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Summary  

Cardiovascular diseases are the leading cause of death in the Western world. Treatment 
strategies for these diseases are often based on a ‘one-size-fits-all’ approach because 
findings from large clinical trials determine guideline recommendations and, hence, 
clinical decision-making. While a statistically significant majority of patients may benefit 
from a particular therapy, differences between individuals can have great impact on 
outcome and efficacy of a specific therapy in the individual patient. Recognition of dif-
ferences between patients treated with the same therapy has led to an upsurge of 
interest in personalised medicine in recent years, in which selection of appropriate and 
optimal therapies is based on the patient’s pathophysiological profile. 

Unfortunately, accurate and objective phenotyping of a patient is difficult because it 
requires understanding of the functional interplay between structural and functional 
properties of the cardiovascular system. Gaining this understanding is challenging in the 
clinical setting due to the inherent inability to evaluate the isolated impact of a given 
patient-specific variable on cardiac function. Computer modelling of the human heart 
and circulatory system is an emerging field that can offer mechanistic insight into cardi-
ovascular function and unravel mechanisms underlying cardiac (patho)physiology. In 
this thesis, we used the multi-scale CircAdapt computational model to explore how 
variations in physiology between patients can lead to abnormal imaging-based observa-
tions in three specific clinical conditions: aortic regurgitation, pulmonary arterial hyper-
tension, and intense exercise. 

Chapter 2 gives an overview of the modelling tools used in this thesis. It provides a 
general description of the CircAdapt model that we used to simulate heart and circula-
tory dynamics, together with the physical and physiological principles underlying the 
model. We focus on the elements and properties of the CircAdapt model that are of 
greatest importance for this thesis, namely cardiac cavities and valves, large blood ves-
sels, and systemic and pulmonary circulations. Furthermore, we demonstrate that Cir-
cAdapt can provide realistic simulations of adult circulatory physiology in terms of pres-
sures, flows, blood volumes, and tissue mechanics. 

Aortic regurgitation (AR) is a backwards flow of blood from the aorta into the left 
ventricle caused by a leaky aortic valve. AR severity is assessed clinically through imag-
ing-based indices. Severity quantification is complicated by the hemodynamic interac-
tion between the heart and the aorta, whose tissue properties can vary between pa-
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tients and may influence the indices used for severity assessment. Improved under-
standing of how a patient’s individual physiology can influence conventional AR severity 
indices can therefore help to personalize decision-making and treatment for patients 
with AR. In chapter 3, we systematically investigated how both AR severity indices and 
the hemodynamic consequences of AR are influenced by inter-patient differences in 
aortic and left ventricular (LV) stiffness. Our simulations showed that altered AR hemo-
dynamics caused by variations in cardiovascular tissue properties led to inconsistent AR 
severity scores using conventional indices such as regurgitant fraction (RF), regurgitant 
volume, and pressure half-time (PHT). Furthermore, pulmonary congestion was poorly 
reflected by AR severity as quantified by the regurgitant orifice area, RF, and PHT. Car-
diac and aortic tissue properties should therefore be taken into account to personalize 
clinical assessment of AR severity. 

Rapid leftward septal motion (RLSM) during early LV diastole is observed in patients 
with pulmonary arterial hypertension (PAH). PAH is a condition wherein the pulmonary 
blood vessels become abnormally stiff and narrow, placing the right side of the heart 
under an increasingly high stress (‘afterload’). RLSM is associated with exacerbation of 
right ventricular (RV) systolic dysfunction and impairment of LV filling. Increased RV wall 
tension caused by increased RV afterload has been suggested to cause interventricular 
relaxation dyssynchrony and RLSM in PAH, but measurements of ventricular mechanics 
are crucial to conclusively demonstrate that this is the case. In chapter 4, we used the 
CircAdapt simulations to unravel the mechanism underlying RLSM by mechanistically 
linking regional myocardial tissue mechanics to global ventricular pump function. We 
performed simulations of the healthy circulation and increasing degrees of PAH. We 
also assessed the effects on RLSM when PAH coexists with RV or LV hypo- and hyper-
trophy. Our results showed prolonged RV shortening in PAH causing interventricular 
relaxation dyssynchrony and RLSM. RLSM was observed in both moderate and severe 
PAH, while a negative transseptal pressure gradient only occurred in severe PAH. This 
suggests that RLSM cannot be explained by a negative pressure gradient alone, as has 
been hypothesized previously. Instead, dyssynchrony in ventricular relaxation deter-
mines RLSM in PAH. Furthermore, PAH coexisting with RV hypotrophy exacerbated both 
interventricular relaxation dyssynchrony and RLSM, whereas LV hypotrophy reduced 
both. Onset of RLSM in patients with PAH appears to indicate a worsening in RV func-
tion and, hence, can be used as sign of RV failure. However, a reduction of RLSM can 
result from either improved RV function or a deterioration of LV function. Considering 
the function of the whole heart can therefore help to assess the significance of the 
presence or absence of RLSM in the individual patient. 

Exercise-induced RV dysfunction and disproportionate increases in pulmonary pres-
sures have been associated with adverse RV remodelling. In chapter 5, we aimed to gain 
mechanistic insight into the complex circulatory physiology during intense exercise. We 
hypothesized that exercise-induced changes in RV myocardial function limit cardiopul-
monary exercise capacity. The CircAdapt computational model was used to simulate 
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cardiovascular dynamics during exercise and, hence, to explore exercise-induced 
changes in cardiopulmonary function. We evaluated the effects of cardiac training and 
inotropy that can affect RV contractile function, as well as pericardial constraint that 
can modulate ventricular interaction. Raised mean pulmonary arterial pressure (mPAP) 
during exercise induced prolonged RV contraction relative to the LV. This led to inter-
ventricular relaxation dyssynchrony and early-diastolic RLSM at high-intensity exercise 
that was strikingly similar to the RLSM observed at rest in the setting of PAH. Mean left 
atrial and left ventricular filling pressures raised tremendously with exercise intensity. 
Interventions enhancing cardiac contractility through cardiac training or inotropy nor-
malized the increases in mPAP and septal dynamics at intense exercise, whereas stiffen-
ing of the pericardium led to the opposite effect. Our simulation results show that the 
exercise-induced increase in RV afterload led to impaired cardiac function and early-
diastolic abnormal septal motion. Factors strengthening RV contractile function im-
proved global cardiac function during intense exercise. The latter suggests that RV myo-
cardial dysfunction limits an individual’s cardiovascular exercise capacity. 

Our simulation results from chapter 5 in combination with state-of-the-art magnetic 
resonance imaging data from highly trained athletes at near-peak exercise led us to 
propose our novel hypothesis on cardiovascular exercise capacity in chapter 6. Interac-
tions between the left and the right sides of the heart, be it direct mechanical interac-
tion through the septum, indirect hemodynamic interaction through the pulmonary 
circulation, or the combination of both, can lead to a vicious cycle of RV dysfunction 
during extreme intensity exercise, as demonstrated by the presence of exercise-
induced RLSM post-race in some endurance athletes. The novel concept of cardiopul-
monary limitation during intense exercise with its pivotal role for RV myocardial func-
tion adds new perspectives on the mechanisms underlying inter-individual variation in 
exercise capacity, including the marked exercise limitation evident in patients with PAH. 

The findings of this thesis demonstrate the important value of in silico investigations 
into human (patho)physiology as they can aid the interpretation of cardiovascular sys-
tem function. By investigating complex but relevant cardiac and vascular interactions 
and their impact on cardiac function, we unravelled mechanisms underlying diagnostic 
observations based on imaging in each of the aforementioned clinical conditions. Given 
the potential clinical significance of the findings outlined above, we conclude that un-
derstanding the mechanisms underlying observations from imaging is critical for proper 
personalization of clinical decision-making based on these diagnostic observations. It 
therefore follows that computer models can help to personalize medicine without nec-
essarily requiring the construction of a personalized model. 
  






