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Abstract

In this chapter, we describe how the CircAdapt model of the heart and 
circulation has been used to both increase our understanding of the patho-
physiology of pulmonary arterial hypertension (PAH) and predict the 
effects of therapy. Simulation results reproduce key features of mechanical 
incoordination observed in PAH patients, including early diastolic septal 
motion and strain abnormalities. Our simulations suggest that septal 
movement is not dependent solely on the transseptal pressure gradient. 
Additionally, an imbalance of forces at the right ventricular (RV) attach-
ment points resulting from ongoing RV free wall contraction during the 
early diastolic phase causes abnormal septal motion. We also demonstrate 
that atrial septostomy in patients with severe PAH might be beneficial 
because it increases left ventricular (LV) preload and, consequently, allows 
better maintenance of systemic arterial blood pressure during exercise. 
Finally, we show that pacing the RV free wall in severely decompensated 
PAH results in more synchronous LV and RV pressure decay, more homo-
geneous distribution of myofiber load over the ventricular walls, and a 
slight improvement of RV pump function.
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�Introduction

A wealth of new information about the cardiovas-
cular system in pulmonary arterial hypertension 
(PAH) has become available due to the techno-
logical advances in imaging over the past decades. 
Considerable insights into right ventricular (RV) 
function as well as the pathophysiology of PAH 
have been gained from echocardiography and 
cardiac magnetic resonance imaging [1, 2]. 
However, the challenge to interpret these imag-
ing results increases proportionally with the 
amount of available information, especially in 
diseases with low prevalence, such as PAH [3]. 
Mechanistic mathematical modeling based on 
physics and physiology is a promising alternative 
approach to the study of physiological and patho-
physiological responses in patients. In this chap-
ter, we describe how the CircAdapt model of the 
heart and circulation has increased our under-
standing of the pathophysiology of PAH, and 
how we can use the model to assess the effect of 
therapy.

�The CircAdapt Model

The CircAdapt model was developed in an 
attempt to reduce the input information required 
for computational models, and to focus on clini-
cally measurable output data [4–7]. CircAdapt 
allows rapid simulation of cardiac pump function 
and cardiovascular system dynamics for both 
research and educational purposes (www.circ-
adapt.org). The model consists of a network com-
posed of a limited number of module types, i.e., 
chambers, valves, tubes and resistances 
(Fig. 7.1a). The CircAdapt model generates trac-
ings of hemodynamic and mechanical variables 
(such as cardiac and vascular pressures and vol-
umes, flow through cardiac valves, and local tis-
sue mechanics as a function of time over the 

entire cardiac cycle. When using the educational 
version, simulation of a single cardiac beat in 
real-time, can be displayed on a regular PC.

The heart in the CircAdapt model consists of 
five walls, i.e., the left and right atrial walls, the 
left and right ventricular wall, and the interven-
tricular septum. Cavity pressures are calculated 
from cavity volumes as follows. Cavity volumes 
determine wall area. Wall areas determine strain 
of the myofibers in the wall. A model of myofiber 
mechanics is used to calculate myofiber stress 
from myofiber strain. Myofiber stress then deter-
mines wall tension in each cardiac wall. The 
mechanical equilibrium between the three 
ventricular walls is used to calculate their shape 
when encapsulating the two ventricular cavities 
(Fig. 7.1b) via the TriSeg module [5]. Transmural 
pressure is calculated for each wall from wall 
tension and curvature using Laplace’ s law. 
Finally, cavity pressures are found by adding the 
transmural pressures to the intra-pericardial pres-
sure surrounding the myocardial walls.

Non-linear elastic tube modules with charac-
teristic impedance for pressure-flow waves repre-
sent large blood vessels (arteries and veins). 
Valves with inertia and Bernoulli pressure losses 
connect tubes and chambers. Effective orifice 
area of a cardiac valve depends on direction and 
magnitude of flow through the valve and on pres-
sure drop over the valve. Non-linear resistances 
that connect the pulmonary and systemic arterial 
and venous tube modules represent the pulmo-
nary and systemic vascular beds. Finally, a pas-
sive elastic sheet surrounding the entire heart 
(ventricles and atria) is included to represent the 
pericardium.

An important and unique feature of the 
CircAdapt model is that it reduces the number of 
independent parameters through implementation 
of structural adaptation of cardiac and vascular 
walls to mechanical load of the tissue. Size and 
mass of cardiac walls and large blood vessels 
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adapt to normalize local mechanical tissue load 
to tissue-specific physiological levels [4, 6].

�Suitability of the CircAdapt Model 
for Realistic Modeling of Pulmonary 
Arterial Hypertension

The multiscale nature of the CircAdapt model 
allows us to relate global pump mechanics of the 
cardiac chambers to both systemic hemodynam-
ics and local mechanics of the myocardium. 
CircAdapt integrates basic physical and physio-
logical principles such as conservation of energy. 
In the current context, this means that the total 
amount of contractile work generated by the 
myofibers should equal the total amount of 
hydraulic pump work as delivered by the ventri-
cles. Importantly, the model also incorporates 
ventricular interaction through mutual mechani-
cal and hemodynamic dependence of the LV and 
the RV. Hemodynamic interaction follows due to 
the series coupling within the pulmonary and the 
systemic circulations [8]. CircAdapt also predicts 
mechanical interaction via the interventricular 

septum in which a change of shape, size or 
pressure-volume relation of one ventricle affects 
the shape, size and pressure-volume relation of 
the other ventricle through the septum [9]. The 
modular nature of the CircAdapt model allows us 
the versatility to introduce additional valves to 
represent (for example) an atrial septal defect. 
Finally, the relatively stiff pericardial sac sur-
rounding the heart limits acute cardiac distension 
and, thereby, modulates mechanical ventricular 
interaction [10].

�Simulation of Normal 
Cardiovascular Mechanics 
and Hemodynamics

Normal left and right heart dynamics were simu-
lated during rest and exercise (Fig.  7.2). The 
methods used to obtain these simulations have 
been published in detail elsewhere [5]. Major 
input parameter values were: mean systemic arte-
rial blood pressure of 92 mmHg (rest and exer-
cise), cardiac output 5.1  l/min (rest) and 15.3  l/
min (exercise), and heart rate 70 beats/min (rest) 
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and 140 beats/min (exercise). Simulated time 
courses for pressure and volume were physio-
logic, both at rest and during exercise: time 
courses of mitral and tricuspid valve flows 
showed an early passive filling wave (E) followed 
by a clearly separated late filling wave (A) that 
resulted from atrial contraction; atrial contraction 
induced a rise in LV and RV cavity pressures and 
volumes towards the end of diastole; inertia 
effects can be appreciated from the negative pres-
sure gradients across the AV-valves towards the 

ends of both the E- and A-waves as well from the 
negative pressure gradient across the aortic and 
pulmonary valve towards end of the ejection 
phase; LV and RV end-diastolic volumes were 
not significantly different; opening of the pulmo-
nary valve occurred earlier than the opening of 
the aortic valve, whereas its closure was later. 
The model appropriately simulated the effects of 
acute alterations in loading conditions that 
reflected the changes seen during exercise 
(Fig. 7.2, right panels).
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�Developmental Stages of PAH

Development of PAH is characterized by pro-
gressive remodeling and vasoconstriction of the 
pulmonary vasculature leading to a gradual 
increase of pulmonary vascular resistance. RV 
pressure increases to maintain cardiac output and 
may finally approach or even exceed LV pres-
sure. During the early stages of the disease, RV 
free wall mass increases (hypertrophy) to com-
pensate for the increase in RV afterload and to 
decrease wall stress to within normal physiologi-
cal ranges [11, 12]. As the disease progresses, RV 
free wall tissue can no longer adequately adapt to 
the increased load and, as a result, cardiac myo-
cytes (and presumably also sarcomeres) become 
over-stretched [13], RV end-diastolic volume 
increases [14] and RV pump function deterio-
rates [15]. These morphological and functional 
changes will ultimately result in decompensated 
right heart failure, characterized by an increase in 
RV filling pressures, development of RV diastolic 
dysfunction, RV dilatation, and decreased car-
diac output [16].

�CircAdapt Simulation Protocol 
for PAH

We took the different disease stages of PAH into 
account in the simulation protocol for the 
CircAdapt model. Starting from our baseline 
(NORMAL) simulation at rest, a first simulation 
of mild compensated PAH (PAH-Comp) was 
obtained by increasing pulmonary vascular resis-
tance (PVR) while allowing the heart and large 
blood vessels to structurally adapt to normalize 
mechanical tissue load. This adaptation process 
resulted in an increase of the mean pulmonary 
artery pressure (mPAP) from 18  mmHg, in the 
NORMAL simulation, to 32 mmHg in the PAH-
Comp simulation while RV free wall (RVFW) 
mass increased by 40% to normalize cardiac 
stresses and strains to tissue-specific physiological 
levels [4]. States of moderately and severely 
decompensated PAH (PAH-DecompMod and 
PAH-DecompSev, respectively) were achieved 
by increasing PVR so that mPAP was equal to 55 

and 79 mmHg, respectively, while further adapta-
tion of cardiac and vascular walls to mechanical 
load was prevented.

�Ventricular Hemodynamics 
and Mechanics in Simulated PAH

In the PAH-Comp simulation, the increase of 
PVR influenced neither the RV end diastolic vol-
ume (140 ml) nor the RV ejection fraction (52%). 
PAH-Decomp simulations showed increases of 
RV end-diastolic volume towards 169 and 217 ml 
for the moderately and severely decompensated 
PAH simulations, respectively. RV systolic pump 
function deteriorated as is evident from the 
decrease of RV ejection fraction to 43 and 33% 
for the moderate and severely decompensated 
PAH simulation, respectively.

Figure 7.3 shows changes in time courses of 
simulated ventricular pressures and circumferen-
tial strains from normal conditions to PAH-
DecompSev. While RV pressures increased 
during the PAH simulations (Fig. 7.3: top panel 
row), it only exceeded LV pressure in the PAH-
DecompSev simulation during diastole and late 
systole. When RV pressures were normalized to 
peak LV pressure (Fig. 7.3: middle panel row), it 
can be observed that PAH hardly affected the 
timing of LV pressure rise and decay; however, 
RV pressure decay was delayed proportionally to 
PAH severity. The LV-to-RV time difference in 
pressure decay changed from +28  ms in the 
NORMAL simulation to −40  ms in PAH-
DecompSev. This delay in RV pressure decay 
was associated with delayed RV isovolumic 
relaxation as can be appreciated from the time 
courses of circumferential strains (Fig. 7.3, bot-
tom panel row). Whereas in the NORMAL and 
PAH-Comp simulations the strain patterns were 
relatively synchronous and uniform in the three 
ventricular walls (Fig. 7.3: bottom panel row), in 
the simulations of decompensated PAH circum-
ferential strain patterns changed. During isovolu-
mic contraction, the initial shortening of the 
LVFW and SEPT caused a stretch of the RVFW. 
This stretch resulted in a delay in the onset of 
RVFW shortening compared with that of the 
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LVFW and SEPT as well as in an on-going 
RVFW shortening into the isovolumic relaxation 
phase with peak RVFW shortening occurring at 
the moment of mitral valve opening. Closure of 
the pulmonary valve was delayed concomitantly 
with PAH severity (Fig. 7.3, bars at bottom).

�Septal Movement in Simulated PAH

It is well established that septal position is related 
to transseptal pressure gradient [17]. Our model 
realistically reproduces the abnormal position and 

motion pattern of the interventricular septum, 
which is one of the most characteristic phenomena 
seen in PAH patients [18]. Figure 7.4 shows trac-
ings of septal curvature throughout the cardiac 
cycle. In the NORMAL simulation, septal wall 
curvature is always positive, indicating that the 
septum always bulges towards the RV.  With 
increasing severity of PAH, hence with decreasing 
transseptal pressure gradient, septal wall curvature 
decreases, indicating flattening of the septal wall. 
In the moderately decompensated PAH simula-
tion, the septal wall apparently decreases its curva-
ture towards the end of the ejection phase and even 
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bulges just towards the LV in early diastole. The 
septal wall flattening occurs despite the fact that in 
the PAH-DecompMod simulation LV pressure 
exceeded RV pressure throughout almost the 
entire cardiac cycle (see Fig. 7.3), indicating that 
transseptal pressure gradient does not entirely 
explain the motion of the septum. In the severely 
decompensated PAH simulation, the septum 
clearly bulges towards the LV from midway 
through the ejection phase until midway through 
diastole, corresponding with the fact that transsep-
tal pressure gradient also changed direction during 
this part of the cardiac cycle.

Our results clearly show that septal movement 
is not dependent solely on the transseptal pres-
sure gradient. We propose that an imbalance of 
forces at the RV attachment points resulting from 
ongoing RVFW contraction during the early dia-
stolic phase pulls the septum leftwards, providing 
an additional source of septal movement.

�In Silico Testing of Interventions 
in PAH

These studies established that the CircAdapt 
model can produce realistic simulations of car-
diac mechanics and hemodynamics under normal 
and PAH conditions. We therefore set out to use 

the model to test several therapeutic interventions 
in PAH.

�Atrial Septostomy in PAH

To clarify whether the benefits of atrial septos-
tomy (AS) in PAH patients are explained by 
increase of oxygen availability in the tissues, the 
possibility to maintain blood pressure during 
exercise, or a combination of these factors [19–
21], we evaluated effects of AS using CircAdapt 
[22]. We assessed the immediate effects of a cir-
cular AS with diameters ranging from 1 to 16 mm 
for levels of PAH with mean pulmonary arterial 
pressure (mPAP) ranging from 50 to 82 mmHg. 
Mean systemic arterial pressure was set to 
61 mmHg to mimic pediatric blood pressure lev-
els. The top panel of Fig. 7.5 shows the ratio of 
pulmonary to systemic blood flow as a function 
of shunt size and mPAP. It shows that shunts with 
a diameter of 1 to 2 mm resulted in almost no 
flow across the shunt. For shunt sizes of 3 mm 
and more, the ratio of pulmonary blood flow to 
systemic blood flow (Qp/Qs) was almost propor-
tional to mPAP. The size and the direction of the 
shunt flow depended both on mPAP and shunt 
size. For shunt diameters above 2  mm, Qp/Qs 
was only proportional to the extent of pulmonary 
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hypertension. Atrial septostomy led to a decrease 
in both upper and lower body arterial oxygen 
saturation that was proportional to both mPAP 
and shunt size (Fig. 7.5, lower panel). Simulations 
of exercise with severe PAH showed that these 
PAH patients benefit from an ASD because right-
to-left atrial shunt flow facilitates maintenance of 
systemic arterial pressure [22]. Systemic oxygen 
transport, defined as systemic flow multiplied by 
the systemic arterial oxygen saturation, increased 
with exercise because the decrease in arterial 
oxygen saturation is overcompensated for by the 
increase in flow [20, 23]. However, in the pres-
ence of a right-to-left shunt, desaturated blood 
will bypass the pulmonary vascular bed and, 
hence, systemic blood flow does not reflect effec-
tive pulmonary blood flow any more, but is the 
sum of the right-to-left shunt and the effective 
pulmonary blood flow. Therefore, effective sys-
temic oxygen transport capacity, being the prod-
uct of effective pulmonary blood flow and 
pulmonary venous saturation, does not increase 

after atrial septostomy in PAH patients. We 
therefore believe that AS might be beneficial to 
patients with severe PAH because it increases LV 
preload and, consequently, allows better mainte-
nance of systemic arterial blood pressure during 
exercise.

�RV Free Wall Pacing in PAH

Several studies have shown that morbidity and 
mortality of PAH patients are determined by the 
ability of the RV to maintain normal stroke vol-
ume and cardiac output [24, 25]. In PAH, struc-
tural remodeling (hypertrophy and dilatation) is 
limited to the RVFW [14], suggesting an inho-
mogeneous distribution of myocardial tissue 
load. Local reduction of mechanical load of the 
RVFW may therefore be another therapeutic 
option, in addition to conventional reduction of 
pulmonary vascular resistance [26].

Severe PAH patients have interventricular 
mechanical dyssynchrony with prolonged dura-
tion of shortening and delayed peak shortening in 
the RV free wall compared with that of the LV 
free wall and the interventricular septum [27, 28]. 
RVFW shortening continued even after pulmo-
nary valve closure and appeared to relate to left-
ward septal motion during LV isovolumic 
relaxation. As a potential treatment, early RVFW 
pacing was suggested as a way to improve inter-
ventricular mechanical synchrony and, thereby, 
cardiac pump function [19, 28, 29]. In our opin-
ion, RVFW pacing also seems logical because 
during ventricular pacing, mechanical myofiber 
work is significantly decreased in early-activated 
regions, whereas it is increased in late-activated 
regions [30, 31].

Using the CircAdapt model, we tested the 
hypothesis that early pacing of the RV free wall 
improves ventricular mechanical coordination 
and, thereby, global RV pump function in PAH 
[32]. Model simulations also showed interven-
tricular mechanical dyssynchrony in severely 
decompensated PAH (Fig. 7.6). This mechanical 
dyssynchrony was associated with prolonged 
duration of RV free wall shortening and inhomo-
geneous distribution of myofiber load over the 
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ventricular walls. Pre-excitation of the RV free 
wall resulted in more synchronous LV and RV 
pressure decay, more homogeneous distribution 
of myofiber load over the ventricular walls, and 
slight improvement of RV pump function. Pre-
exciting the RV relieved the RV free wall from 
the extremely high myofiber work at the cost of 
an increase of myofiber work in the LV free wall 
and septum. The effects were maximal upon 40   
ms pre-excitation of the RV free wall. The redis-
tribution of myofiber work over the ventricular 
walls and the improvement in RV pump function 

are apparently due to the mechanical interaction 
of the ventricular walls.

CircAdapt provided initial theoretical evi-
dence that a therapeutic intervention such as 
RVFW pacing may improve RV pump function 
in decompensated PAH.  Recent studies in iso-
lated hearts of experimental animals with PAH 
[19] and in patients with severe chronic thrombo-
embolic pulmonary hypertension [33] have sub-
sequently demonstrated that RV pacing does 
indeed have beneficial effects on RV pump 
function.
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�Conclusion and Future Perspectives

The CircAdapt model of the human heart and 
circulation produces realistic simulations of 
global hemodynamic pump function as well as 
of local mechanical deformation and work distri-
bution in PAH. CircAdapt can be used to investi-
gate in silico both the pathophysiological effects 
of PAH itself and its treatment on cardiac 
mechanics and hemodynamics. It is therefore a 
feasible platform to investigate new therapeutic 
strategies or to generate hypotheses on new ther-
apies. Computer models like CircAdapt are 
likely to play an important role in the future in 
helping physicians to practice personalized, pre-
dictive and preventive medicine. By integrating 
the available clinical measurements in a multi-
scale model of human cardiovascular dynamics, 
it is anticipated that the hemodynamic status of a 
patient can be estimated more precisely than by 
conventional means (i.e., based on individual 
measurements). We envision that earlier stages 
of disease are likely to become detectable, which 
in turn, may lead to better and more preventative 
medicine. It is interesting to speculate that 
patient-specific modeling may also reduce the 
inconvenience of regular monitoring to the 
patient and reduce direct healthcare costs. A 
more precise diagnosis, as well as the possibility 
of in silico testing of intended therapeutic inter-
ventions, will lead to more successful and effi-
cient treatment of PAH patients, which may 
improve long-term prognosis and quality of life.
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