole-heart effective AVd. Effective AVd (eAVd) is defined as 
the interval between the mean onsets of atrial and ventricular 
contraction. In this study, these onset times of contraction are model 
input and can thus be used to calculate the eAVd. Since it has previously 
been hypothesized that the left heart AVd (i.e. LA to LV activation delay) 
is most important for AVd optimization, we compared the left heart 
eAVd, based on the difference between mean LA-mean LV (free wall 
and septum) onset of contraction, to the whole-heart eAVd, based on 
the mean atrial (LA+RA) and mean ventricular (RV+LV) onset of 
activation. In addition, we performed the same analysis with eAVd 
normalized to the cardiac cycle time. 
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Results 

Figure 2 presents the contribution of active and passive filling as well as 
diastolic regurgitation to forward stroke volume at various AVds at the 
mean of the simulated ranges. With increasing AVd there was an 
increase in active filling as well as regurgitation, while passive filling 
decreased. (middle panel). Forward stroke volume decreased at short 
AVd due to A-wave truncation (Figure 2, bottom left panel). Also, at long 
AVds forward stroke volume was suboptimal, mostly as a result of E-A 
wave fusion and the related reduction of passive filling and and due to 
diastolic regurgitation, both caused by the prolonged period between 
end of the A-wave and onset of ventricular contraction (Figure 2, bottom 
right panel). The net result of these changes was an optimum of net 
forward flow (and consequently stroke volume) at an AVd of 123 ms 
(Figure 2, top panel) for the simulated conditions (80bpm, BiV pacing, 
IAd 48ms).  

Figure 2 – 
Cardiac output 
and flow 
distribution at 
different AVds at 
a heart rate of 
80bpm, during 
BiV pacing and 
IAd of 48ms. 
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Effect of heart rate on the optimal AVd 

Figure 3 shows the dependence of cardiac output on AVd at three 
different heart rates. The optimal AVd decreased with increasing heart 
rate, being 141 ms at 60bpm, 123ms at 80bpm, and 95ms at 100bpm. 
The effect of AVd and heart rate variations on mitral valve flow are 
shown in Figure 4.  

At a heart rate of 60bpm, passive flow was rather constant across the 
entire range of AVd (Figure 4, left), with the duration of the diastolic 
phase being sufficient to prevent E-A wave fusion. When increasing AVd 
from 50 ms to the optimal value of 141ms, active mitral flow increased 
by the reduction of A-wave truncation. Consequently cardiac output was 
increased by 10% (Figure 3). When the AVd was prolonged beyond the 
optimal AVd, active flow no longer changed whereas end-diastolic 
regurgitant flow gradually increased, leading to a decrease of cardiac 
output. 

At a heart rate of 100bpm, cardiac cycle length is shorter leading to a 
reduction in diastole duration. As a consequence, every increase in 
active flow led to a decrease in passive flow by E-A wave merging 
(Figure 4, right). By increasing AVd from 50ms to the optimal AVd of 95, 
the gain in active flow was larger than the loss in passive flow. When 
AVd was prolonged beyond the optimal AVd, the combination of 
increased regurgitant flow and decreased passive flow surpassed the 
gain in active flow resulting in a decrease in cardiac output of up to 11% 
(Figure 3). 

Figure 3 - Change in cardiac 
output with a change in AV 
delay at 60, 80 and 100bpm. 
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Effect of inter-atrial delay on the optimal AVd 

Figure 5 demonstrates the effect of IAd on the optimal AVd. The optimal 
AVd was increased when the IAd was prolonged. However, the increase 
in optimal AVd was always smaller than the change in IAd. An increase 
of 40ms in IAd (28ms to 68ms) shifted the optimal paced AVd with 
22ms, from 114ms to 136ms.  

 
Effect of ventricular pacing site on AV dynamics 

Figure 6 shows the effect of pacing site on AV dynamics. The optimal 
AVd’s during LV and RV pacing were 101 and 96ms respectively, i.e. 22-
27ms less than the optimal AVd during BiV pacing. However, the 
contribution of the three components of ventricular filling showed 
considerable differences between RV and LV pacing. Due to the late 
activation of the LV free wall, diastolic regurgitation was more 
pronounced during RV pacing.  

The simulations revealed that BiV pacing leads to an optimal cardiac 
output at a longer AVd due to a larger degree of A-wave truncation at 
short AVds, as compared to RV and LV pacing (figure 7). Importantly, the 
similar shift in optimal AVd during RV and LV pacing is accomplished by 
very different contributions of passive and active filling, the latter being 
considerably larger during RV pacing, along with a larger regurgitation. 
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Figure 4 - Flow distributions at different AVds for a heart 
rate of 60bpm (left) and 100bpm (right). 
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Figure 6 - Cardiac output and flow distribution at different AVds for BiV, LV and 
RV pacing 

Figure 5 - Cardiac output as percentage of the maximum at different AVds 
for different inter-atrial delays (IAd) at a  heart rate of 80bpm and BiV pacing. 
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Figure 7 - Mitral valve flow at 50, 120 and 200ms in the BiV, LV and RV pacing 
simulations at a heart rate of 80bpm and IAd of 48ms. 

Left heart vs.  whole-heart effective AVd 

Figure 8 shows all cardiac output results of the simulations performed 
for this study for six different AVd definitions. For all calculation 
methods, AVd relative to cycle length (Figure 8, right side) had less 
variance in the optimal AVd compared to AVd as an absolute time 
interval (Figure 8, left side). The least variance in and smallest range of 
the optimal AVd value was observed for relative whole-heart eAVd. 

The range and variance of optimal AVd only decreased slightly when 
comparing left heart eAVd to paced AVd, for both absolute (Figure 8 A 
vs. C) and relative (Figure 8, B vs. D) delays. Absolute optimal whole-
heart eAVd had a smaller range and variance compared to optimal left 
heart eAVd (Figure 8, C vs. E). In Figure 8E, whole-heart eAVd curves 
with different IAds and pacing sites but with the same heart rate (color) 
form clusters. By taking the AVd relative to the cycle length, the smallest 
range in cardiac output at the same relative delay was observed for 
relative whole-heart eAVd (Figure 8F). At the mean of all optimal relative 
whole-heart eAVds, i.e. at 14.7% of the cycle time, the maximum 
decrease in cardiac output  was only 0.4%. At the mean of all optimal 
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relative left heart eAVds (i.e. at 13.8%), cardiac output decreased up to 
0.9%. For all other representations in Figure 8, the largest decrease of 
cardiac output at the mean of all optimal AVds was >2%. 

 

  Figure 8 - Change in cardiac output with change in AVd at different heart rates, 
IADs and pacing sites (LVp, BiVp, RVp). The same simulation results are 
presented for six different axes with AVd in absolute values (ms, left) and 
relative to the cycle length (%RR, right). Paced AVds are presented in the top 
(A&B), left heart eAVds in the middle (C&D) and whole-heart eAVds in the 
bottom (E&F). Each color indicates a different heart rate. 



34 | Chapter 2 
 

Discussion  

The main finding of this study is that variations in inter-atrial delay, 
ventricular pacing site and heart rate change the optimal paced AVd 
that results in maximal cardiac output. Consequently, it remains 
challenging to determine the pacing setting that leads to optimal 
hemodynamics based on the paced AVd. By using the mechanistic 
knowledge obtained from the computer simulations performed in the 
first part of the study we were able to devise a more robust definition of 
optimal AV pacing settings. Relative whole-heart effective AVd 
normalized to the cardiac cycle length appears to be a definition of the 
optimal AVd that is relatively independent of heart rate, inter-atrial 
activation delay or ventricular pacing site.  

 
Heart rate modulates the optimal AVd 

The results of this study show that an increase in heart rate results in a 
decrease in optimal paced AVd. Multiple other studies have 
demonstrated the same shortening in optimal AVd with increase in heart 
rate (Kyriacou et al., 2018; Rafie et al., 2012; Whinnett et al., 2006a). 
Melzer et al. only found a significant decrease in optimal AVd during 
atrial pacing (DDD-mode) and not during atrial sensing (VDD-mode) 
(Melzer et al., 2008). This could possibly be explained by the smaller 
absolute change during sensing, due to a lower overall optimal paced 
AVd, making it harder to reach significance.  

The simulations in this study were performed on a healthy reference 
heart with a preserved ejection fraction. It has been observed that the 
rate-dependent decrease in optimal AVd was smaller in patients than in 
healthy controls (Sun et al., 2012). Scharf et al. even found an increase in 
optimal AVd with increasing heart rate during exercise in patients with 
systolic heart failure (Scharf et al., 2005). A possible reason for the 
difference could be changes in the relation between heart rate and the 
interval of diastole/systole in failing vs. healthy hearts.  
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Whole-heart effective AV delay: a guide to the ‘best’ 
compromise 

The results of this study are in line with the hypothesis that variations in 
the inter-atrial conduction time and pacing site change the optimal 
paced AVd. Most importantly, the results emphasize that function of 
both RV and LV should be considered, because pulmonary and systemic 
circulation are coupled in series. For each ventricle there is an optimal 
AVd. When the ventricular optimum differs between ventricles initially, a 
balance is reached under hemodynamic steady-state conditions, 
resulting in one optimal AVd. For a given paced AVd, actual optimal RA-
RV and LA-LV delay may differ with differences in inter atrial delay and 
ventricular activation delay, thereby changing the optimal (steady-state) 
paced AVd.  

For LV function, the effect of IAd is known from studies focusing on the 
difference between atrial-sense and atrial-pace pacing, showing that 
due to longer IAd during atrial-pace pacing (Levin et al., 2011), the 
paced AVd should be longer (Kyriacou et al., 2018; Liang et al., 2011). 
Similar to our simulation results, the increase in optimal AVd was less 
than the increase in inter-atrial conduction time in the study by Levin et 
al (slope <1). This suggests that the LA-LV interval, which changes 1-on-
1 (slope=1) with IAd, is not the only factor that determines the optimal 
paced AVd. Our study, for the first time, expands on this by 
demonstrating that changes in interventricular delay can similarly affect 
the optimal paced AVd.  

Almost all research into AV optimization focus on the left side of the 
heart. While these previously published studies support our findings 
based on measurements in the LV, there are no studies focusing on RV 
function or the circulation as a whole. Although the flow patterns 
presented in this study were from the left heart, we also studied the 
whole-heart response to AV optimization through whole-heart steady-
state cardiac output. The focus on LV response could lead to the 
assumption that effective LA-LV contraction timing is the only factor that 
should be accounted for when choosing the optimum paced AVd. The 
results for the IAd already highlighted that the LA-LV delay is not the 
only factor affecting the whole-heart steady-state cardiac output, 
thereby indicating a role for the right atrium and ventricle. This becomes 
even more clear when comparing RV and LV pacing simulations. The 
mean LV activation was 37ms later during RV compared to LV pacing in 
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Figure 6, where the optimal AVd only differed by 7ms between these 
pacing configurations. The RV free wall is however activated 56ms later 
during LV compared to RV pacing. When the mean activation time of all 
ventricular segments is compared the difference in ventricular activation 
between RV and LV pacing is 6ms, i.e. very close to the 7ms shift in 
optimal AVd. This suggested that it is essential to take into account the 
activation times of both atria and both ventricles when choosing the 
optimal AVd.    

The results of the present study demonstrate that relative whole-heart 
effective atrio-ventricular contraction interval, also including the right 
atrial and right ventricular contraction timing, provide a better indication 
of when atrio-ventricular interaction leads to the highest cardiac output. 
The largest differences between relative left and whole-heart eAVd exist 
during RV pacing, where the LV free wall is activated late compared to 
the RV free wall. The observation that left heart eAVd provides less 
overlap between the different simulation conditions than whole-heart 
eAVd, especially for this RV paced simulations, indicates that the right 
heart also significantly contributes to the steady-state cardiac output 
and highlights the importance of a whole-heart assessment. 

 
Lack of a whole-heart approach may explain 
inefficacy of existing AV optimization strategies 

AV filling patterns were not the same at each relative whole-heart eAVd, 
neither is it the same at each optimal AVd. Interestingly, even though 
IAd and pacing site significantly change the flow distribution, the time 
between mean atrial and mean ventricular onset of contraction relative 
to the beat duration provides a consistent answer for the optimum. This 
suggests that flow distribution itself is not a determinant of the optimum 
even though it is one of the techniques typically used in AVd 
optimization. While different strategies using mitral flow velocity exist, 
the main goal of these methods is to prevent A-wave truncation and E-A 
fusion(Sohaib et al., 2013). While preventing truncation and fusion will 
prevent selecting the worst settings it does not always enable selecting 
the optimal AVd. This becomes most clear in case a patient presents 
with a high heart rate. During a high heart rate E-A fusion always occurs 
when there is no A-wave truncation. Therefore, a balance between 
fusion and truncation is sometimes required. Other methods use the 
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time of the end of the A-wave (at a long known AVd) in combination with 
the time of onset of mitral regurgitation(Jones et al., 2014). Such a 
method allows indirect determination of actual LA activation (through 
the A-wave end) and LV activation delay (through regurgitation) but 
does not completely incorporate the whole-heart activation. The 
observation that mitral valve flow(velocity) is not able to capture whole-
heart effective AVd could be one of the reasons no long-term benefits of 
AVd optimization where found in the past using these methods and why 
it is not implemented within the current guidelines. Besides flow 
distribution other strategies use the electrograms of pacing electrodes 
(Ellenbogen et al., 2010; Singh et al., 2013). However, it is unclear how 
these relate to whole-heart eAVd since details about these algorithms 
are not available. As discussed below, pacemaker electrodes can 
potentially be implemented to determine whole-heart eAVd.  

Clinical implications and future perspective 

Our simulations indicate that differences in IAd, pacing site(s) and heart 
rate within and between patients can change the optimal paced AVd. In 
the default range of paced AVds, between 100 and 150ms, this can lead 
to a change in cardiac output by up to 8%. Results of this study also 
show that the pattern of transmitral blood flow at the optimum setting is 
not the same for all simulated conditions. Therefore, optimization based 
on the LV filling pattern alone is unlikely to provide the true optimal AVd 
under all conditions. 

The whole-heart eAVd, which can be seen as a global, bilateral measure 
of AV coupling, provides a physiologically optimal AVd. In order to 
implement whole-heart eAVd in clinical practice, detailed information 
about right and left atrial and right and left ventricular activation is 
required. Future research may investigate whether relatively simple 
measurements like P-wave duration, inter-lead conduction times and/or 
interventricular mechanical dyssynchrony (speckle tracking or echo-
Doppler derived differences of aortic and pulmonary valve opening 
times) can be used to calculate whole-heart effective AVd. Ideally, the 
required measures should be implemented within a pacemaker, since 
that would enable continuous automatic optimization. Commercial 
optimization algorithms incorporating the electrograms derived from 
the pacing electrode exist. However, this approach did not show 
improvement over conventional echocardiographic optimization in 
large clinical trials(Ellenbogen et al., 2010; St. Jude Medical, 2019). The 
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exact methodology of these algorithms is proprietary and therefore 
unknown. We think that a first step in creating a better algorithm would 
be to determine if pacing lead electrograms and/or echocardiographic 
measures can be used to reliably estimate effective whole-heart AVd. 
Such a study would require a ‘gold-standard’ for determining the 
effective whole-heart AVd such as an animal experimental or ex vivo 
setup including a large amount of electrodes on both the atria and 
ventricles.  If a reliable estimate for effective whole-heart AVd is found, a 
second study can investigate how this estimate should be normalized to 
heart rate in different patient populations. Based on these studies a 
third, very essential, study can investigate whether estimated effective 
whole-heart AVd, relative to heart rate, truly performs better than a fixed 
AVd, in terms of long-term clinical outcome after pacemaker implant. 

Limitations 

The simulation results obtained in this study should be extrapolated to 
the real-world clinical situation with care, because the model uses a 
number of assumptions that may not be valid in patients. First of all, 
normal contractility of the ventricular and atrial myocardium was 
assumed. Also, we assumed the condition of complete AV block, 
whereas in many patients there may be AV conduction. In such situation, 
fusion of the pacing-induced activation wave(s) and intrinsic conduction 
may occur, thereby changing activation sequence. We chose to simulate 
complete AVB, because this allowed observing the isolated effect of 
changes in AV dynamics alone. Nevertheless, we hypothesize that the 
physiological principle of whole-heart effective AVd being the key 
component for ventricular filling also holds in case of fusion.  

Simulations were performed assuming no homeostatic regulation of 
arterial pressure or systemic flow. In the in vivo situation, however, an 
acute change of AVd is likely to provoke an autonomic regulatory 
response, characterized by changes in peripheral arterial resistance and 
pressure, but not necessarily changes in the cardiac output response 
(Manisty et al., 2012). Notwithstanding, while the quantitative results 
might differ the overall effects observed in these simulations are likely to 
remain even though some aspects of the model could be improved in 
the future. In addition, the model provides the ideal platform to further 
investigate the importance of such inter-individual differences for 
cardiac function during pacing delay optimization. 
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Conclusion 

Simulations of whole-heart mechanics and circulatory hemodynamics 
during AVd optimization revealed that maximum cardiac output is 
achieved at various paced AVd settings, depending on heart rate, inter-
atrial activation delay, and ventricular pacing site(s). Optimal paced AVd 
decreased with increasing heart rate and inter-ventricular delay, while it 
increased with right-to-left inter-atrial activation delays. Whole-heart 
effective AVd normalized to the cardiac cycle length consistently 
revealed cardiac output to be maximal if whole-heart eAVd was 
between 14-15% of the total cycle time. Whole-heart effective AVd 
enables a more consistent definition of how the atria and ventricles 
interact optimally which could potentially be applied for clinical AVd 
optimization. 
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Abstract 
Introduction: Timing of atrial, right (RV) and left ventricular (LV) stimulation 

in cardiac resynchronization therapy (CRT) is known to affect electrical 

activation and pump function of the LV. In this study, we used computer 

simulations, with input from animal experiments, to investigate the effect of 

varying pacing delays on both LV and RV electrical dyssynchrony and 

contractile function.   

Methods: A pacing protocol was performed in dogs with atrioventricular 

block (N=6), using 100 different combinations of atrial (A)-LV and A-RV 

pacing delays. Regional LV and RV electrical activation times were 

measured using 112 electrodes and LV and RV pressures were measured 

with catheter-tip micromanometers. Contractile response to a pacing delay 

was defined as relative change of the maximum rate of LV and RV pressure 

rise (dP/dtmax) compared to RV pacing with an A-RV delay of 125ms. The 

pacing protocol was simulated in the CircAdapt model of cardiovascular 

system dynamics, using the experimentally acquired electrical mapping 

data as input.  

Results: Ventricular electrical activation changed with changes in the 

amount of LV or RV pre-excitation. The resulting changes in dP/dtmax 

differed markedly between the LV and RV. Pacing the LV 10-50ms before 

the RV led to the largest increases in LV dP/dtmax. In contrast, RV dP/dtmax 

was highest with RV pre-excitation and decreased up to 33% with LV pre-

excitation. These opposite patterns of changes in RV and LV dP/dtmax were 

reproduced by the simulations. The simulations extended these 

observations by showing that changes in steady-state biventricular cardiac 

output differed from changes in both LV and RV dP/dtmax. The model 

allowed to explain the discrepant changes in dP/dtmax and cardiac output by 

coupling between atria and ventricles as well as between the ventricles.  

Conclusions: The LV and the RV respond in a opposite manner to variation 

in the amount of LV or RV pre-excitation. Computer simulations capture LV 

and RV behavior during pacing delay variation and may be used in the 

design of new CRT optimization studies.   
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Introduction 
Cardiac resynchronization therapy (CRT) is an established therapy for 

heart failure patients with a reduced left ventricular (LV) ejection fraction 

(EF) and left bundle branch block (LBBB) (Brignole et al., 2013). Through 

biventricular pacing, CRT aims to establish a more synchronous 

electrical activation of the ventricles and thereby improves cardiac 

pump function (Vernooy et al., 2007) and clinical outcome (Brignole et 

al., 2013). However, approximately one-third of the patients that receive 

CRT do not benefit from this therapy (Abraham et al., 2002; Auricchio 

and Prinzen, 2011; Cleland et al., 2005; Prinzen et al., 2013).  

Programming of both atrioventricular (AV) and ventriculoventricular (VV) 

pacing delays strongly influences the contractile response to CRT, as 

determined by both ultrasound and maximum rate of LV pressure rise 

(LV dP/dtmax) (Auger et al., 2013; Bogaard et al., 2012; Strik et al., 

2013b). However, meta-analyses of multiple optimization methods 

showed that pacing delay optimization fails to provide long-term 

improvement in clinical outcome (Auger et al., 2013). Suggested 

reasons for the absence of long-term benefits of such optimization are 

that the default “out-of-the-box” delays are already fairly good and that 

the optimization methods employed are not accurate or robust enough. 

An alternative explanation could be that most pacing delay optimization 

strategies that have been developed solely take LV function into 

account. Right ventricular (RV) function is often overlooked, although 

several studies show that RV failure is an independent predictor of 

mortality in patients with LV failure with and without CRT (Groote et al., 

1998; Ricci et al., 2017). Two clinical studies indicated that there was a 

poor correlation between the pacing delay settings providing the 

highest LV dP/dtmax and  RV dP/dtmax values (Hyde et al., 2016; Sciaraffia 

et al., 2009).  
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In recent years, computational models of cardiac electrophysiology, 

mechanics of the heart and cardiovascular system have increased our 

understanding of dyssynchronous heart failure and its treatment with 

CRT (Lee et al., 2018). Right ventricular function and its effect on CRT 

has however not been studied extensively using a computer modeling 

approach. Our group has been using the CircAdapt model of the heart 

and closed-loop circulatory system. While using a simplified cardiac 

anatomy, the advantages of this model are the inclusion of the entire 

(systemic and pulmonary) circulation and its high calculation speed 

(almost real time). In combination with experimental and clinical 

measurements, CircAdapt has shown to be able to identify and 

mechanistically understand the electromechanical substrates of the 

heart that are most responsive to CRT (Huntjens et al., 2018; Lumens et 

al., 2013, 2015).  

A vast majority of the studies on the heart, also our aforementioned 

studies, are related largely to the LV. In the present study, we aim to 

study the changes in both LV and RV contractile response to variations 

of pacing delay settings in CRT, and to evaluate whether the CircAdapt 

computer model reliably simulates LV and RV pump function during 

these interventions. Subsequently we aim to use the computer 

modeling results to investigate how cardiac output is affected by 

differences between LV and RV contractile changes. 

Methods 

Animal experiments 

• Animal handling was performed according to the Dutch Law on 

Animal Experimentation and the European Directive for the 

Protection of Vertebrate Animals Used for Experimental and Other 

Scientific Purpose. The protocol was approved by the Animal 

Experimental Committee of Maastricht University. The animal 

experimental methodology has been partially published elsewhere 

(Strik et al., 2013a). In short, 6 adult mongrel dogs were anesthetized 
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using midazolam (0,25mg/kg/h) and sufentanyl (3µg/kg/h) and a 

complete AV-block was induced by radiofrequency ablation. The 

dogs received pacing electrodes in the right atrium (A), RV apex and 

epicardially on the basal posterolateral wall via a left-sided 

thoracotomy.  

• Measurements were performed 12-21 weeks after inducing the AV-

block using an external custom-built pacing system. RV-only pacing 

with an A to RV (A-RV) pacing delay of 125ms was used as the 

baseline pacing setting, mimicking the activation pattern as seen in 

LBBB. The A-RV and A to LV (A-LV) delays were then programmed 

individually, ranging from 50 to 230ms in steps of 20ms, resulting in 

100 possible combinations (Figure 1A). Pacing delay settings were 

assigned in a random order and baseline recordings were repeated 

after every 5th setting. During each setting, continuous, invasive 

hemodynamic and electrocardiographic measurements were 

performed (Figure 1B). 7F catheter-tip manometers were used for LV 

and RV pressure measurement. Epicardial electrograms of the LV 

free wall (LVFW) and RV free wall (RVFW) were recorded from 2 

multielectrode custom-made bands holding 102 contact electrodes. 

Septal endocardial electrograms were recorded from two 

multielectrode catheters with 7 contact electrodes on the RV septum 

and 3 on the LV septum. Measurements were recorded for a 

minimum of two respiratory cycles at each pacing delay setting. 

Data analysis 

Local electrical activation times were determined as the duration 

between the atrial pace and the timepoint of steepest negative 

deflection of the electrogram using custom software (Figure 1B, green 

line in local EGM’s). For quantification of intraventricular electrical 

dyssynchrony we calculated total activation time as the difference 

between earliest and latest activation time of the RVFW (RV TAT) and of 

the whole LV (LV TAT). The latter was calculated from the combination of 

epicardial LVFW and endocardial septal electrodes. To quantify 

electrical interventricular dyssynchrony we used the ventricular electrical 

uncoupling (VEU) index. VEU was defined as the difference between 

mean LVFW and mean RVFW activation times (Ploux et al., 2013). 
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For both the LV and the RV, response to pacing was defined as the 

relative change in dP/dtmax compared to the baseline setting. We 

applied quadratic LOESS fitting to account for measurement variability 

within each dog (Cleveland, 1979). Furthermore, in order to quantify a 

generic canine response to changes in pacing delay, we created a 

single representative canine dataset by taking the mean values of the 

dogs for each setting. We also applied linear 2D interpolation between 

the measurements in the heat map visualizations of all pacing delay 

settings. All these calculations were performed in Matlab 2016A (The 

Mathworks Inc, Natick MA, USA).  

Computer simulations 

The CircAdapt model of the entire heart and circulation (Arts et al., 

2005; Lumens et al., 2009; Walmsley et al., 2015a), which can be 

downloaded from www.circadapt.org, was used to simulate 

cardiovascular mechanics and hemodynamics during pacing delay 

variations as applied in the animal experiments. Previous experimental 

and clinical studies have shown that the CircAdapt model realistically 

relates local ventricular myofiber mechanics to global cardiovascular 

hemodynamics in dyssynchronous and paced hearts(Huntjens et al., 

2014; Leenders et al., 2012; Lumens et al., 2015; Walmsley et al., 2015a, 

2015b).  

The source code of the CircAdapt model used for all simulations as well 

as the Matlab® (The MathWorks, Natick, MA) scripts to perform all 

simulations and analysis are provided as an online data supplement. In 

summary, the CircAdapt model is a reduced order model of the human 

four-chamber heart connected to a closed-loop cardiovascular system, 

with lumped pulmonary and systemic circulations. It uses a simplified 

ventricular geometry, where cardiac walls are represented by thick 

spherical shells consisting of contractile myocardium. The MultiPatch 

module enables cardiac walls to be subdivided into an arbitrary number 

of wall segments (patches). Tissue properties and activation time can 
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differ between patches, but all patches within a wall share a common 

wall tension and curvature. Since wall tension is the same in all patches 

within a wall, spatial location within a wall is not required to calculate 

deformation in a patch.  

In CircAdapt wall tension and curvature determine cavity pressure 

through Laplace’s law (Lumens et al., 2009; Walmsley et al., 2015a) Fiber 

stress in a patch is the sum of an active component, representing 

myofiber contraction, and a passive component. The active stress 

component incorporates length-dependence of the force generated 

and the duration of contraction. The passive component provides a non-

linear relationship between myofiber stress and strain. More details on 

the phenomenological model of myocardial contraction and the 

validation of the MultiPatch module are previously published by 

Walmsley et al. (Walmsley et al., 2015a). 
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 Figure 1 –Schematic representation of the methods used in this study. 100 
different A-LV/A-RV pacing delay combinations were programmed (A) while 
pressures and local electrical activation were measured (B). Generic activation 
maps, derived from local electrograms, were used as onset of mechanical 
activation in the computer simulations (C). The resulting output of the 
simulations and measurements was compared for validation purposes. The 
green square in the heat maps indicates the baseline pacing setting. 

Simulating a healthy human reference heart and circulation 

Cardiac adaptation implemented in the CircAdapt model was used to 

obtain a reference parameterization that represents a healthy human 

cardiovascular system (Arts et al., 1994, 2005, 2012). The tissue volumes 

and areas in the cardiac walls and large blood vessels were adapted as 

described previously (Arts et al., 2005, 2012). A resting cardiac output of 

5.1 l/min and heart rate of 70bpm were assumed. Cardiac output was 

tripled and the heart rate was doubled during the stress-state of the 

adaptation process. Mean arterial pressure (MAP) was maintained at 

92mmHg during the adaptation process. The resulting reference 

simulation was used as the basis for subsequent pacing simulations. 

Using electrical activation to simulate the pacing delay optimization 

protocol 

We divided the ventricular wall in the same amount of segments as the 

number of available electrodes (52 LV free wall, 50 RV free wall and 10 

septal segments). Time of onset of activation was assigned based on the 

electrical activation times measured in the animal experiments.. As 

previously stated, in the current MultiPatch module the segments were 

considered to be mechanically coupled in series, meaning that the 

order in which patches were placed was not significant (Walmsley et al., 

2015a). This allowed sorting of the activation times per wall in each 

measurement, before taking the median of the dogs, to get a generic 

activation pattern. The benefit of this generic activation pattern is that it 

was less affected by differences in band placement, heart size and 

electrodes with insufficient contact in the dogs.  
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A representative baseline simulation was obtained by imposing the 

ventricular activation pattern measured during the experimental 

baseline condition, i.e. RV-only pacing with an A-RV delay of 125 ms. 

Systemic vascular resistance was adapted to obtain a MAP of 60 mmHg 

and heart rate was set to 80 bpm, both similar to the animal 

experiments. Furthermore, total circulating blood volume was adjusted 

so that cardiac output was maintained at 5.1 L/min. The resulting 

baseline simulation was used as the starting point for the pacing setting 

simulations. For each of the 100 pacing delay simulations, the pattern of 

ventricular activation was changed to the activation pattern measured in 

the canine experiments and the resulting beat-to-beat changes in 

ventricular mechanics and hemodynamics were stored until a new 

hemodynamic steady state was reached. During all pacing simulations, 

systemic vascular resistance and total circulating blood volume were 

kept constant in order to quantify the acute effect of pacing-induced 

changes of ventricular pump mechanics and cardiac hemodynamics. 

Simulated steady-state dP/dtmax values are compared with the 

experimental measurements. In addition, the simulations extended the 

animal experiments by providing quantitative insight in the beat-to-beat 

and steady-state changes of ventricular volumes and cardiac output. 
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Results 
Baseline characteristics for the AV-blocked dogs are described in Table 

1.  

 During baseline RV-only 

pacing  

Weight (kg) 19.8 (19.4-21.4) 

MAP (mmHg) 55 (42-71) 

Systolic Arterial Pressure (mmHg) 70 (62-81) 

Diastolic Arterial Pressure (mmHg) 45 (31-53) 

LV dP/dtmax (mmHg/s) 1205 (1183-1646) 

RV dP/dtmax (mmHg/s) 520 (345-700) 

Weeks between AVB and Sacrifice 

(weeks) 

13 (12-21) 

Table 1 – Baseline characteristics in median (range) of dogs during baseline (RV-

only, A-RV 125ms pacing)  

Electrical effects of altering pacing delay settings 

Figure 2 shows the typical examples of electrical activation patterns 

acquired using contact mapping in a dog with AV block during LV pre-

excitation, simultaneous RV and LV pacing and RV pre-excitation. In case 

of extreme pre-excitation, capture in the last paced ventricle was lost 

due to activation via the contralateral ventricle (indicated by the gray 

line). RV pre-excitation led to the largest LV TAT while LV pre-excitation 

resulted in an increase of RV TAT. During simultaneous pacing, two 

wave fronts originating from the RV and LV pacing electrodes fused and 

resynchronized the heart as indicated by a decrease in LV TAT. 
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Figure 2 – Epicardial electric activation maps in a paced dog heart with 

complete AV block during LV pre-excitation (left), simultaneous pacing (middle) 

and RV pre-excitation (right). Black arrows indicate capture, whereas grey arrows 

indicate loss of capture. 

Figure 3 shows the changes in electrical dyssynchrony indexes in dogs 

with variation of pacing delay settings. There was no change in LV and 

RV TAT and VEU when changing the AV delay during simultaneous 

activation of the LV and RV (left column). Both LV and RV TAT (first 2 

rows of Figure 3) were lowest during simultaneous RV+LV pacing. The 

RV showed the largest TAT during LV pre-excitation or LV-only pacing 

(upper left corners in the heat maps). LV TAT showed a relatively large 

increase with large RV pre-excitation (right side of middle panels and 

lower right corners in heat maps), while RV TAT did not increase much. 

As indicated by the VEU (bottom row figure 3), during LV-only pacing 

the LVFW was activated more than 40ms before the RVFW. During RV-

only pacing the LVFW was, on average, activated more than 20ms later 

than the RVFW. The LVFW and RVFW were activated simultaneously 

with very slight LV pre-excitation (Figure 3 bottom right, VEU=0). 

Hemodynamic effects of altering pacing delay settings 

The changes in LV and RV dP/dtmax in response to changes in pacing 

delay settings are presented in figure 4 (top and bottom, respectively). 

Increasing AV delay during simultaneous RV and LV pacing (left column 

and identity line in the heat maps) hardly affected LV and RV dP/dtmax in 

both measurements and simulations. The relative effect of changing VV 

delay (green, second column from left) was largest in RV dP/dtmax. 
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Changing pacing settings from RV to LV pre-excitation decreased RV 

dP/dtmax with more than 30% in the experiment. The decrease in RV 

dP/dtmax was less pronounced in the simulations but followed the same 

pattern. LV dP/dtmax was highest with LV pre-excitation and simultaneous 

pacing in both the experiment and simulations.  

The heat maps of both the animal experiments and computer 

simulations (right side of figure 4) show a qualitatively similar pattern 

where the largest changes in both LV and RV dP/dtmax are observed 

when changing the VV delay. The largest increase in LV dP/dtmax in the 

measurements was reached with a short A-LV (50ms) and A-RV (90ms). 

LV pre-excitation led to a larger increase in LV dP/dtmax than RV pre-

excitation during all measurements and simulation, with an optimal LV 

pre-excitation range of 10-50ms. For RV dP/dtmax, all LV pre-excitation 

pacing settings led to a decrease up to 33% in the experiment and 18% 

in the simulations, while RV pre-excitation caused little change 

compared to baseline (RV-only) pacing. 
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 Figure 3 –Changes in electrical dyssynchrony indices during variation in 

pacing delay in the animal experiments. The left column shows the effect of 

increasing AV delay during simultaneous RV+LV  pacing; the middle column 

shows changes in VV delay (green, from LV pre-excitation to RV pre-excitation) 

and the heat maps on the right are the results for all pacing setting (mean of 6 

dogs, bars represent standard errors of the mean). From top to bottom: Total 

activation time (TAT) of the total LV (free wall and septum), RV free wall (RVFW) 

and VEU (Ventricular Electrical Uncoupling). The green square in each heat map 

indicate the baseline pacing setting. 

 

  

Figure 4 – Changes in contractile response as a result of changes in pacing 

delays in experiments and simulations. Percentile change from baseline of LV 

dP/dtmax (top) and RV dP/dtmax (bottom). The left rows depict the same AV and VV 

delay settings as in Figure 3 are shown. Heat maps for both the experiment (3rd 

column) and simulations (4th column). Diamonds: Canine measurements (Mean 

(standard error of the mean) of 6 dogs; Circles: Simulation output.  
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Changes in simulated cardiac output at different pacing delays 

While dP/dtmax values are regarded as a measure of ventricular contractility, 

cardiac output may be more closely related to pump function of the entire 

heart. Note that due to the closed loop circulation, in a steady state situation 

cardiac output of the RV and LV are the same. Cardiac output was not 

determined in the experiments, but it was calculated in the model simulations. 

In these simulations the changes in cardiac output following a switch in pacing 

delay differed from the changes in both LV and RV dP/dtmax (Figure 5). Cardiac 

output was more sensitive to changes in AV-delay than to changes in VV-delay. 

AV-delays of 50 and 70ms led to the largest increases in cardiac output, 

amounting up to 9%.  

 

 

Figure 5 – Relative change in simulated steady-state cardiac output with a 

change in pacing delay settings. Depicted are the changes relative to baseline 

(see text). 

In order to find an explanation for the differences in behavior between 

cardiac output and RV and LV dP/dtmax we compared the time course of 

these parameters as well as EDV during the first beats after start of a 

certain setting, in this case LV pre-excitation (Figure 6). In the first beat 

after the change in pacing setting and therefore also activation 

sequence (see above), both LV stroke volume and dP/dtmax increased 

while RV stroke volume and dP/dtmax decreased. In the subsequent beat 
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RV EDV increased, due to the smaller SV of the previous beat, whereas 

LVEDV decreased. As a consequence of these EDV changes, RV SV 

recovered and LV SV decreased to some extent and in the third and 

subsequent beats an steady state (SS) was reached, with SV in both 

ventricles (and therefore cardiac output) increasing by about 3%. This 

example, representative for the other conditions, illustrates that dP/dtmax 

was largely independent of preload, whereas SV depended on it, most 

likely due to the length dependent activation, implemented in the 

CircAdapt model (see methods).  

 

 

Figure 6 – Time courses of the relative change of stroke volume (top),  end-

diastolic volume (EDV, mid) and dP/dtmax of the LV (black circles) and RV (red 

squares) after changing pacing delay from baseline (A-RV 125ms) to LV pre-

excitation (A-LV 70ms, A-RV 190ms) in computer simulations. The black dashed 

line indicates the start of the change in pacing delay. The numbers in the blue 

bar indicate the number of simulated cardiac cycles. SS=steady state. 
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Figure 7 shows the response of stroke volume of the LV and RV after 

simulated programming of nine different pacing settings.  In the first 

beat RV SV remained either unchanged or decreased as compared to 

baseline, indicating little direct mechanical benefit of the change in 

pacing delay for the RV. However, similar to the example in figure 6, 

copied into the left upper panel of figure 7, RV stroke volume changed 

considerably in subsequent beats. While changes in LV SV initially 

differed from RV SV, a steady state was reached after several simulated 

beats. Note that the largest benefit in SV, and therefore cardiac output, 

was primarily dependent on AV-delay. For example, in the bottom row 

(A-RV 70ms) the optimized RV filling improved stroke volume to such a 

degree that, through the serial coupling, LV preload increased, leading 

to a further increase in LV stroke volume after the second cycle. On the 

other hand, at longer AV-delays this atrial-ventricular coupling 

decreases, resulting in a lower steady-state cardiac output.  
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Figure 7 – Relative change in stroke volume of the left (black circles) and right 

(red squares) ventricle over a number of simulated cycles until steady-state (SS) 

after changing pacing delay (the 9 settings shown in the black bars). Black 

dashed line indicates the moment of changing the pacing delays while the 

green line marks the first beat.  
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Discussion 
In this study we investigated the influence of LV and RV pacing delay 

settings on LV and RV electrical activation and contractility in animal 

studies and computer simulations. Both studies showed that LV TAT is 

smallest during synchronous RV and LV stimulation and increases when 

VV delays increase.  RV TAT becomes larger in particular during LV pre-

excitation. LV and RV contractility vary most, and in opposite direction, 

with changes in VV delay settings. After demonstrating the realistic 

simulations in the model, we used the model to calculate cardiac output 

changes and to explain why changes cardiac output differed from both 

RV and LV contractility. The latter findings demonstrate how a model like 

CircAdapt can extend mechanistic understanding of circulatory changes 

due to a device therapy. 

 

LV and RV contractility respond in opposite manner to variations in 

VV pacing delays 

A key finding in the present study is that LV and RV dP/dtmax change in 

opposite direction when changing the VV pacing delay. Sciaraffia et al 

previously demonstrated that RV and LV dP/dtmax identify different 

‘optimal’ VV delays in most of the patients included in their study 

(Sciaraffia et al., 2009). Furthermore, Houston et al recently showed that 

in patients with dyssynchronous heart failure, RV-only pacing leads to 

higher RV dP/dtmax than LV-only or simultaneous LV+RV pacing (Houston 

et al., 2018). In an experimental study in pigs, different VV delays were 

tested at different pacing locations (Quinn et al., 2006). Similar to our 

study, these investigators found that RV pre-excitation led to a higher RV 

dP/dtmax than LV pre-excitation. The fact that findings were consistent in 

patients, animals and a computer model implies that the opposing 

changes in hemodynamics, caused by varying VV pacing delays, are 

caused by a universal mechanism.  



The LV and RV respond differently to variation of pacing delays in CRT | 65 
 

Another key finding is that ventricular specific pre-excitation is required 

for a good contractile function in both the LV and RV. This is illustrated 

by LV pre-excitation increasing LV dP/dtmax and RV pre-excitation 

leading to the largest RV dP/dtmax values. In contrast, changes in AV 

delay have less effect on measured and simulated LV and RV dP/dtmax. In 

a previous study, in which we evaluated the relative importance of 

interventricular and intraventricular dyssynchrony for contractile 

response to CRT (change in LV dP/dtmax), it was demonstrated that 

interventricular dyssynchrony during intrinsic rhythm is the dominant 

electrical substrate driving response to CRT (Huntjens et al., 2018). In 

contrast, intraventricular dyssynchrony showed little effect on LV 

dP/dtmax, which is in line with experimental observations that reducing 

LV TAT by multipoint pacing does not improve LV dP/dtmax (Ploux et al., 

2014). However, results in this study suggest that intraventricular 

dyssynchrony might still play a modulating role since increase in LV TAT, 

with large LV pre-excitation, led to a decrease in LV dP/dtmax compared 

to slight LV pre-excitation. Because RV TAT increases concurrently with 

decreases in VEU we cannot distinguish if either intra- or interventricular 

dyssynchrony has a larger effect on RV contractility.  

In agreement with our observations, other studies in patients have 

shown that the lowest electrical dyssynchrony does not necessarily lead 

to the highest LV contractility or better clinical outcome (Lumens et al., 

2013; Thibault et al., 2011). Optimization based on minimization of 

electrical dyssynchrony alone might therefore not be sufficient. Even if 

the optimal electrical activation for LV contractility is known, further 

clinical studies are required to investigate whether the gain in LV 

contractility outweighs the loss of RV contractility, especially since 

cardiac output might not match either or both but be a 

combination/compromise. 
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CircAdapt simulations capture both LV and RV contractile response 

to pacing delay changes 

The present study demonstrates that the CircAdapt model can capture 

pacing-induced changes to both LV and RV contractile function. It is 

especially the response of the RV to pacing that has been less well 

studied, both by our group and by others. 

The use of experimental measurements electrical activation of the paced 

dog heart, derived from canine experiments, coupled to the simulation 

of the entire circulation, resulted in changes in RV and LV dP/dtmax that 

closely mimicked values measured in dog experiments. 

Earlier studies have shown that CircAdapt enables realistic simulation of 

cardiac response to CRT, mostly focusing on LV function (Huntjens et al., 

2018; Lumens et al., 2013, 2015). In one of those studies, it was 

demonstrated that the RV plays an important role in the improvement of 

LV function during LV-only pacing (Lumens et al., 2013). The present 

study extends the mechanistic insight in the working action of CRT in the 

context of pacing delay optimization, where the complex mechanical 

and hemodynamic interactions between the four cardiac cavities and 

the surrounding circulations are found to be important. 

As demonstrated in this study, the CircAdapt model can capture the 

complexity of different LV and RV responses to CRT by incorporating 

several relevant components of cardiovascular interaction. Firstly, it 

realistically incorporates direct mechanical interaction between the 

three ventricular walls (Lumens et al., 2009). Secondly, it allows realistic 

simulation of regional myocardial mechanics in the ventricular walls of 

the asynchronously activated heart (Leenders et al., 2012; Walmsley et 

al., 2015a), thereby enabling experimentally measured activation times 

to be imposed and the related intraventricular heterogeneities in 

mechanical myofiber behavior to be simulated. Thirdly, it is a closed-

loop system allowing for indirect (serial) hemodynamic interaction 

between the left and right side of the heart through the systemic and 
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pulmonary circulations (Arts et al., 2005; Lumens et al., 2010). Fourthly, 

its four-chamber heart captures the dynamics of hemodynamic 

atrioventricular interactions (Jones et al., 2017). Lastly, it includes the 

mechanical interaction through pericardial constraint, with an increase 

in the volume of a chamber altering the pressure in the other chambers 

and, hence, diastolic filling and septal position (Palau-Caballero et al., 

2017).  

 

Simulation-derived mechanistic insights 

The ability of CircAdapt to realistically simulate both LV and RV 

hemodynamics during pacing allowed us to further study the impact of 

differences between both chambers on cardiac output. In particular, the 

model showed a difference in response between dP/dtmax and SV/CO. 

Similar differences have been observed in a clinical study where LV 

dP/dtmax responses differed from responses in stroke work (van 

Everdingen et al., 2018).  

Our simulations provided a plausible explanation for this paradoxical 

observation. While LV and RV stroke volume of the first beat after a 

change of pacing delay can differ substantially, a common steady-state 

stroke volume and thereby cardiac output is reached due to balancing 

ventricular preload conditions during the next few beats. There are 

three main determinants of the newly achieved steady-state preload 

condition. First, the changes in stroke volumes directly change the end-

systolic volumes and thereby the end-diastolic volumes in the next beat. 

Second, the pacing-induced changes in effective left and right AV 

delays change the efficiency of atrial and ventricular diastolic filling and 

subsequent systolic contraction. Thirdly, changes in stroke volume affect 

the filling of the other ventricle through the systemic and pulmonary 

circulations. 
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While dP/dtmax changes congruently with first-beat stroke volume in the 

same ventricle, it is less affected by changes in preload. As a result, LV 

and RV dP/dtmax are much more sensitive to changes of VV-delay and, 

hence, asynchrony of electrical activation than to changes of AV-delay. 

On the other hand, changes of AV-delay affect cardiac output more than 

LV and RV dP/dtmax. 

 

Computer modeling in therapy optimization 

Other cardiac computer modelling studies have been conducted to 

investigate other factors in the optimization of CRT therapy. For 

example, in a cohort of 648 virtual patients it was found that the location 

of the LV pacing site is an important factor in response to CRT (Crozier 

et al., 2016). Electrophysical cardiac computer modeling studies also 

demonstrated the importance of LV pacing site and the potential of 

simulations to predict the electrical optimal pacing location and setting 

(Miri et al., 2009; Niederer et al., 2011; Reumann et al., 2007). Our study 

shows, however, that an electrical optimum (lowest electrical 

dyssynchrony) might not necessarily be optimal for overall pump 

function.  

The CircAdapt simulations performed for this study can run on a single 

core in real time. CircAdapt requires activation time as input and lacks 

the cardiac electrophysiological model necessary to extract this 

information from standard clinical data. This input could, however, 

potentially be generated by other models, for example the ones 

referred to in the previous paragraph. This would also allow for testing 

of alternative pacing sites, which would result in different activation 

patterns, which subsequently can be used as input for CircAdapt 

simulations. A workflow where fast and anatomically realistic cardiac 

electrophysiological simulations are combined with cardiac mechanical 

and circulatory CircAdapt simulations might further increase the clinical 

applicability of cardiac computer models.  
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Study Limitations 

In this study the pacing experiments were performed in relatively 

healthy canine hearts. Previous work from our group showed that 

chronic total AV-block leads to structural changes (hypertrophy) and 

electrical remodeling (QT-time prolongation), but normal contractility 

(Peschar et al., 2003). On the other hand,  patients treated with CRT 

have different levels of myocardial remodeling and heart failure, which 

may affect the response to pacing (Nguyên et al., 2018). Results of this 

study might differ from patient data since long-term structural 

remodeling was not included in both the animal and computational 

experiments. On the other hand, differences in RV and LV response 

observed in this study could mean that different pacing settings might 

affect the positive and/or negative remodeling of the LV and RV.  

A major difference between this animal experiment and patients in day-

to-day life is that the animals were anesthetized. To allow comparison 

between the experiments and simulations, the model’s LV afterload in 

the baseline situation was adapted to fit the measured mean arterial 

pressure in the dogs. After the change in activation delays regulation 

was disabled, which is likely similar to the anesthetic condition were 

regulation is slow. Caution should however be taken when translating 

results of this study towards the clinical setting considering that loading 

conditions potentially affect the effect of pacing delay changes (Quinn 

et al., 2009). Future studies are needed to investigate how load-

dependent the observed effects of pacing delay optimization are and 

how homeostatic regulation interacts with changes in LV and RV 

contractility. A final limitation of the CircAdapt (and most other 

computer models in this field) is that changes in function of the 

autonomic nervous system are not taken into account. 
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Clinical perspective 

The results of this study raise the question what outcome measure is 

best to use for optimization of pacing delay. Current clinical practice 

focusses almost exclusively on the LV, using parameters like LV dP/dtmax, 

aortic outflow integral, and LV systolic (or aortic) pressure. This study 

demonstrates that improving LV function can reduce RV function. 

Furthermore, cardiac output is not necessarily increasing when LV 

dP/dtmax increases. Hence, an exclusive focus on the LV might not lead to 

the best overall outcome. Therefore, future studies on optimization of 

therapy should not exclusively focus on the LV but also include 

measures of RV and/or whole heart function. In our analysis of cardiac 

output we also demonstrated that the moment of measurement affects 

what physiological phenomenon is actually observed. Contractile 

function alone might better be observed in the first beats while longer 

lasting measurements, that allow reaching a steady state,  will provide 

more information about the loading of the heart and its interaction with 

homeostatic regulation. Insights acquired in the present opens the way 

for designing better optimization protocols, possibly even including 

computer modeling.  

Conclusion 
The LV and the RV respond in an opposite manner to LV or RV pre-

excitation. LV pre-excitation improved LV contractility and decreased RV 

contractility, while RV pre-excitation had the opposite effects. The 

CircAdapt computer model realistically captures these opposite 

responses of LV and RV contractile function. Computer simulations 

extend animal experimental findings by revealing that improving 

ventricular contractility does not necessarily lead to an improvement of 

cardiac output. This study demonstrates the potential of CircAdapt to 

provide a valuable and efficient in silico platform for further optimization 

studies for device therapy. 
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Abstract 

Introduction: We investigated whether pacing‐induced electrical 

dyssynchrony at the time of cardiac resynchronization therapy (CRT) 

device implantation was associated with chronic CRT response. 

Methods and Results: We included a total of 69 consecutive heart 

failure patients who received a CRT device. Left (LVp‐RVs) and right 

(RVp‐LVs) pacing‐induced interlead delays were measured 

intraoperatively and used to determine if there was paced left 

ventricular (LV) dyssynchrony, defined as present when LVp‐RVs is 

larger than RVp‐LVs. CRT response was defined as a reduction in LV 

end‐systolic volume ≥15%, 6 months after implantation. Paced left 

ventricular dyssynchrony (PLVD) was associated with ischemic 

cardiomyopathy (ICM) (χ2:8; P = .005) but not with QRS 

morphology nor with pacing lead positions. In a univariate analysis, 

PLVD (odds ratio [OR], 6.53; 95% confidence interval [CI], 2.2‐18.9; 

P = .001), atypical left bundle branch block (LBBB) (OR, 3.3; 95% CI, 

1.2‐9.4; P = .022), and ICM (OR, 5.2; 95% CI, 1.6‐17; P = .006) were 

associated with nonresponse. In a multivariate analysis, both PLVD 

(OR, 9.74; 95% CI, 2.8‐33.9; P < .0001) and atypical LBBB (OR, 5.6; 

95% CI, 1.5‐20.3; P = .009) were independently associated with 

nonresponse. Adding PLVD to a model based on QRS morphology 

provided a significant and meaningful incremental value to predict 

LV reverse remodeling after CRT (χ2 to enter: 8; P < .005). 

Computer simulations corroborate these findings by showing that, 

while intrinsic electrical dyssynchrony is a prerequisite, the level of 

pacing‐induced dyssynchrony modulates acute CRT response. 

Conclusion: In addition to the intrinsic electrical substrate, PLVD is 

strongly associated with less LV reverse remodeling, demonstrating 

that measuring the electrical substrate during pacing has additional 

value for prediction of CRT response in an already well‐selected 

patient population.  
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Introduction 

Cardiac resynchronization therapy (CRT) reduces morbimortality 

and improves heart failure symptoms in appropriately selected 

candidates1. The likelihood of nonresponse to CRT increases with 

ischemic cardiomyopathy (ICM), atypical left bundle branch block 

(LBBB), narrow QRS complex, and less activation delay at the site of 

left ventricular (LV) lead implant (QLV)2–4. Despite improvements in 

guiding LV lead implantation using both electrical and imaging 

strategies5–7, the rate of nonresponse to CRT remains around one‐

third of the patients. In this context, underlying electrical patterns of 

nonresponse have been poorly described and electrocardiographic 

criteria (QRS duration and morphology) still remain insufficient to 

differentiate responders from nonresponders to CRT. 

The working mechanism of CRT consists of restoring 

electromechanical ventricular synchrony. By definition, the potential 

for CRT response lies in the baseline electrical substrate inherent to 

the patient, but also in the electromechanical effect of biventricular 

pacing. While most attempts to predict CRT response have focused 

on the patient's baseline electromechanical substrate, the role of 

pacing‐induced electrical dyssynchrony has been poorly studied8. 

However, understanding the interplay between baseline and 

pacing‐induced dyssynchrony might be important to better predict 

nonresponse to CRT. Theoretically, one would expect the least 

pacing‐induced left ventricular dyssynchrony (PLVD) and most 

homogeneous pacing‐induced wavefront propagation when the 

right ventricular paced to left ventricular sensed delay (RVp‐LVs) is 

similar to the left ventricular paced to right ventricular sensed delay 

(LVp‐RVs). By contrast, asymmetrical paced‐to‐sensed delays may 

indicate a more heterogeneous ventricular activation compromising 

the potential benefits of CRT. 
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In the present study, we explored prospectively whether interlead 

paced‐to‐sensed delays recorded at the time of implant could 

predict a positive response to CRT. More precisely, we 

hypothesized that larger LV dyssynchrony during pacing can 

predict nonresponse. In addition, the relative contributions of 

baseline dyssynchrony and interlead paced‐to‐sensed delays to 

CRT response are studied in a more well‐controlled in silico 

environment, using the well‐validated CircAdapt model9–11 of the 

human heart and cardiovascular system. 

Methods 

Population and study protocol 

The study population consisted of 69 consecutive heart failure 

patients who received a CRT device based on current guideline 

indications1. Only patients with New York Heart Association 

Functional Classification classes II‐III or IV despite optimal medical 

therapy, left ventricular ejection fraction (LVEF) ≤35%, and QRS 

duration ≥130 ms were included. CRT response was defined as a 

reduction in LV end‐systolic volume ≥15%12,6 months after implant 

compared to baseline. Patients with a previous implantable cardiac 

electronic device, below the age of 18, congenital disease, and 

pregnant women were excluded from inclusion. Focal and diffuse 

fibrosis were assessed on cardiac magnetic resonance imaging 

(cMRI) when available before implantation. Typical LBBB 

electrocardiogram (ECG) criteria were based on Strauss and ESC 

2013 classifications13. The study was approved by our local ethics 

committee and all patients consented to participate in this study. 
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CRT implantation 

Transvenous CRT implantation was performed according to 

standard procedures. Right ventricular (RV) lead was positioned at 

the RV apex or in a midseptal position. Guided LV lead implantation 

was performed using coronary sinus venogram and the latest site of 

activation represented by QLV measurement was reached. The final 

LV lead position was confirmed if pacing thresholds were 

acceptable with a good LV lead stability and after excluding phrenic 

nerve stimulation. LV lead location was documented using 

anteroposterior, left and right anterior oblique fluoroscopic views, 

and defined as anterior, lateral or posterior, and apical, mid, or 

basal. Simultaneous biventricular stimulation was programmed and 

the atrioventricular delay was chosen to avoid A‐wave truncation. 

Intraoperative electrical delay assessment 

Electrical sensed and paced delays between the distal left bipole 

and the RV leads, as well as the QLV, were recorded using the 

device programmer (Abbott Merlin Pacing System Analyzer Model 

EX3100) at a sweep speed of 100 mm/s (Figure 1). QLV was 

assessed by aligning the calipers with the onset of the QRS and the 

peak of the LV electrogram. RVs‐LVs delays (ms) were measured 

between the peak in the RV electrogram and the peak in the LV 

electrogram during spontaneous rhythm. Paced interlead delays 

were defined as the conduction time (ms) from the LVp artifact to 

RVs electrogram and from the RVp artifact to LVs electrogram. 

Pacing was performed at the minimum rate that ensured complete 

ventricular capture (excluding fusion beats). Bipolar configuration 

was programmed for both pacing and sensing recordings. A 

standard pacing output of 5 V/0.4 ms was applied. PLVD was 

defined as a situation where LVp‐RVs is greater than RVp‐LVs 

delays, indicating a more dyssynchronous activation of the LV 
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during pacing. All delays were carefully reviewed and confirmed in 

all except one patient. Whenever possible (absence of phrenic 

nerve stimulation or inacceptable thresholds), measurements were 

performed from the distal bipole. In any cases, the initial LV 

configuration programming was the same as the one tested during 

the implant procedure. 

 

 

Figure 1  Intraoperatively measured RV (top) and LV (bottom) electrogram 
of RVp‐LVs (blue arrow) and LVp‐RVs (red arrow). Top shows an example of 
paced left ventricular dyssynchrony since LVp‐RVs > RVp‐LVs. Bottom 
shows an example of synchronous activation. LV‐EGM, left ventricular 
electrogram; LVp‐RVs, interval (ms) from left ventricular pacing to right 
ventricular sensed event on electrograms; PLVD, paced left ventricular 
dyssynchrony with (LVp‐RVs) − (RVp‐LVs) > 0; RV‐EGM, right ventricular 
electrogram; RVp‐LVs, interval (ms) from right ventricular pacing to left 
ventricular sensed event on electrograms 
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Echocardiography 

Transthoracic echocardiography using an iE33 and an Epic ultra- 

sound system (Philips Medical Systems; Andover, MA) with a 1‐ to 

5‐Hz transthoracic transducer was performed at baseline and after a 

minimum of 6 months (range: 6‐12 months) postimplant. LV 

volumes and LVEF were obtained using the biplane Simpson's 

method from four and two chambers' views. Measurements were 

obtained using the Philips IntelliSpace Cardiovascular Software 

(version 2.2). Offline analyses were performed by two independent 

observers (AG and SL) and intraclass correlation coefficient 

between both was very good (0.86; 95% CI, 0.56‐0.96). 

 

Statistical Analysis 

Continuous variables are reported as mean ± standard deviation or 

median and interquartile range. A comparison between groups was 

performed using independent t test when normally distributed or 

using the Kruskal‐Wallis test if not. Categorical variables, expressed 

as counts and percentages, were compared using Fisher's exact 

test. All available clinical and electrocardiographic data (including 

all variables already identified in the literature as influencing the 

rate of response to CRT (age, sex, type of cardiomyopathy, LVEF, 

QRS duration, type of block, etc) were first used in a univariate 

regression analysis. All variables that correlated significantly (P < 

.05) with the outcome (LVESV, < −15%) were then entered into a 

multivariate logistic regression. The model was then evaluated 

using the χ2 to enter. P <.05 was considered as significant. 

Statistical analyses were done using IBM SPSS statistics software, 

version 25.0. 
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Computer Simulations 

The CircAdapt computer model of the heart and circulation14 

(MultiPatch Version) was used to evaluate the effect of baseline and 

paced dyssynchrony on acute hemodynamic response to pacing 

within the range measured in the patient population. Previous 

experimental and clinical studies have shown that the CircAdapt 

model realistically relates local ventricular myofiber mechanics to 

hemodynamics in the dyssynchronous failing heart9. 

In the simulations, we tested different levels of PLVD by inducing 

latency at the LV pacing site. Latency is defined as the time 

difference between the LV stimulus and the actual myocardial 

capture. From previous research, it is known that latency is often 

longer at the epicardial LV pacing site compared to the endocardial 

RV pacing site15. In the simulations, latency is modeled as an 

additional delay between LV stimulus and the regional onset of 

mechanical activation. 

Starting from a failing heart reference simulation, the LV total 

activation time was varied between 100 and 180ms in steps of 

10ms, resulting in nine baseline simulations. For each degree of 

baseline dyssynchrony, LV latencies from 0 to 50 ms (in steps of 

5ms) were tested. The acute hemodynamic response was 

determined by calculating the change in maximum range in LV 

pressure rise (LV dP/dtmax)and cardiac output between the baseline 

and pacing simulations. 
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Results 

Patient population 

Baseline characteristics of this study population, summarized in 

Table 1, are similar to other published CRT cohorts. Responders 

and nonrespon- ders patients differed in terms of rate of 

nonischemic cardiomyopathy (NICM),typical LBBB,and QLV. 

Also,PLVD was present insignificantly more nonresponders 

compared to responders (P< .0001). More than two‐thirds of 

nonresponders presented with PLVD. On a quantitative analysis, 

compared to baseline, change in left ventricular end‐systolic 

volume was significantly lower with PLVD compared to no PLVD 

(Figure 2). 

 

  

  

Figure 2 - Comparison of the 
change in LVESV (mL) from 
baseline to 1‐year 
postimplantation for the two 
patterns of delays (PLVD and 
no PLVD; ms). ESV, end‐systolic 
volume; LVESV, left ventricular 
end‐systolic volume (mL); No 
PLVD, no paced left ventricular 
dyssynchrony with (LVp‐RVs) − 
(RVp‐LVs) ≤ 0 



86 | Chapter 4 
 

Intraoperative LV to RV interlead delays and CRT 

response 

As indicated in Table 2, intrinsic interlead electrical sensed delay 

(RVs‐LVs) was not different between groups, whereas PLVD 

occurred more often in nonresponders. Because of atrioventricular 

block, no RVs‐LVs measurements were available in 7 of the 69 

patients.  

In the nonresponse group, the pace‐to‐sense time was 15 ms 

longer for the LV compared to the RV. PLVD was associated with 

ICM (P = .005) but not with the type of LBBB (typical vs atypical), 

sex, QRS duration, nor LV and RV lead positions. In 20% of the 

patients, PLVD resulted from a shorter conduction time from the 

right during RV pacing compared to the intrinsic wavefront 

propagation (RVpLVs < RVsLVs). A comparison of patient's 

characteristics with PLVD and those without is described in Table 3. 

With univariate analysis, PLVD (OR, 6.5; 95% CI, 2.2‐18.9; P = .001), 

atypical LBBB (OR, 3.3; 95% CI, 1.2‐9.4; P = .022), and ICM (OR, 5.2; 

95%CI, 1.6‐17; P = .006) were predictors for CRT nonresponse. 

With multivariate analysis, both PLVD (OR, 9.7; 95% CI, 2.8‐33.9; P < 

.0001) and atypical LBBB (OR, 5.6; 95%CI, 1.5‐20.3; P = .009) were 

independent predictors of nonresponse (Table 4). Accordingly, we 

developed an integrated statistical model that included 

synchronous activation of the LV during pacing (no PLVD) and the 

QRS morphology (typical LBBB). Our results show that compared to 

typical LBBB, only (which is the “first‐line” screening tool for 

clinicians to predict CRT response), a model integrating both no 

PLVD+ typical LBBB had a better predictive value for CRT response 

(χ2 to enter: 7.96; P <.005). 
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Table 1: Comparison of baseline characteristics between 

responders and non-responders to CRT. 

  Total 
cohort 

(N= 69) 

Responders 
(N=39) 

Non-
responders 

(N=30) 

P-
value* 

Age (Y) 66 (21) 65 (21) 67 (18) 0.2 

Gender (males, 
%) 

70 61 80 0.1 

NICM (%) 74 87 57 0.004 

NYHA II- III (%) 85 87 83 0.7 

Typical LBBB 
(%) 

65 77 50 0.02 

QRS duration 
(ms) 

160 (20) 160 (20) 160 (20) 0.8 

LVEF (%) 25±6 24±6 23±6 0.9 
LVEDV (mL/m2) 250 

(134) 
250 (139) 248 (129) 0.4 

LV pacing site 
Lateral or 
posterolateral 
(%) 

 
92.6 

 
92 

 
93 

0.8 

RV lead 
position (%) 
Midseptal 
Apical 

 
25 
75 

 
26 
74 

 
23 
77 

     0.8 

QLV (ms) 132±46 150±50 113±33 0.03 
QLV ratio (≥50 
%) 

89 87 (13/15) 92 (12/13)     0.6 

PLVD  46% 
(N=31) 

26% (N=10) 70% (N=21) <0.0001 

Note: Values are mean ± SD or median (IQR). 
Abbreviations: CRT, cardiac resynchronization therapy; ECG, 
electrocardiogram; IQR, interquartile range; LBBB, left bundle branch 
block; LV, left ventricular; LVEDV, left ventricular end‐diastolic volume; 
LVEF, left ventricular ejection fraction; NICM, nonischemic cardiomyopathy; 
NYHA, New York Heart Association; PLVD, paced left ventricular 
dyssynchrony; QLV, interval (ms) from the onset of the QRS on the surface 
ECG to the first peak of left ventricular electrogram during sinus rhythm; 
RV, right ventricular. *P < .05 (Kruskal‐Wallis test, independent t test, or χ2 
test). 

 



88 | Chapter 4 
 

 Table 2 - Comparison of LV-RV delays at the time of implant 

between responders and nonresponders 

 
Total 

cohort 
(N= 68) 

Responders 
(N=39) 

Nonresponders 
(N=30) 

P-value* 

RVs-LVs 82±44  89±45  72±40 0.13 

LVp-RVs 120± 41 116±43  126±38  0.35 

RVp-LVs 115±37 120±40  111±34  0.43 

(LVp-RVs) -
(RVp-LVs) 

5±23 -2±21  14±23  0.003 

PLVD  46% 26%  70%  <0.0001 

 
Note: Values are mean ± SD.  
Abbreviations: LV, left ventricular; LVp‐RVs, interval (ms) from left 
ventricular pacing to right ventricular sensed event; PLVD, paced left 
ventricular dyssynchrony; RV, right ventricular; RVp‐LVs, interval (ms) from 
right ventricular pacing to left ventricular sensed event; RVs‐LVs, interval 
(ms) from right to left ventricular first peak event on electrograms in sinus 
rhythm.  
*P < .005 (independent t test or χ2 test). 

 
Table 3 - Comparison of characteristics between patients with and 
without paced left ventricular dyssynchrony 

 
PLVD 

(N=31) 
No PLVD 

(N=37) 
P value* 

Age (Y) 65 (18) 66 (20) 0.34 
Gender (males, %) 74 67 0.5 
NICM (%) 61 84 0.04 
NYHA II- III (%) 87 80 0.7 
Typical LBBB (%) 68 62 0.6 
QRS duration (ms) 160 (20) 160 (20) 0.8 
LVEF (%) 25±6 24±6 0.7 
LVEDV (mL/m2) 260 (140) 243 (129) .7 
LV pacing site  
   Lateral or posterolateral (%) 

 
92 

 
93 

1 

RV lead position (%) 
   Midseptal 

 
32 

 
17 

0.1 
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Note: Values are mean ± SD.  

Abbreviations: ESV, end‐systolic volume; IQR, interquartile range; LBBB, 

left bundle branch block; LGE, late gadolinium enhancement; LV, left 

ventricular; LVEDV, left ventricular end‐diastolic volume; LVEF, left 

ventricular ejection fraction; NICM, nonischemic cardiomyopathy; NYHA, 

New York Heart Association; PLVD, paced left ventricular dyssynchrony; 

RV, right ventricular.  

*P < .05 (independent t test, Kruskal‐Wallis or χ2 tests). 

 
 
 
Table 4 - Predictors for CRT non-response at univariate and 
multivariate logistic regression analyses. 

Univariate analysis 
 

Multivariate analysis 
 

Odds ratio 
(95%CI) 

P-value Odds 
ratio 

(95%CI) 

P-value 

Gender (male) 2.6 (0.86-7.88) P=0.089 
  

Age 1.027 (0.98-1.07) P=0.19 
  

Baseline LEVF  0.98(0.91-1.06) P=0.76 
  

QRS duration 0.99 (0.97-1.017) P=0.58 
  

QLV ratio ≥50% 0.54(0.04-6.76) P=0.63 
  

PLVD 6.53 (2.25-18.92) P=0.001 9.74(2.8-
33.9) 

<0.0001 

Atypical LBBB 3.33 (1.19-9.36) P=0.022 5.6(1.5-
20.3) 

0.009 

ICM  5.2 (1.6-17) P=0.006 
  

Abbreviations: CI, confidence interval; CRT, cardiac resynchronization 
therapy; ICM, ischemic cardiomyopathy; LBBB, left bundle branch block; 
LVEF, left ventricular ejection fraction; PLVD, paced left ventricular 
dyssynchrony 

   Apical 68 83 

QLV (ms) 122±47 138±47 0.4 
QLV ratio (≥50 %) 85 93  0.5 
    

ESV ≥ 15% (%)  32  76 <0.0001 

 PLVD 
(N=31) 

No PLVD 
(N=37) 

P value* 
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Relationship between interstitial fibrosis and 

necrosis and asymmetrical delays of conduction 

Interstitial 

Interstitial fibrosis and necrosis in heart failure are common 

substrates associated with localized conduction abnormalities, 

including unidirectional slowing and block of conduction 

potentially explaining our findings16,17. Accordingly, using cMRI, we 

investigated in 62 patients of our cohort whether PLVD was 

associated with a higher volume of focal (late gadolinium 

enhancement [LGE]) and diffuse fibrosis (extracellular volume 

[ECV]). Transmural LGE was present more often in patients with vs 

without PLVD (OR, 7.6; 95% CI, 1.5‐38.8; P = .01). Although there 

was a trend for higher ECV in nonresponders, ECV was not 

associated with PLVD (OR, 0.9; 95%CI, 0.9‐1; P =NS). 

 

Simulated acute hemodynamic responses 

evaluation of the interplay of baseline 

dyssynchrony and interlead paced delays 

Simulated acute hemodynamic responses to different baseline and 

pacing‐induced dyssynchronies are presented in Figures 3 and 4. 

Both LV dP/dtmax and cardiac output had an increased response to 

CRT when introducing a larger degree of baseline dyssynchrony. 

For a given degree of baseline dyssynchrony, the maximal response 

was observed when no LV latency was introduced in the model. 

Increasing the LV latency was associated with deterioration of both 

parameters, which could be especially important in situations where 

baseline dyssynchrony was lower. 
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Figure 3 - Surface plots of the simulated acute changes in Cardiac Output 
(left) and LV dP/dtmax (right) when going from baseline dyssynchrony to CRT 
pacing with variation of levels of baseline dyssynchrony ( left ventricular 
total activation time (LVTAT): 100-180ms) and amount of latency at the LV 
pacing site (0-50ms). 

 

Figure 4 - Simulated acute changes in cardiac output (left) and LV dP/dtmax 
(right) when going from baseline dyssynchrony (left ventricular total 
activation time) to CRT pacing with different latencies at the LV pacing site 
(0‐50 ms) during pacing. CRT, cardiac resynchronization therapy; LV, left 
ventricular; TAT, turnaround time 
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Discussion 

In the present study, we explored prospectively whether pacing-

induced electrical activation delays recorded at the time of implant 

could predict CRT response. More precisely, we hypothesized that 

asymmetrical conduction times when pacing alternatively from the 

LV and the RV leads can be used to predict LV reverse remodeling 

after CRT. 

Our results can be summarized as follows: 

- First, PLVD was strongly associated with the absence of LV 

reverse remodeling after CRT. 

- Second, longer QLV values were associated with positive LV 

reverse remodeling. Where the presence of sufficient 

baseline dyssynchrony remains essential for a potential re- 

sponse, adding PLVD to a conventional statistical model 

based on QRS duration and morphology, significantly 

improved its predictive value. 

- Third, computer simulations based on the range of 

dyssynchrony measured in the patient cohort confirmed that 

the level of pacing‐ induced electrical dyssynchrony 

modulates CRT response together with the baseline 

dyssynchrony. 
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PLVD better predicts CRT response because it 

incorporates the state of dyssynchrony during 

treatment 

A slower conduction velocity from the left is associated with 

nonresponse due to a decreased effectiveness of the 

resynchronization therapy. If pacing from the left to the right takes 

longer compared to the opposite, this results in a longer mean LV 

and total activation times, less synchronous activation, and acute 

response. From a clinical perspective, previous clinical studies 

already demonstrated that biventricular pacing provide CRT 

response mainly by reducing the interventricular dyssynchrony. 

Ploux et al18 demonstrated that effective biventricular pacing 

depends mainly on the reduction of ventricular electrical 

uncoupling (VEU). This electrical marker of dyssynchrony 

corresponds to the difference between the mean LV activation time 

minus the mean RV activation time during baseline and 

biventricular pacing. The more VEU is reduced the more 

hemodynamics acute benefit was observed with CRT. Our data not 

only confirm these results by pointing out the relative importance of 

both the intrinsic‐ and pacing‐induced dyssynchrony but also 

demonstrate their implications for reverse remodeling and long‐

term clinical response. Hemodynamically, the acute increase in the 

cardiac output indicates that for the same cardiac output a lower 

preload is sufficient, lowering finally both the end‐diastolic and 

end‐systolic volumes. 
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Anisotropic conduction properties as a cause of 

nonresponse to CRT 

From a pathophysiological point of view, anisotropic conduction 

properties in the heart are not uncommon. Epicardial pacing sites 

are associated with slurred initiation of the ventricular activation. 

And, in some circumstances, the initiation of the activation front 

might be retained from the pacing site. Previous studies19–21 

demonstrated that changing pacing sites might create an 

intermittent line of functional block and reroute the depolarization 

front. This has been reported as a possible cause for prolonged 

activation times and nonresponse. In the present study, we 

confirmed using computer simulations that an increase in latency at 

the LV pacing site results in a decrease in acute hemodynamic 

response. 

Transmural LGE and history of ICM were present more often in both 

the PLVD and CRT nonresponse group. Differences in activation 

alone might thus not be the only reason for the association of PLVD 

with nonresponse. It appears this intraoperatively obtained 

conduction difference could potentially be an indicator for the level 

of myocardial tissue damage. It has previously been shown in 

multiple studies that LV reverse structural remodeling occurs less in 

ICM vs patients with NICM receiving CRT22. 

 

Markers of intrinsic dyssynchrony in a population 

selected on guideline criteria 

By exploring the interplay between both the baseline dyssynchrony 

and the pacing‐induced dyssynchrony, the difference of interlead 

delays unravels electrophysiological characteristics that are 

otherwise not appreciated by our routine practice. The results of 
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this study also highlight that it is hard to find an improved measure 

for intrinsic dyssynchrony in a population that is selected based on 

the current CRT guidelines. In contrast to other studies23–25, in our 

study population, neither the RVs‐LVs nor QLV ratio (≥50%) was 

significantly different between responders and nonresponders. 

Only the absolute QLV and typical LBBB differed significantly 

between both groups. The mean QLV also tended to be longer in 

patients without PLVD. Accordingly, results of the simulations 

indicated that a patient without PLVD might, therefore, show a 

larger acute response to pacing because this group has a relatively 

larger intrinsic dyssynchrony at baseline but also less paced 

dyssynchrony during biventricular pacing. 

Clinical implications 

Predicting CRT response is essential for correctly choosing between 

CRT‐P and CRT‐D1. Therefore, electrical measures using the pacing 

leads during implant might be important for improving the 

selection process of the device. Also, a better predictive model 

might be important for device optimization. Although not tested in 

the present study, patients with PLVD might benefit from LV pre‐

excitation, either through setting a ventriculoventricular pacing 

delay or LV‐only pacing with optimal fusion. Additional studies are 

warranted to check if LV pre‐excitation truly improve CRT response 

rate in patients with PLVD. 

 

Limitations 

This study has some limitations worth noting. First, values of 

intraoperative delays are limited by the precision of measurements 

made with the programmer nonetheless, in the present study, all 

the recording delays were measured not from the ventricular 

markers but on the local electrogram (sensed or paced). This 
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contributed to reducing a potential bias induced by a possible 

delay between the marker and the onset of the ventricular event. 

Second, all patients had the RV lead implanted at midseptal or 

apical position, irrespective of the presence of an identified scar. 

However, paced‐to‐sensed interlead delay was not associated to RV 

or LV lead position in the patients. Measuring the latency based on 

a 12‐lead ECG would also have been of interest. When defining 

endpoints and choosing criteria to define CRT response, we 

decided to use LV remodeling and end‐systolic volume only. We 

did not evaluate the clinical response to CRT and did not perform 

functional tests. Therefore, we cannot exclude that patients without 

demonstrated reverse remodeling did not benefit clinically from 

CRT26. Finally, since we did not have any information on the exact 

conduction wavefronts between the pacing sites, we chose to only 

simulate latency at the LV pacing site as source of PLVD. Other 

factors that can lead to PLVD, such as anisotropic conduction 

related to more remote or diffuse fibrosis, may result in similar 

interventricular activation dynamics and thereby acute 

hemodynamic response. Furthermore, the computer simulations 

only describe the acute hemodynamic response to CRT. Similarly, 

the presence of myocardial scar or ischemia has not been simulated 

in this study. 

Conclusion 

In addition to the intrinsic electrical substrate, PLVD is strongly 

associated with less LV reverse remodeling, demonstrating that 

measuring the electrical substrate during pacing has additional 

value for prediction of CRT response in an already well‐selected 

patient population. Computer simulations corroborate this finding 

by showing that, while intrinsic electrical dyssynchrony is a 

prerequisite, the level of pacing‐induced dyssynchrony modulates 

acute CRT response.  
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Left bundle branch block (LBBB) is rare in the general population 

(~0.5%); however, LBBB is fairly common in patients with chronic 

heart failure (~25%)1. These numbers indicate an association 

between LBBB and cardiovascular disease, including hypertension 

and heart failure2. These associations have raised the question of 

what is cause and what is consequence. Half a century ago, it was 

commonly believed that newly acquired LBBB was a hallmark of 

advanced hypertensive or ischemic heart disease. On the other 

hand, Breithardt and Breithardt reviewed literature evidencing that 

LBBB could promote development of heart failure3. The latter 

observations were substantiated 2 decades later in animal 

experiments, in which induction of LBBB in otherwise normal dogs 

led to ventricular dilatation, asymmetrical hypertrophy, and a 

reduction in left ventricular ejection fraction (LVEF)4. More recently, 

studies in patients who developed LBBB after valve replacement 

procedures confirmed a causal relation between LBBB and 

mortality5. Obviously, the success of cardiac resynchronization 

therapy, which acutely improves pump function by correction of 

(most of) the electrical disturbances, also strongly supports the 

negative functional consequences of LBBB6. 

In an issue of iJACC, Aalen et al.7 present a very elegant study in 

patients and dogs that demonstrates that hearts with LBBB are 

more sensitive to increased left ventricular (LV) afterload than 

normal hearts. In asymptomatic patients with LBBB, afterload was 

increased by handgrip exercise and arm-cuff inflation, whereas in 

dogs, afterload was increased in a more controlled way by aortic 

constriction. Although in normal subjects, increased afterload 

reduced LVEF only mildly (7%), this reduction was more 

pronounced in LBBB patients (14%). The dog experiments showed 

that in particular, septal stretch during the ejection phase 

deteriorated at high afterload. Both in humans and in dogs, 

increased afterload in the LBBB heart created a clockwise rotation 
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of the septal pressure-length loop, which indicates negative 

(“wasted”) work generated by the septum. 

Therefore, this study adds important information to the 

abovementioned discussion as to whether LBBB is the chicken or 

the egg in relation to heart failure and hypertension: maybe it is 

both! After all, if LBBB develops in hypertensive patients (whether 

caused by hypertension or not), it creates a disproportionately 

negative effect on pump function. 

The strain measurements reported by Aalen et al.7 provide insight 

into the mechanism by which LBBB and high afterload 

synergistically cause deterioration in LV pump function. We can 

speculate about the mechanism as to why the reduction in function 

is seen especially in the septum. After discovery of abnormal strain 

patterns in asynchronous hearts, it was noted that the explanation 

for worsening of pump function could be sought largely in the 

inherent property of myocardial cells called length-dependent 

activation (also known as the Frank-Starling mechanism)8. The 

earliest-activated region (the septum in LBBB) starts to contract and 

shorten early, thereby stretching the later-activated LV lateral wall. 

After electrical activation of the LV lateral wall, its contraction is 

strong because of its pre-stretch, and this augmented contraction 

forces the septal myocardium to be stretched, even though it is still 

actively generating force itself. There is evidence that the reduced 

systolic septal shortening (or even stretching) directly relates to the 

loss in pump function in dyssynchronous hearts9. 

A next step is to try to explain the further worsening of septal 

systolic function at high afterload. This could relate to the muscle 

property that contraction lasts longer when afterload is high. As a 

consequence, systolic stress in the LV lateral wall might remain 

elevated and could thereby stretch the septum more than when 

afterload is normal, thus amplifying mechanical dyscoordination. 
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Support for this idea comes from simulations we conducted in the 

CircAdapt computer program to simulate mechanics of the heart 

and circulation10. Figure 1 illustrates pressure-strain loops that are 

comparable to the pressure-segment length loops in the paper by 

Aalen et al.7. Increasing afterload hardly affects the loops in the 

synchronous heart, where simulating a mechanical activation delay 

in the LV free wall leads to a small pressure-strain loop that starts to 

turn clockwise when afterload is increased (simulated by partial 

aortic occlusion). Importantly, the CircAdapt model contains only a 

few elementary muscle properties, of which length-dependent 

activation is an important one. Therefore, it seems highly likely that 

Figure 1 - Pressure-Strain Diagrams From CircAdapt Simulations of 

Synchronously and Dyssynchronously Activated Heart Before and After 

Increasing Afterload Through Partial Aortic Valve Occlusion 

 

The MultiPatch version10 was used for these simulations, with segments for the 
right ventricular, septal, and left ventricular (LV) wall. During synchronous 

activation, all segments were activated simultaneously, whereas for 
dyssynchrony, activation of the septum and LV wall was delayed by 15 and 60 
ms, respectively, with respect to the right ventricle. LVP =  left ventricular 
pressure. 
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the afterload hypersensitivity of LBBB hearts can be (largely) 

explained by a com bination of basic muscle properties, 

interaction between ventricular walls, and the arterial afterload 

(Figure 1). 

This likely explanation has at least 3 important clinical ramifications: 

- Quantification of mechanical dyssynchrony and 

discoordination is sensitive to afterload. This has also been 

shown to some extent by Park et al.11, who used pneumatic 

leg compression and nitroglycerin administration to alter 

loading conditions. This implies that afterload is an 

important additional variable that should be known for 

proper interpretation of mechanical dyssynchrony data. 

- Because LVEF also shows afterload hypersensitivity in 

patients with LBBB, blood pressure should be taken into 

account when interpreting LVEF measurements. This seems 

especially important when decisions are made based on a 

cutoff value, such as 35% for device implantation. 

- Lowering the afterload in patients with LBBB might be even 

more favorable than in patients with narrow QRS complex 

and thus could be even more important for their proper 

treatment. 

Of course, extrapolation of the results of this study to clinical care 

should be done with care. The study by Aalen et al.7 only 

investigated patients with LBBB without heart failure symptoms. 

Further studies are required to determine whether the afterload 

hypersensitivity also occurs in failing LBBB hearts. It would be 

equally interesting to investigate whether application of cardiac 

resynchronization therapy in such patients would reduce the 

afterload hypersensitivity. If this were to happen acutely, it would 

provide strong support for the mechanism of afterload 

hypersensitivity proposed above. 
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Besides the small numbers of patients, a limitation of the study by 

Aalen et al.7 is its acute design. There is no information on the 

potential long-term effects. However, the “natural” adaptation of the 

myocardium under these conditions is usually counterproductive: 

long-term dyssynchrony and pump failure induce dilatation and 

asymmetrical hypertrophy, complicated by adverse molecular 

changes4,12 and, through the cardiorenal axis, increased fluid 

maintenance. These all lead to further worsening of the condition of 

the patient. Therefore, the acute adverse effects of afterload could 

be amplified in the longer term. It is clearly of utmost importance to 

investigate this question in more detail. 

In conclusion, the article by Aalen et al.7 could be an important 

piece of the puzzle of understanding dyssynchronous heart failure, 

a piece that indicates that LBBB and LV pressure overload form a 

dangerous liaison, becoming hazardous at a much earlier stage 

than dangerous liaisons in fictional stories usually do. 
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About 1 in 3 patients with chronic heart failure (HF) has left bundle 

branch block (LBBB)1, a ventricular conduction disorder causing a 

distinct pattern of electromechanical polarization in the left ventricular 

(LV) wall, characterized by a decrease of work load in the early activated 

septum and an increase of work load in the late activated LV lateral wall2–

4. Many clinical studies have shown that LBBB is associated with 

increased morbidity and mortality5,6. The introduction of cardiac 

resynchronization therapy (CRT) has significantly improved the 

prognosis of patients with HF with reduced LV ejection fraction and 

hallmarks of LBBB on 12-lead electrocardiogram (i.e., widening and 

LBBB configuration of the QRS complex)7. The most popular working 

mechanism attributed to CRT is its instantaneous recoordinating effect 

on LV electromechanical function. Through biventricular pacing, CRT 

can (partially) repair the LV mechanical imbalance by inter- and 

intraventricular resynchronization of the electric activation8.  

A call for focus on right ventricular mechanical 

function 

It is important to realize that the vast majority of the studies investigating 

LBBB and its treatment with CRT has focused on LV mechanics and 

pump function. The right ventricle, however, is often dis- regarded in 

these studies, although it has been known for a long time that a change 

in the loading condition of either ventricle directly influences the pump 

function of the other ventricle. Also, several studies have identified right 

ventricular (RV) systolic dysfunction as an independent predictor of 

nonresponse to CRT9. For this reason, the publication of Storsten et al.10 

in iJACC is important, as it provides mechanistic insight into the effects 

of both LBBB and CRT on RV mechanical function. The work is 

composed of an elegant combination of ani- mal experimental and 

human measurements. Echocardiographic longitudinal strain analysis in 

a group of patients with LBBB with nonischemic cardiomyopathy and 
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normal RV function revealed an abnormal contraction pattern in the RV 

free wall, characterized by premature systolic shortening before RV 

ejection. In most patients, this early-systolic RV free wall shortening was 

significantly reduced or entirely abolished by CRT. 

Storsten et al.10 observed the same premature RV systolic shortening in 

an animal model as soon as LBBB was induced by radiofrequency 

ablation of the left bundle branch. Because the intrinsic His-Purkinje 

conduction of the right ventricle was maintained in this acute model of 

LBBB, it was concluded that the RV contraction abnormality was a result 

of a change in direct LV-RV interaction. Interestingly, they also 

investigated what this change of ventricular interaction means for the 

distribution of work load over the ventricular walls.  

Myocardial unloading and reloading during LBBB 

and CRT 

By combining LV and RV pressure measurements with myocardial 

deformation analysis using sonomicrometric crystals, the distribution of 

myocardial work across the ventricular walls was determined during 

LBBB and CRT. These experimental data corroborate previous 

experimental and clinical studies3,11 by showing that LBBB increases 

myocardial work load in the late activated LV lateral wall and decreases 

work load in the early activated septum and that CRT (partially) restores 

the distri- bution of myocardial work load. Furthermore, the animal 

experimental data validate previous computer simulation work showing 

that LBBB reduces work load in the RV free wall and that CRT reverts this 

unloading effect (3). In other words, CRT instantly increases the work 

load of the RV myocardium in a patient with HF with LBBB. Therefore, as 

Storsten et al.10 suggest, their study raises the important question 

whether this pacing-induced change in RV work load can explain the 

association between base- line RV dysfunction and worse outcome after 

CRT. 
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Figure 1: Simulations of myofiber strain in the three ventricular walls during left 

bundle branch block (LBBB, top row) and cardiac resynchronization therapy 

(CRT ON, middle row) in a heart with left ventricular (LV) failure (left column) and 

in a heart with both LV and right ventricular (RV) failure (right column). 

Simulations were performed with the CircAdapt model of human cardiovascular 

system dynamics (www.circadapt.org). LBBB was simulated by delaying mean LV 

free wall activation time 60 ms relative to mean septal and RV free wall activation 

times. CRT was simulated by acutely synchronizing mean activation times of all 

three ventricular walls at an atrioventricular delay of 132 ms. The bottom row 

presents CRT response for both LBBB hearts. CRT response is defined as the 

acute pacing-induced change of cardiac output relative to the baseline cardiac 

output of 4,1 L/min in the LBBB simulations. Heart rate was kept constant at 80 

bpm during all simulations. LVEF = LV Ejection Fraction; LVFW = LV Free Wall; 

RVEF = RV Ejection Fraction; RVFW = RV Free Wall. 

http://www.circadapt.org/
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Is RV work load the link between RV failure and 

nonresponse to CRT? 

For this editorial, we have performed computer simulations to test this 

hypothesis. We have used the well-established CircAdapt model of the 

human heart and circulation (CircAdapt, Maastricht University, 

Maastricht, the Netherlands), which has been extensively used for 

simulation of mechanics and hemodynamic status in the failing heart 

with LBBB and during its treatment with CRT 3,12. Figure 1 shows the 

simulated strain patterns of the 3 ventricular walls during LBBB (Figure 

1, top row) and during CRT (Figure 1, middle row) in a heart with LV 

failure and normal RV function (Figure 1, left column) and in a heart with 

both LV and RV failure (Figure 1, right column). The LBBB simulation 

with LV failure shows the same early systolic RV and septal shortening 

and LV pre-stretch as observed by Storsten et al.10 in dogs and HF 

patients with LBBB. In addition, the simulations predict that RV failure 

significantly reduces the amount of early systolic RV shortening and LV 

pre-stretch in LBBB. In the simulations of CRT (Figure 1, middlerow), the 

3 ventricular walls are synchronously activated. As expected, CRT made 

the strain patterns of the 3 ventricular walls rather uniform in the heart 

with LV failure alone. Interestingly, CRT did not lead to such mechanical 

equilibration in the heart with additional RV failure. Instead, the LV free 

wall strain pattern showed early systolic shortening, and the RV freewall 

and septum were stretched before the onset of LV ejection. Given the 

synchronous electric activation of the 3 ventricular walls during CRT, this 

mechanical imbalance can be explained only by a marked 

interventricular difference in contractile strength during early systole, 

which is due to the pacing-induced redistribution of myocardial work 

load in the LBBB heart from the LV free wall to the RV free wall. The 

failing right ventricle cannot handle this acute increase in mechanical 

work load. The bottom panel of Figure 1 illustrates the effect of RV 

failure on hemodynamic response to CRT, in terms of acute change of 
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cardiac output relative to baseline LBBB conduction. The simulations 

predict that RV contractile failure significantly reduces the potential for 

acute CRT response. 

RV deformation as a predictive biomarker 

In an earlier study, Van Everdingen et al.13 showed that conventional LV 

mechanical dyssynchrony as indexes (i.e., time to peak strain between 

the septum and LV lateral wall, interventricular mechanical delay, and 

septal systolic rebound stretch)do not reflect the negative impact of RV 

contractile dysfunction on CRT response. The data published by 

Storsten et al.10 and the simulations presented in this editorial suggest 

that the early systolic RV shortening can be of prognostic value, given its 

sensitivity to the electromechanical LBBB substrate that is amenable to 

CRT and to the contractile function of the RV free wall, which seems to 

be a strong determinant of CRT response. 

Going the right way with CRT 

Taking all these data together, we strongly support the notion by 

Storsten et al.10 that the diagnostic work-up of patients with HF who are 

candidates for CRT should include the assessment of baseline RV 

function. Their combination of patient and animal experimental data as 

well as the aforementioned computer simulations indicate that the RV 

free wall, which is mechanically spared in the LBBB heart, should be 

strong enough to bear the sudden increase in work load imposed by 

CRT. Future studies are needed to determine how much of the current 

problem of nonresponse to CRT is due to a lack of RV contractile 

reserve. 

 

 

  



118 | Chapter 6 
 

References 

1.  Clark AL, Goode K, Cleland JGF. The prevalence and incidence of left bundle 
branch block in ambulant patients with chronic heart failure. Eur J Heart Fail. 
2008;10(7):696-702. doi:10.1016/j.ejheart.2008.05.001 

2.  Gjesdal O, Remme EW, Opdahl A, et al. Mechanisms of abnormal systolic 
motion of the interventricular septum during left bundle-branch block. Circ 
Cardiovasc Imaging. 2011;4(3):264-273. 
doi:10.1161/CIRCIMAGING.110.961417 

3.  Lumens J, Ploux S, Strik M, et al. Comparative electromechanical and 
hemodynamic effects of left ventricular and biventricular pacing in 
dyssynchronous heart failure: Electrical resynchronization versus left-right 
ventricular interaction. J Am Coll Cardiol. 2013;62(25):2395-2403. 
doi:10.1016/j.jacc.2013.08.715 

4.  Vernooy K, Verbeek XAAM, Peschar M, et al. Left bundle branch block induces 
ventricular remodelling and functional septal hypoperfusion. Eur Heart J. 
2005;26(1):91-98. doi:10.1093/eurheartj/ehi008 

5.  Baldasseroni S, Opasich C, Gorini M, et al. Left bundle-branch block is 
associated with increased 1-year sudden and total mortality rate in 5517 
outpatients with congestive heart failure: A report from the Italian Network on 
Congestive Heart Failure. Am Heart J. 2002;143(3):398-405. 
doi:10.1067/mhj.2002.121264 

6.  Houthuizen P, Van Garsse LAFM, Poels TT, et al. Left bundle-branch block 
induced by transcatheter aortic valve implantation increases risk of death. 
Circulation. 2012;126(6):720-728. doi:10.1161/CIRCULATIONAHA.112.101055 

7.  Zareba W, Klein H, Cygankiewicz I, et al. Effectiveness of cardiac 
resynchronization therapy by QRS morphology in the multicenter automatic 
defibrillator implantation trial-cardiac resynchronization therapy (MADIT-CRT). 
Circulation. 2011;123(10):1061-1072. 
doi:10.1161/CIRCULATIONAHA.110.960898 

8.  Prinzen FW, Vernooy K, DeBoeck BWL, Delhaas T. Mechano-energetics of the 
asynchronous and resynchronized heart. Heart Fail Rev. 2011;16(3):215-224. 
doi:10.1007/s10741-010-9205-3 

9.  Damy T, Ghio S, Rigby AS, et al. Interplay between right ventricular function and 
cardiac resynchronization therapy: An analysis of the care-HF trial (Cardiac 
resynchronization-heart Failure). J Am Coll Cardiol. 2013;61(21):2153-2160. 
doi:10.1016/j.jacc.2013.02.049 

10.  Storsten P, Aalen JM, Boe E, et al. Mechanical Effects on Right Ventricular 
Function From Left Bundle Branch Block and Cardiac Resynchronization 
Therapy. JACC Cardiovasc Imaging. 2020;13(7). 
doi:10.1016/j.jcmg.2019.11.016 



Does the Right Go Wrong During CRT? | 119 
 

11.  Russell K, Eriksen M, Aaberge L, et al. A novel clinical method for quantification 
of regional left ventricular pressurestrain loop area: A non-invasive index of 
myocardial work. Eur Heart J. 2012;33(6):724-733. 
doi:10.1093/eurheartj/ehs016 

12.  Walmsley J, Arts T, Derval N, et al. Fast Simulation of Mechanical Heterogeneity 
in the Electrically Asynchronous Heart Using the MultiPatch Module. PLoS 
Comput Biol. 2015;11(7):e1004284. doi:10.1371/journal.pcbi.1004284 

13.  van Everdingen WM, Walmsley J, Cramer MJ, et al. Echocardiographic 
Prediction of Cardiac Resynchronization Therapy Response Requires Analysis of 
Both Mechanical Dyssynchrony and Right Ventricular Function: A Combined 
Analysis of Patient Data and Computer Simulations. J Am Soc Echocardiogr. 
2017;30(10):1012-1020.e2. doi:10.1016/j.echo.2017.06.004 

 



 

   



General discussion | 121 
 

 
 
 
 
 
 
Chapter 7 
 

 General discussion 
  



122 | Chapter 7 
 

  



General discussion | 123 
 

The general aim of this thesis is to improve our insight into factors 

affecting response to pacing therapy. We did so by computationally 

assessing different aspects of cardiac pacing and evaluating the effect of 

various influences on cardiac deformation patterns. 

In this thesis, cardiac pacing is studied in the context of both ventricular 

pacing against bradycardia (Chapter 2) and cardiac resynchronization 

therapy (CRT) (Chapter 3-6). During ventricular pacing the timing 

between atrial and ventricular contraction is affected by the 

atrioventricular delay (AVd) of the pacemaker. In Chapter 2 we showed 

that heart rate, inter-atrial delay and ventricular pacing site(s) affect the 

optimal AVd which delivers the best whole-heart pump function, in 

terms of cardiac output. The effective whole-heart AVd as percentage of 

the cardiac cycle length, incorporating activation times of both the left 

and right heart, enabled a more consistent definition of atrio-ventricular 

coupling. 

In CRT, besides the AVd, the timing between ventricular contractions 

can also be affected by the ventriculo-ventricular delay (VVd) of the 

pacemaker. In Chapter 3 we combined animal-experimental and 

computer simulations over a wide range of AVd and VVd settings and 

demonstrated that the left (LV) and right ventricle (RV) respond in an 

opposite manner to variations in LV or RV pacing delays, with RV 

contractility being optimal during RV pre-excitation and LV contractility 

being better at LV pre-excitation. Simulated cardiac output data, on the 

other hand, showed optimal values during (almost) simultaneous RV and 

LV pacing. In Chapter 4 we showed the importance of ventricular 

dyssynchrony during pacing in a combination of patient studies and 

computer simulations. We demonstrated that LV dyssynchrony during 

pacing is associated with lack of 6-month reverse remodeling in CRT 

patients. 

The benefit of CRT not only depends on the settings of the pacemaker 

but also on the condition of the patient’s heart. Echocardiographic 



124 | Chapter 7 
 

measurements of ventricular deformation and myocardial work may be 

used to improve the selection of CRT candidates. In Chapter 5 we 

demonstrated that the typical pattern of deformation and myocardial 

work that exists during dyssynchronous ventricular activation is 

amplified when the same electrical dyssynchrony occurs at a higher LV 

afterload. Afterload is thus an important additional variable that should 

be known for proper interpretation of ventricular deformation data.  

A further study showed that prediction of CRT response can further be 

improved by not only measuring LV deformation but also RV 

deformation. As shown in Chapter 6 a decrease in RV contractile 

reserve decreases the CRT response. Noninvasive measurement of RV 

deformation can help to identify patients with impaired RV function and 

thereby improve patient selection for CRT. 

In this chapter, we place the results presented in the previous chapters 

into a broader perspective. The benefits of a whole-heart approach 

become apparent in the context of patient selection, therapy 

optimization, deformation imaging  and computer modeling, leading to 

future perspectives that include clinical implications for the delivery of 

pacing therapy. 

 

Optimizing cardiac pacing 

LV function can improve acutely with changes in AVd and VVd settings. 

However, no consensus exists on whether and how to perform the 

optimization of pacing delays and randomized studies did not 

systematically provide evidence for improved long term clinical 

outcome after optimization of pacing delays optimization in CRT 

patients1,2. No large clinical studies were found in which the long term 

clinical benefits of optimization of the AVd was studied in dual chamber 

pacing. Important in this regard is that all optimization studies targeted 
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LV function measures, such as Doppler echo aortic VTI, mitral filling 

pattern and LV dP/dtmax. In this thesis, we assessed optimization of 

cardiac pacing in a whole-heart approach and demonstrated that a 

singular focus on the left heart may not be correct.  

Novel insights in AV optimization 

Several clinical studies on the effect of AVd in dual chamber pacing and 

CRT found that the AVd at which ventricular filling is best also provides  

the best cardiac pump function3–7. Computer simulations in Chapter 2 

demonstrated that the pacemaker setting that delivers optimal 

ventricular filling depends on inter-atrial and inter-ventricular activation 

as well as heart rate. The influence of inter-atrial delay and heart rate 

have been shown before3,8–10. Our finding that ventricular pacing site 

also affects the optimal AVd was new, as was the overarching concept of 

whole-heart effective AVd, incorporating these three factors. We think 

that our concept facilitates a more consistent definition of how the atria 

and ventricles interact optimally. 

Future research may investigate whether relatively simple 

measurements like P-wave duration, inter-lead conduction times and/or 

interventricular mechanical dyssynchrony (speckle tracking or echo-

Doppler derived differences of aortic and pulmonary valve opening 

times) can be used to calculate whole-heart effective AVd. Ideally, the 

required measures should be implemented within a pacemaker, since 

that would enable continuous automatic optimization. Commercial 

optimization algorithms incorporating the electrograms derived from 

the pacing electrode exist. However, this approach did not show 

improvement over conventional echocardiographic optimization in 

large clinical trials11,12. The exact methodology of these algorithms is 

proprietary and therefore unknown. We think that a first step in creating 

a better algorithm would be to determine if pacing lead electrograms 

and/or echocardiographic measures can be used to reliably estimate 

effective whole-heart AVd. Such a study would require a ‘gold-standard’ 
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for determining the effective whole-heart AVd such as an animal 

experimental or ex vivo setup including a large amount of electrodes on 

both the atria and ventricles.  If a reliable estimate for effective whole-

heart AVd is found, a second study can investigate how this estimate 

should be normalized to heart rate in different patient populations. 

Based on these studies a third, very essential, study can investigate 

whether estimated effective whole-heart AVd, relative to heart rate, truly 

performs better than a fixed AVd, in terms of long-term clinical outcome 

after pacemaker implant. 

Novel insights in VV optimization 

The RV also plays a role in optimizing pacing settings in CRT. In Chapter 

3, 100 different combinations of AVd and VVd were tested in both 

animal experiments and computer simulations. As expected, ventricular 

electrical activation changed with variation in the amount of LV or RV 

pre-excitation. The resulting changes in dP/dtmax differed markedly 

between the LV and RV. Pacing the LV 10–50 ms before the RV led to the 

largest increases in LV dP/dtmax. In contrast, RV dP/dtmax was highest with 

RV pre-excitation and decreased with LV pre-excitation. Simulations 

showed that the pacing-induced changes of whole-heart pump function, 

in terms of cardiac output, differed from the aforementioned changes in 

both LV and RV dP/dtmax. Therefore, improving LV contractility through 

LV pre-excitation does not necessarily lead to an improvement of global 

cardiac pump function. This can be understood from the serial coupling 

of the right and left side of the heart. For example, when a delay setting 

increases LV contractility but decreased RV contractility, less blood 

volume is pumped by the RV to the LV, lowering LV filling. Due to the 

decreased preload, the setting with the highest LV contractility might 

not necessarily result in an increased steady-state cardiac output. 

Steady-state whole-heart cardiac output was optimal during 

simultaneous pacing (i.e. VVd=0), suggesting that optimal global 

cardiac pump function is a kind of compromise between left and right 
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heart function. Measuring whole-heart steady-state cardiac output may 

be challenging in clinical practice, since the change of LV stroke volume 

in the first beat after a change of pacing have the highest signal-to-noise 

ratio13. Our results (Chapter 3) demonstrate that this higher signal-to-

noise ratio might not necessarily result in a better determination of the 

optimum since the improvement in LV function, measured in these first 

beats, does not necessarily represent whole-heart improvement. Also, it 

is striking that several studies and authors describe to use LV pre-

excitation in CRT because this provides better LV function. Our data 

suggest that this is possibly not in the patients’ interest. Another factor 

that has to be taken into account in optimization studies is that after a 

switch in pacing delays the baroreflex often counteracts the 

improvement or worsening of LV pump function. Future studies could 

investigate whether it is better to partially circumvent the baroreflex, 

through higher rate atrial pacing, or incorporate  the rate response 

resulting from the baroreflex as measure of response. 

Chapter 4 showed that during standard CRT, in a subgroup of patients 

LV dyssynchrony exists during biventricular pacing and that presence of 

such paced LV dyssynchrony (PLVD) is associated with less reverse 

remodeling after 6 months. PLVD was defined to be present if the time 

from LV pace to RV sense is longer than the time from RV pace to LV 

sense. In patients with PLVD, pre-excitation of the LV might lead to an 

electrical ventricular activation that is similar to simultaneous pacing in 

patients without PLVD. This approach needs to be studied in order to 

test this hypothesis, especially since PLVD might also be related to 

presence of less viable tissue due to ischemia. However, this example 

demonstrates why a patient-specific approach towards optimization is 

necessary. Measuring conduction times at implant, as in Chapter 4, 

could help in finding patients with PLVD in which pacing optimization 

should be prioritized. The amount of PLVD can potentially be used to 

determine the amount of LV pre-excitation required.  
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Need for a combined whole-heart systems approach when 

optimizing pacing delays 

Our findings in Chapters 2 and 3 may provide an explanation why 

meta-analysis of AV and VV-delay optimization studies did not show any 

long-term benefits for optimization of pacing delays in CRT patients2. In 

all trials, AV and/or VV optimization were performed in series instead of 

in parallel. Often AVd optimization is performed first, followed by VVd 

optimization. Results from Chapter 2 showed that changes in inter-

ventricular delay, which also changes with VVd, can change the effective 

whole-heart AVd and thereby the optimal AVd. If the VVd is changed 

while maintaining the same optimized paced AVd, ventricular filling will 

thus become suboptimal. This change in ventricular filling, resulting 

from the change in effective AVd, can also affect the measurement that 

is being used to optimize the VVd. Therefore, it is important to maintain 

the same effective whole-heart AVd when optimizing the VVd so that the 

chosen measurement truly reflects the change in ventricular activation.  

The measurements used for the optimization of pacing delay settings 

differ between studies. As demonstrated in Chapter 3, LV and RV 

dP/dtmax seem most susceptible to changes of contractility in their 

respective ventricle. Both in the animals and in CircAdapt LV dP/dtmax 

mostly depended on VVd but, improving LV dP/dtmax could result in 

reduced RV contractile function. Importantly, the highest LV dP/dtmax 

does not correlate with the largest whole-heart cardiac output. This 

model observations seems to be corroborated by findings in patients 

showing that LV dP/dtmax shows less predictive value for long-term CRT 

response compared to stroke work14. When designing optimization 

protocols it is important to realize that the hemodynamic response 

during the first beats after a change of pacing delay can differ 

substantially from the change in steady-state cardiac output that is 

eventually reached due to the balancing of ventricular preload during 

the next few beats. We did not study which hemodynamic outcome 



General discussion | 129 
 

measure is more important for long-term outcome in patients, but our 

data demonstrate that the use of LV dP/dtmax as optimization target 

should be done with care and that studies using it should be interpreted 

carefully. Combining measures of LV and RV output and/or taking 

measures in the steady-state, after the first 2-10 beats, will give a better 

representation of whole-heart function.  

A broader perspective based on insights from pacing optimization 

Our insights in optimization of pacing delays also result in proposals for 

clinical application of cardiac pacing outside of optimization of 

pacemaker settings. Currently, clinical criteria for CRT focus on patients 

already exhibiting adverse ventricular remodeling in combination with 

LV electrical dyssynchrony. At the same time, RV pacing is still standard 

therapy in patients with preserved ejection fraction receiving ventricular 

pacing for symptomatic bradycardia15. The results of Chapter 3 

demonstrate that simultaneous biventricular pacing has the potential to 

provide higher cardiac output than RV- or LV-only pacing. Therefore, we 

agree with the suggestion presented in a review by Fang et al16 and 

believe that RV pacing should be replaced as the clinical standard in 

patients who require frequent ventricular pacing, such as patients with 

complete AV block. Creating a physiological ventricular activation 

through pacing the His-Purkinje network provides the most 

physiological activation and would likely be best, but challenges still 

exist and the required scientific evidence in terms of randomized 

controlled trials is missing17. Benefits of His-bundle or biventricular 

pacing should always outweigh the risk of complications and lead 

dislodgement, thus a patient-specific risk-assessment is always 

warranted.  

At the moment, cardiac pacing is recommended for either treatment of 

symptomatic bradycardia or ventricular dyssynchrony. The optimization 

chapters of this thesis suggest that ventricular filling, through atrio-

ventricular coupling, plays a major role in the improvement of cardiac 
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pump function with cardiac pacing. This raises the question whether 

cardiac pacing could be an effective therapy for patients suffering from 

chronic ventricular filling problems as a result of slow AV conduction, 

characterized by a long PR interval on the 12-lead ECG. The obvious 

downside of this is that ventricular pacing introduces some degree of 

ventricular dyssynchrony. In patients with a prolonged PR interval, the 

pacing-induced improvement in AV coupling might outweigh the 

negative effect on pump function of pacing-induced ventricular 

dyssynchrony, in case of biventricular pacing18. This is a hypothesis 

worth investigating, especially since modes of more physiological His-

bundle or left bundle-branch pacing are becoming clinically available19.  

Factors influencing ventricular deformation 

and its potential for CRT response prediction 

In dyssynchronously activated ventricles, early activated regions start to 

shorten before aortic valve opening, thereby stretching later activated 

regions. Once these late activated regions are activated, they contract 

more forcefully due to the local Frank-Starling effect. The stronger pre-

stretched contraction causes mid-systolic stretching of the earlier 

activated regions. Part of the work performed by the ventricle in 

dyssynchronous hearts is thus used for stretching ventricular segments 

activated at another time, instead of building up ventricular pressure. 

During LBBB this leads to low, sometimes negative, myocardial work in 

the early activated septum and elevated in the late activated LV lateral 

wall20–22. Earlier studies demonstrated that this distribution of regional 

myocardial work is potentially related to adverse remodeling since it is 

related to both regional metabolism23 and changes in ventricular wall 

mass22.  

Ventricular deformation (stretching and shortening) can be measured 

with echocardiography and new developments also enable the non-

invasive estimation of myocardial work by combining deformation 
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measurements with estimated LV pressure24. Recent studies have 

suggested that this noninvasive assessment of LV regional work can 

help to predict CRT-response 21,25. One of the reasons why quantification 

of regional ventricular strain and work can help in assessing the 

potential for CRT response is that deformation does not only depend on 

the electrical substrate but also on non-electrical properties of the 

myocardium, such as contractility and stiffness, which can modulate the 

potential for response to CRT. Therefore, patients with scar or other 

contractile problems present with different distributions of deformation 

and work compared to patients with the same amount of ventricular 

dyssynchrony but more viable tissue.  

As shown by Aalen et al, quantification of mechanical dyssynchrony is 

also sensitive to LV afterload26. Computer simulations performed in 

Chapter 5 suggest that the afterload hypersensitivity of LBBB hearts can 

largely be explained by a combination of basic muscle properties and 

interaction between ventricular walls. Afterload dependence of 

myocardial deformation and work might complicate its use as a 

selection criterion for CRT, since the same amount of work is not 

indicative for the same amount of dyssynchrony in a population where 

hypertension is present in more than 60% of CRT and pacemaker 

patients27. In clinical practice, afterload is thus an important additional 

variable that should be known for proper interpretation of mechanical 

dyssynchrony data.  

Other imaging-based measures used in the context of CRT are also 

sensitive to variations in afterload. For example, LVEF shows afterload 

hypersensitivity in patients with LBBB and therefore blood pressure 

should be taken into account when interpreting LVEF measurements26. 

This seems especially important when decisions for device implantation 

are made based on a cutoff value of 35%. Two patients with the same 

electrical substrate, thereby having the same potential electrical benefit 

of CRT, according to today’s guidelines could receive a different advice 
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based on a different blood pressure at the moment the LVEF was 

measured. Additionally, lowering the afterload in patients with LBBB 

might be even more favorable than in patients with narrow QRS 

complex and thus could be even more important for their proper 

treatment. 

RV deformation in LV dyssynchrony 

Several studies have identified RV systolic dysfunction as an 

independent predictor for nonresponse to CRT28,29. In clinical practice, 

however, RV function is not taken into account when selecting patients 

for CRT15. Furthermore, studies that investigated the use of deformation 

imaging for improving the selection of CRT candidates have focused on 

the LV myocardial deformation only. We used computer simulations to 

study the effect of RV failure on ventricular deformation patterns during 

LBBB and CRT, thereby extending the work of Storsten et al who 

elegantly studied the effects of LBBB and CRT on RV mechanical 

function in animal and human experiments30.  

Echocardiographic longitudinal strain analysis in a group of patients 

with LBBB with nonischemic cardiomyopathy and normal RV function 

revealed an abnormal contraction pattern in the RV free wall, 

characterized by premature systolic shortening before RV ejection30. 

Computer simulations confirmed the same RV deformation pattern 

during LV dyssynchrony (Chapter 6). Additionally, simulations predict 

that RV failure significantly reduces the amount of early systolic RV 

shortening and LV pre-stretch in LBBB. These same simulations showed 

that RV contractile failure significantly reduces the potential for acute 

CRT response. This lack of response was due to the inability of the RV to 

provide the additional workload that is shifted to the RV upon 

resynchronization. Early systolic RV shortening can be of prognostic 

value, given its sensitivity to the electromechanical LBBB substrate that is 

amenable to CRT and to the contractile function of the RV free wall, 

which is also a strong determinant of CRT response. Given this 
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mechanistic relation between RV failure and non-response to CRT, the 

diagnostic work-up of patients with HF who are candidates for CRT 

should include the assessment of baseline RV function through 

deformation imaging. If deformation imaging is not possible, exercise 

testing might provide an alternative since exercise capacity is linked to 

RV function31. Furthermore, a low exercise capacity before CRT implant 

is related to non-response32, potentially because of RV dysfunction. 

A whole-heart assessment of deformation imaging in CRT 

The finding that viability of the RV tissue plays a role in the response to 

CRT (Chapter 6) illustrates that a whole-heart assessment is unavoidable 

in order to identify all possible factors that can limit the benefits of CRT. 

It also shows that RV function can directly affect LV deformation. Besides 

a whole-heart assessment being a prerequisite for a complete 

interpretation of ventricular deformation in a dyssynchronous HF 

context, the circulations which connect both sides of the heart also affect 

cardiac deformation and should thus be taken into account. 

Deformation is thus not an easy one-size-fits-all solution but can certainly 

provide clinical value. 

In patients with a mix of moderate dyssynchrony (QRS duration 120-

150ms) and ischemic heart failure it can be hard to distinguish to what 

extent the dyssynchrony or mechanical tissue properties determine a 

deformation pattern. Strain-based indices like systolic stretch index33 do 

allow better characterization of underlying myocardial disease 

substrates than time-to-peak strain measurements. However, there 

remains room for improvement since generic cutoff values are unlikely 

to work for all patients under all conditions. We hypothesize that the 

afterload dependence of ventricular deformation patterns in 

dyssynchronous hearts (Chapter 5) can also be used to gain additional 

information about the extent of ventricular dyssynchrony within a 

patient. For this hypothesis we assume that changes related to ischemia 

respond differently to a change in afterload, an assumption that still has 
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to be investigated. If this assumption is proven, a afterload challenge, 

for example through pneumatic compression of the lower extremities34,  

could prove to be a more robust method to identify deformation 

changes that result from an electrical dyssynchrony substrate. 

Computer simulations in cardiac pacing 

Tool for hypothesis generation with potential for guiding future 

clinical decision making 

As demonstrated in this thesis, response to cardiac pacing is a 

multifactorial problem and therefore a challenging puzzle to solve. 

Mechanistic computer models provide an integrative platform which, in 

a simplified way, describes the complex non-linear dynamics of the 

cardiovascular system or subsystems, using physical and physiological 

principles. Since all aspects are quantitatively described within a model, 

specific system properties can be studied in isolation, i.e. without 

changes that would occur in the more uncontrolled in vivo setting. 

Therefore, simulations can be used to complement both animal-

experimental and clinical trials, obtaining information not measured or 

even unmeasurable. Subsequently, simulations can help to improve the 

design of experimental and clinical studies, thereby reducing 

experimental cost and risk for animals and patients. In our view, 

collaboration between computer scientists, experimental and clinical 

researchers are a key component of this process since data from in vivo 

and in vitro experiments will be necessary to parameterize and validate 

the state of a model in a physiological manner. At the same time, this 

thesis shows that simulations can also extend findings from the 

experiments that were used for model validation (Chapter 3).  
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Advantage and Limitations of the CircAdapt model 

The advantage of CircAdapt in the context of cardiac pacing is that it 

incorporates all the chambers in the heart and the circulations 

connecting the right and left heart. Both the direct mechanical 

ventricular interaction as well as the serial coupling though the 

circulation are essential for the match between simulations and 

measurements as demonstrated in this thesis. The phenomenological 

representation of the Frank-Starling mechanism within CircAdapt’s 

sarcomere module and assuming a simple geometry enable fast 

simulation without the need for thousands of elements. However, when 

more regional or anatomic differentiation and interaction are required, 

the CircAdapt model will not suffice and a more complex and 

computationally demanding finite-element approach will be necessary.  

In this thesis, we used different definitions of response to pacing 

therapy, with the change in steady-state cardiac output being used the 

most. We also showed that different definitions of response to pacing 

therapy do not provide the same result. In animal-experimental and 

clinical studies it is not always possible to measure everything. 

Sometimes the measurements that can be done can be extended 

through simulations, such as in Chapter 3. All computer simulations 

presented in this thesis were limited to the acute hemodynamic 

response to pacing therapy, for which it remains unclear whether it 

relates to chronic response measures, such as reverse remodeling, or to 

more clinical outcome measures, such as HF hospitalization or death. 

While we found both acute and long-term benefits of avoiding paced LV 

dyssynchrony in Chapter 4, this can hardly be considered evidence for 

a causal relation. Computer models could potentially provide more 

insight into the relation between acute and long-term response. Within 

our lab at Maastricht University, a cell-level model of electro-mechanical 

interaction35 is currently being coupled to the more macroscopic 

CircAdapt model of organ- and system-scale cardiovascular physiology. 
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Upon completion, results from in vitro studies into ion channel 

pathophysiology can potentially be related to whole-heart function 

through simulations. Going from cellular function to whole-heart 

function is especially interesting for the modeling of growth and 

remodeling at the tissue level, which is essential when going from acute 

to long-term response.  

Improvements and alternatives for cardiac pacing simulations 

Many components of cardiac and circulatory mechanics and 

hemodynamics are present within the CircAdapt model. However, the 

model does not incorporate cellular interaction, electrical conduction, 

3D anatomy and other components that may be relevant for (among 

others) cardiac pacing. In part these limitations can be circumvented by 

integration of CircAdapt with additional modules, depending on the 

research question asked. For example, the recently developed 

MechChem module describes sarcomere mechanics from a 

physiological instead of phenomenological perspective36. The more 

physiological perspective can help when a research question requires 

electro-mechanical coupling on a more microscopic level. Some 

questions, however, require very different types of models. For 

example, electrophysiological questions regarding transmural electrical 

conduction and/or conduction within the Purkinje network, could be 

addressed by models describing electrical propagation in more detail37–

39. Chapter 3 demonstrated that the output of such electrical models 

can subsequently be used for simulations of hemodynamics and 

mechanics within CircAdapt. Since CircAdapt is based on the one-fiber 

model of sarcomere mechanics40, mechanical finite element can provide 

a solution when incorporation of myofiber orientation or transmural 

structural differences is required for a research question37–39,41. 

Homeostatic regulation, as implemented in the CircAdapt model, 

changes the total circulating blood volume (and thereby preload) as 

well as systemic vascular resistance in order to reach pre-defined target 
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values of cardiac output and mean arterial pressure, given a fixed heart 

rate. In this process, no limitations are placed on the total circulating 

blood volume or resistance. For computational studies on long-term 

response and more diverse pathologies, homeostatic regulation should 

be implemented in a more physiological way. For chronic response a 

more gradual change in systemic resistance and circulating volume 

could for example be studied, where the targeted cardiac output is not 

always reached if this is not (patho)physiologically possible. Allowing a 

change in heart rate should also be part of this improved homeostatic 

control. A physiologically correct, chronologically realistic homeostatic 

regulation would allow a more realistic input for sensing parameters at 

the tissue level which is needed to model realistic tissue growth and 

remodeling. Furthermore, a better implementation of homeostatic 

regulation would also allow more realistic simulation of exercise which is 

essential for a patient’s quality of life and has additional potential for 

clinical application in exercise-stress testing.  

While the homeostatic regulation relates to a relatively short term 

process, cardiac remodeling is a slower process that adjusts the mass of 

the myocardium to mechanical load. In dyssynchronous hearts the 

remodeling process is locally different22, most likely due to the extensive 

local differences in workload (see above). Kerckhoffs et al demonstrated 

that simulating ventricular remodeling in in the context of ventricular 

dyssynchrony is possible using a finite-element approach43. While 

adaptation can be implemented in CircAdapt through the ventricular 

adaptation module developed by Arts et al42, additional research is 

required to validate and/or adapt this module for dyssynchronous 

hearts. 
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Creating a ‘digital twin’: patient-specific simulation-assisted pacing 

therapy advice 

The ‘digital twin’ is a medical engineering concept that has gained 

interest in the field of clinical cardiology. A digital twin is an in silico 

representation of a physical system, i.e. an engine or a patient, used to 

optimize design or control processes, with a real-time connection 

between the physical system and the model44. If each patient would 

have his or her own perfect digital twin, the optimal treatment could 

always be administered since therapeutic response for all options could 

be simulated. The fact that this thesis could still be written means that 

there a still a long road ahead before the first perfect digital twin can be 

modeled. The research presented in this thesis did provide several 

important stones to pave the road towards a realistic personalized 

cardiovascular model: 1) realistic simulations of cardiac pacing requires 

a model with all four chambers of the heart describing their mechanical 

and hemodynamic interactions (Chapter 2, 3 and 6) and 2) both sides 

of the heart need to be connected through a circulation (Chapter 2, 3 

and 5), forming a closed-loop system that can run for several beats until 

a hemodynamic steady-state is reached (Chapter 3). CircAdapt, as is, 

can already function as a platform for personalized cardiovascular 

modeling. Steps in model personalization, based on patient 

measurements, are currently under research within multiple projects at 

Maastricht University. However, a lot of work is still required before a 

CircAdapt based digital twin can truly help in clinical decision making. 
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Impact 

In the Netherlands a total of 12.176 pacemakers were implanted in 2018 
45. The European average is a bit higher with 938 implants per million 

inhabitants in 2011 46. A better understanding of cardiac pacing and 

pacing therapy delivery can therefore impact a large amount of people 

and society as a whole. By combining cardiovascular computer 

modeling with animal experimental and patient data, we aimed to 

improve our understanding of the working mechanism(s) of cardiac 

pacing and thereby facilitate optimal pacing delivery and patient 

selection. Here, we summarize the clinical impact of the findings 

reported in this thesis and address the impact our findings have on 

future scientific and computational modeling work. 

Clinical impact 

The results presented in this thesis provide opportunities for the 

improvement of pacing therapy delivery through optimization and 

selection through measurement of deformation patterns. Our finding 

that both optimization of cardiac pacing and selection of candidates for 

CRT require a whole-heart approach may have major clinical impact. 

While the right heart is often not taken into account in current clinical 

practice, Chapters 2, 3, and 6 demonstrate that the right heart does 

have a significant role in cardiac performance during pacing therapy. A 

singular focus on improving LV function through optimization of 

pacemaker settings might not provide the largest improvement in 

global cardiac pump function (Chapter 3). Taking into account both the 

right- and left atrial and ventricular activations can provide a universal 

AVd optimization target, applicable in all forms of cardiac pacing. 

Additional research, as suggested previously in this chapter and in 

Chapter 2, can provide insights in how to obtain this whole-heart 

activation data in clinical practice. In Chapter 4 we found that 

measurements of conduction times between the left and right 
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ventricular pacing electrodes can predict LV reverse remodeling after 6 

months. Performing these measurements at the time of implant is quick 

and easy, enabling rapid clinical implementation. Future research is 

required to check if VVd optimization (Chapter 3) can help to improve 

outcome in patients where non-response is predicted through 

measurement of PLVD.  

As demonstrated in this thesis, echocardiographic measurement of 

myocardial deformation can be a powerful tool for selection of patients 

for CRT. Our simulations strongly suggest that LV afterload should be 

taken into account when interpreting deformation data in the context of 

ventricular dyssynchrony (Chapter 5). At the same time, acute 

manipulation of afterload could potentially extend the applicability of 

deformation imaging for the identification of ventricular dyssynchrony. 

In addition, including data on RV deformation in the diagnostic 

assessment of CRT candidates is advised based on the results from 

Chapter 6. RV deformation is similar to septal deformation in patients 

with LV dyssynchrony without RV failure, since both the RV and septum 

are early activated in these patients. Our results suggest that RV failure 

changes this pattern and that RV failure itself makes patients less likely 

to respond to CRT. Taking into account LV afterload and also assessing 

RV deformation can help in improving the selection for CRT patients 

which will have significant clinical impact. 

Computational assessment can make research more efficient, 

reducing animal burden 

The work presented in this thesis demonstrates how animal 

experimental and/or clinical research studies can be enhanced through 

simulations. For example, the simulated cardiac output data in Chapter 

3 add an important level of detail that was not measurable in a 

sufficiently accurate manner in the animal experiments. Knowledge 

about the overall cardiac pump function, in terms of cardiac output, 

enabled conclusions which were not possible based on the 
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experimental pressure data alone. Additionally, in Chapter 2 we 

demonstrated that computer simulations alone can be used in 

hypothesis generation which hopefully leads to a new and improved 

focus in future clinical/experimental research studies. Multidisciplinary 

collaboration between scientists from different but complementary 

fields, such as biomedical engineering, physiology and clinical 

cardiology, is key to harvest most potential from computational 

modeling and simulation. This includes indirect collaboration by 

building upon previous work, which is an essential part of checking 

validity of propositions and thereby the creation of scientific evidence. 

Striving for a more open scientific community, such as sharing the 

source code during publishing as in Chapter 3, can therefore speed up 

the scientific process. Data from animal experimental and clinical 

research is needed in order to develop and validate computer models. 

However, these same computer models requiring experimental data can 

help in reducing the amount of animal and clinical studies required by 

improving hypotheses and related research protocols. Furthermore, 

once a computer model is sufficiently validated, and thereby credible, 

parts of the research process can be performed through computer 

simulations in ‘in silico trials’47, potentially significantly reducing costs 

and time.  
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Conclusion 

Computer modeling can be a valuable tool to unravel whole-heart and 

circulatory interactions that play a role in the working mechanism of 

cardiac pacing therapy. The combination of computer simulations with 

animal experimental and clinical data showed that measurements 

providing insight in whole-heart activation are important for 

determining the patient’s potential for positive response to cardiac 

pacing. Measurement of left ventricular deformation alone provides 

incomplete insight into ventricular electrical dyssynchrony, since right 

ventricular function and LV afterload also modulate the mechanical 

discoordination in dyssynchronous hearts. Therefore, an integrative 

whole-heart assessment is the key to achieve optimal response in 

patients receiving cardiac pacing therapy. 
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The pumping action of the healthy human heart ensures circulation of 

blood through our cardiovascular system. Normal cardiac pump 

function is by no means self-evident, but requires all four chambers to 

work together in a continuous and tightly coordinated effort. Cardiac 

muscle tissue and thereby the heart contracts when it is triggered with 

an electrical stimulus. Disturbances in conduction of this electrical 

stimulus can result in impaired cardiac function and thereby insufficient 

blood circulation. 

When disturbances in electrical conduction lead to symptoms, artificial 

electrical stimulation of the heart using a pacemaker may (partially) 

restore a patients’ electrical activation. One or more electrodes are 

placed in the atria and/or ventricles to provide an electrical stimulus. In 

this thesis, we aim to improve mechanistic understanding of how the 

variable aspects of the delivery of pacemaker therapy influence cardiac 

pump function. Where most studies primarily focus on left ventricular 

(LV) function we used a whole-heart approach to better understand how 

cardiac pacing therapy can be optimized and selection of patients 

receiving pacing can be improved. For this whole-heart assessment we 

used the CircAdapt computer model to study interactions between the 

heart chambers and between the heart and surrounding circulation. 

CircAdapt is a lumped parameter computer model of the heart and 

circulation that enables real-time beat-to-beat simulations of the 

mechanics and hemodynamics of the human cardiovascular system 

under physiological and pathophysiological circumstances. 

In a healthy heart, the atrioventricular (AV) node is the only location 

where electrical signals can propagate from the atria to the ventricles. In 

the AV node the electrical wave front propagation is slower than in 

cardiac tissue, causing a delay between atrial and ventricular activation, 

which is essential for ventricular filling. Cardiac pacing can be employed 

to restore AV coupling in patients with a blockage in the AV node. In 

Chapter 2 we used CircAdapt computer simulations to find the optimal 

AV delay at various inter-atrial delays, ventricular pacing sites and heart 

rates. The simulations showed that an increase in heart rate leads to a 

shift of optimal pump function to shorter AV delays. In contrast, the 

optimal AV delay increases with increasing interatrial activation delay 

and with decreasing interventricular activation delay (such as during 
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biventricular rather than right ventricular (RV) or LV pacing). The latter 

observations suggest that both LV and RV filling dynamics determine 

the optimal AV delay. Simulations suggested that the effective whole-

heart AV delay as percentage of the cardiac cycle length, incorporating 

activation times of both the left and right heart, enabled a more 

consistent definition of AV coupling.  

Blockage of parts of the ventricular rapid conduction system, such as the 

left and right bundle branch, can lead to dyssynchronous ventricular 

activation and a less efficient contraction. Cardiac resynchronization 

therapy (CRT) can be applied in patients with ventricular dyssynchrony  

to obtain a more synchronous activation by pacing both ventricles. In 

CRT, besides the AV delay, the timing between ventricular contractions 

can also be affected by the ventriculo-ventricular (VV) delay of the 

pacemaker. In Chapter 3 we combined animal-experimental data and 

computer simulations, covering a wide range of AV and VV delay 

settings, and demonstrated that the LV and RV respond in an opposite 

manner to variations in LV or RV pacing delays, with RV contractility 

being optimal during RV pre-excitation and LV contractility being 

optimal during LV pre-excitation. On the other hand, simulated cardiac 

output data showed optimal values during (almost) simultaneous RV and 

LV pacing, suggesting that overall cardiac pump function depends on 

both left and right heart function. In Chapter 4 we showed the 

importance of ventricular dyssynchrony during pacing for outcome after 

CRT in patients and computer simulations. We demonstrated that the 

presence of significant LV dyssynchrony during pacing is associated with 

lack of LV reverse remodeling in CRT patients. 

The benefit of CRT not only depends on the settings of the pacemaker 

but also on the condition of the patient’s heart. Echocardiographic 

measurements of regional ventricular deformation and myocardial work 

may be used to improve the selection of CRT candidates.  
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In Chapter 5 we demonstrated that the abnormal distributions of 

myocardial deformation and work that exist during dyssynchronous 

ventricular activation are amplified when the same electrical 

dyssynchrony coincides with a higher loading (afterload) of the LV. 

Afterload is thus an important additional variable that should be known 

for proper interpretation of ventricular deformation data.  

A further study in this thesis extents animal experimental and clinical 

work of others, showing that prediction of CRT response can further be 

improved by not only measuring LV deformation but also RV 

deformation. As shown in Chapter 6 a decrease in RV contractile 

reserve decreases the CRT response. Noninvasive measurement of RV 

deformation can help to identify patients with impaired RV function and 

thereby improve patient selection for CRT. 

The work presented in this thesis demonstrates that CircAdapt can be a 

valuable tool to unravel the complex mechanical and hemodynamic 

interactions that play a role in the working mechanism of cardiac pacing 

therapy. The combination of computer simulations with animal 

experimental and clinical data showed that measurements providing 

insight in whole-heart activation are important for determining the 

patient’s potential for positive response to cardiac pacing. Measurement 

of LV deformation alone provides incomplete insight into ventricular 

electrical dyssynchrony, since right ventricular function and LV afterload 

also modulate the mechanical discoordination in dyssynchronous 

hearts. Therefore, an integrative whole-heart assessment is the key to 

achieve optimal response in patients receiving cardiac pacing therapy. 
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