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An object-oriented computational model to study cardiopulmonary hemodynamic
interactions in humans

Chuong Ngo1, Stephan Dahlmanns1, Thomas Vollmer2, Berno Misgeld1, Steffen Leonhardt1

Abstract

Background and Objective
This work introduces an object-oriented computational model to study cardiopulmonary interactions in humans.

Methods
Modeling was performed in object-oriented programing language Matlab Simscape, where model components are
connected with each other through physical connections. Constitutive and phenomenological equations of model
elements are implemented based on their non-linear pressure-volume or pressure-flow relationship. The model includes
more than 30 physiological compartments, which belong either to the cardiovascular or respiratory system. The model
considers non-linear behaviors of veins, pulmonary capillaries, collapsible airways, alveoli, and the chest wall. Model
parameters were derived based on literature values. Model validation was performed by comparing simulation results
with clinical and animal data reported in literature.

Results
The model is able to provide quantitative values of alveolar, pleural, interstitial, aortic and ventricular pressures, as
well as heart and lung volumes during spontaneous breathing and mechanical ventilation. Results of baseline simulation
demonstrate the consistency of the assigned parameters. Simulation results during mechanical ventilation with PEEP
trials can be directly compared with animal and clinical data given in literature.

Conclusions
Object-oriented programming languages can be used to model interconnected systems including model non-linearities.
The model provides a useful tool to investigate cardiopulmonary activity during spontaneous breathing and mechanical
ventilation.
Keywords: Physiological modeling, object-oriented modeling, cardiopulmonary interactions, non-linear modeling,
mechanical ventilation, stroke volume

1. Introduction

1.1. Cardiopulmonary interactions

Cardiopulmonary interactions (CPIs) induced by me-
chanical ventilation have been studied over the last 50
years based on animal trials and patient data but are still5

only partly understood [1, 2]. Mechanical ventilation can
alter pressure relations within the thorax and can have a
beneficial or detrimental effect on the cardiovascular sys-
tem (CVS) [2]. Clinically relevant aspects have been ex-
amined, such as changes in venous return and stroke vol-10

ume (SV) with positive-pressure ventilation [3, 4, 5, 6].

1Philips Chair of Medical Information Technology, Helmholtz
Institute for Biomedical Engineering, RWTH Aachen University,
Pauwelsstr. 20, 52074 Aachen, Germany

2Philips Technologie GmbH Innovative Technologies, Aachen,
Germany, Pauwelsstr. 17, 52074 Aachen, Germany

During spontaneous inspiration, the contraction of respi-
ratory muscles causes a driving force which is transmit-
ted into the pleural space. A fall of the pleural pressure
Ppl to a more negative value produces a shift in blood15

volume from the systemic to pulmonary circulation. Ac-
cordingly, a rise occurs in the right ventricular SV and a
fall occurs in the left one, resulting in a decrease in aortic
pressure [7, 8, 9, 10, 11]. The effects of positive-pressure
ventilation are inverse. A positive end-expiratory pressure20

(PEEP) increases the intrathoracic (or pleural) pressure
(ITP or Ppl), which causes a decreased venous return and
a decrease in left ventricular volume [5]. The rise of ITP
enlarges the preload and reduces the afterload of the left
ventricle; therefore, an improved performance of the left25

ventricle is expected at the beginning of ventilation with
positive pressure [8]. After several heart beats, the car-
diac output falls again, which reduces the preload on the
systemic side [5, 2].

Preprint submitted to Journal of Computer Methods and Programs in Biomedicine January 24, 2018



Though the physiological correlations between those pa-30

rameters have been studied adequately, there is a lack of
computational tools which are able to predict the system
behavior quantitatively. The aim of this work is to develop
a computer model for that purpose.

1.2. Computer-based modeling of CPIs35

After Grodins first introduced a dynamic model of the
human CVS in 1959 [12], various mathematical models of
the CVS have been developed according to the underlying
topics [13, 14, 15, 16, 17, 18, 19]. Similarly, modeling of the
respiratory system (RS) has been investigated by different40

groups, ranging from the first order lung model consisting
of a resistance and a compliance to multi-compartment
models [20, 21, 22, 23, 24, 25]. Rideout’s work on com-
puter modeling produced a sophisticated model of human
physiology implemented in Fortran [22]. Later, Lu et al.45

introduced a model applied to analysis of the Valsalva ma-
neuver [26]. In 2009, Jallon et al. introduced a model of
the CPS in which the respiratory muscles were modeled by
a central pattern generator [9]. In 2016, the group of Chbat
et al. developed a model of the CPS that emphasized the50

interaction of CVS and RS via thorax pressure and gas
exchange [23, 27]. These authors followed the compart-
mental modeling approach with lumped elements, where
physical quantities are described by ordinary differential
equations. Although these models have succeeded in mod-55

eling the circulation system and CPIs, their respiratory
model seems to have limitations regarding simplification
of the highly non-linear lung with linear elements. More-
over, the models were implemented in signal-based pro-
gramming languages which do not consider bidirectional60

flows of energy between the components. Object-oriented
modeling languages (OOML), such as Matlab Simscape,
Dymola, or Modelica haven been shown to provide alter-
native modeling tools for physiological systems [28, 17]. In
this paper, we use OOML to develop a model for studying65

CPIs in humans.

1.3. Novelty of the model

This paper introduces: (1) the first object-oriented non-
linear model of the respiratory system and (2) a new con-
cept of interconnecting the respiratory and the cardiovas-70

cular systems via physical connections available in OOML.
The model is validated by qualitatively and quantitatively
comparing the simulation results with data published in
literature. While Jallon’s model is limited to spontaneous
breathing [9], Albanese/Cheng’s model focuses on gas ex-75

change [23, 27], and Lu’s model has been validated for the
Valsalva maneuver [26], our model is the first one to in-
vestigate cardiopulmonary interactions during mechanical
ventilation and PEEP trials.
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Figure 1: A simple model of a vascular system.

2. Methods80

2.1. Object-oriented model
The model is an object-oriented compartment model

implemented in Matlab Simscape (sometimes also called
"acausal modeling" [28]). In Simscape, physical quantities
are modeled with lumped elements, i.e. sources, storages,85

transformers, converters, sinks, etc. Three types of ba-
sic equations can be distinguished: balance, constitutive,
and phenomenological equations [29]. Balance equations
describe the energy inflow, outflow and storage of a sys-
tem, or between systems. Constitutive equations (or phys-90

ical state equations) present the mathematical relation be-
tween an across-variable (measured between two terminals:
potential, voltage, pressure) and a through-variable (mea-
sured at one terminal: flow, current) of one-port or two-
port systems [29]. In other words, constitutive equations95

characterize the energy flow between two potentials, and
phenomenological equations describe the sinks and losses
of energy by dissipative elements.

In our model, each element is modeled by one or more
constitutive equations (pressure-volume characteristics for100

compliances) or phenomenological equations (pressure-
flow characteristics for resistance). Elements are con-
nected with each other via physical quantities including
units, which can be written in balance equations. A rep-
resentative example is the vascular system presented in105

Fig. 1, which is based on the Windkessel model [30]. Blood
flows from the arterial compartment Ca to the venous one
Cv through the total peripheral resistance of the vascular
bed RTPR. Pa, Pv are the arterial and venous pressure,
respectively, and Psur the pressure surrounding the vessel.110

The balance equations can be written as follows:
V̇a(t) = V̇Ca(t) + V̇R(t)
V̇R(t) = V̇Cv(t) + V̇v(t)
Pa(t) = PCa(t) +Psur(t) = PR(t) +Pv(t)
Pv(t) = PCv(t) +Psur(t)

The constitutive equations presenting the pressure-volume
relation of the compliances Ca and Cv:

∆PCa,v(t) = 1
Ca,v

·∆VCa,v(t),

and the phenomenological equation for the flow resistance
RTPR

PR = V̇R ·RTPR (1)

2
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Figure 2: Linear and non-linear customized elements.

are characteristic for these elements. In signal-based or
text-based programming languages, an explicit implemen-
tation of the balance equations is necessary. In Simscape,
because the graphical implementation implies them in the115

model structure, no explicit implementation is required.
Thus, volume and pressure balance equations (1) can be
directly derived from Fig.1.

An electrical equivalent representation can be found by
replacing hydraulic elements by electrical ones, since pres-120

sure, volume, and flow correspond to voltage, charge, and
current in the hydraulic-electrical analogy, respectively.
This simplification assumes a perfect Newtonian fluid, e.g.
constant density and viscoelasticity, within a medium.
Moreover, besides the linear elements in the standard li-125

brary of Simscape, users can create a customized (non-
linear) library by implementing the associated constitutive
or phenomenological equations of each element (Fig. 2).
The double borders in Fig. 2 indicate components with a
non-linear behavior.130

Our model includes two interconnected parts: the CVS
(heart plus pulmonary/systemic circulation) and the RS.
The overall system is illustrated in Fig. 3. The model
includes more than 30 components.

2.2. Cardiovascular system (CVS)135

The cardiovascular model was developed based on the
original works of Smith el at. [31, 32]. While the structure
of the heart and pulmonary/systemic circulation was pre-
served, several extensions to the original model have been
made. First, the atria were added to the model. Second,140

it was necessary to include the non-linear behaviors of the
pulmonary and systemic veins, as well as the pulmonary
capillary resistance and compliance.

2.2.1. Atria and ventricles
Atria and ventricles are elastic elements with an active

driving force. Their pressure-volume (PV) relationships
were modeled with regard to the end-diastolic pressure-
volume relationship (EDPVR) and end-systolic pressure-
volume relationship (ESPVR) [15, 17, 32], which are given
as

Pes = Ees · (V −Vd) (2)

Ped = P0 · (eλ(V−V0) −1), (3)

where Ees is the elastance during systole and Vd its fill-145

ing volume of the ESPVR at zero pressure. P0 defines the
minimal diastolic pressure, λ the curvature of the EDPVR
curve and V0 atrium volume at zero pressure. Eq. 2 and 3
give the systematic behavior for the four heart chambers.
The parameters are given in AppendixB with the indexes150

la, ra, lvf, rvf. Cardiac activity was modeled by activat-
ing either eq. (2) or eq. (3) with regard to heart phases.
A time-variant driver function e(t) is used to control the
transition between the systolic and diastolic pressure:

P (V,t) = e(t) ·Pes(V,t) + (1−e(t)) ·Ped(V,t) (4)

The driver function e(t) can be seen as the "pacemaker" of155

the CVS. According to [32], e(t) can be given by a Gauss
distribution (for atria) or sum of four different Gauss dis-
tributions (for ventricles and septum). Ventricular and
atrial driver functions used in this manuscript are taken
from [15]. Detailed parameter for the driver functions are160

given in AppendixB.

2.2.2. Septum and pericardium
Ventricular interaction is caused by the septum and peri-

cardium. Smith et al. [32] suggested a separation of the
ventricles into three components: left ventricle free wall165

(lvf), septum (spt), and right ventricle free wall (rvf). Each
free wall component represents the part of the ventricles
which has no influence on the other parts. The septal vol-
ume is associated with the inter-ventricular pressure gra-
dient. Septal motion is characterized by a leftward shift170

towards the left ventricle during systole, and a rightward
shift towards the right ventricle during diastole.

The pericardium is a double-walled sac which separates
the heart and pleural space. The pericardium volume
(Vpcd) is, thus, the sum of the ventricular and atrial vol-175

umes. Smith et al. [32] simulated the pericardium with
one compliance. Its negative pole, corresponding to the
outside of the pericardium, matches the pleural pressure
Ppl. Its positive pole, corresponding to the inside of the
pericardium, is connected to all atria and ventricles.180

2.2.3. Vascular arteries and veins
The vascular system is a network of a considerable num-

ber of blood vessels. To reduce complexity, its function
rather than its anatomical structure is often preferred
[26, 9, 32, 33]. Applying the Windkessel model to the185

systemic and pulmonary circulation, allows to determine
realistic values of cardiac preload and afterload [32]. In our
model, the parameters of the aorta and systemic arteries
are simplified to be linear and are adapted from [28].

In contrast, there is more evidence of non-linear char-
acteristics for the veins [31, 34, 35, 36, 37, 38, 39, 40].
According Hainsworth [34] and Rothe [41], the pressure-
volume (PV) characteristics of the veins can be divided

3
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into over-distension, distension, filling, and collapsed con-
dition (see Fig. 4). Such a behavior can be modeled by a
log function:

V = 1
λ

· log(Ptm + P0) + V0. (5)

V is the volume, Ptm is the transmural pressure, P0, V0190

and λ are three parameters of the log function. This
function has a very high gradient at the beginning which
changes quickly to a lower one after a certain point. In
our model, these parameters are calculated by assuming
approx. 3 L blood volume in the systemic veins and 300195

mL blood volume in the pulmonary veins at normal blood
pressures. Figure 4 presents the characteristics of the im-
plemented systemic and pulmonary veins.
Unlike the separated vessel, the systemic and pulmonary

veins are networks of vessels tethered to the surround-200

ing tissues which prevent them from a total collapse at
low transmural pressures. This means that the venous
compartment must maintain a nonzero volume even at
zero or negative pressure, as observed in animal exper-
iments [42, 34, 41]. For simplification, we considered a205

minimum volume of 1 L for the systemic veins. Under
normal conditions, venous pressure remains slightly posi-
tive and the systemic volume is around 3 L.

2.2.4. Lung capillaries
The lung capillaries are located directly around the lung

alveoli within the tissue and play an important role in
CPIs. In our model, a hyperbolic PV relationship

V (t) = V0 + 1
λ

· tanh(c ·Ptm(t) + P0) (6)
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Figure 5: PV-characteristics of lung capillaries

was applied for the lung capillaries. V0, c, and P0 are210

constant parameters. Their values were determined based
on following physiological considerations [39, 40]:

1. The transmural pressure Ptm(t) of lung capillaries in
a healthy body is Ptm ≈ 15cmH2O(= Pcap −Pint =
10 − (−5)cmH2O), Pcap is the pressure in the lung215

capillaries and Pint the interstitial pressure.
2. At this pressure, total blood volume within the lungs

is approx. 200mL.
3. At normal transmural pressure, the PV relationship

can be considered as linear and described by an ideal220

capacitor.
4. At immoderately low pressure, the capillaries collapse

to a minimum volume of approx. Vmin = 10mL.
5. The maximum volume of lung capillaries is assumed

to be 400mL. If this value is achieved, all lung capil-225

laries are recruited.

For a detailed description of the CPIs, the capillary com-
pliance was divided into pulmonary arterial and pul-
monary venous capillary components (Fig.3), which simu-
lates the total PV characteristics shown in Fig. 5.230

Flow resistance of the lungs capillaries R(t) is inversely
proportional to the square of their filling volume V (t) ac-
cording to the law of Poiseuille:

R(t) = R1 · (V1 −0.9Vmin)2

(V (t)−0.9Vmin)2 . (7)

V1 and R1 are resistance and volume at normal trans-
mural pressure. Vmin is the minimal volume of capil-
laries during collapse. Table 1 presents the parameters
for the pulmonary capillaries. Its flow resistance is equal
to 69.75cmH2OL−1 s at a filling volume V = 200mL, and235

reaches the maximum value R = 2.5 · 106 cmH2OL−1 s at
the collapsing volume V = Vmin = 10mL.

2.3. The respiratory system (RS)
In the 1950s, Otis et al. [20, 43] modeled the human

RS as a series of resistance R and compliance C (pas-240

sive elements), which are driven by the respiratory mus-
cles in the form of a sinusoidal pressure source (active el-
ement). Although this simplification has been used until
modern times [24, 9], lung mechanics are actually highly
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Table 1: Parameters of the pulmonary capillaries. V1, V0, and Vmin

are given in L, R1 in cmH2OL−1 s, and λ in L−1. c is a scalar.

Resistance Compliance
Parameter Value Parameter Value

V1 0.2 V0 0.1025
R1 70.8725 P0 -1.3687

Vmin 0.005 λ 10.256
c 0.0821

non-linear, especially in the presence of lung pathologies.245

Our RS model is based on the basic assumptions and ex-
tensions of Liu et al. [44] and Athanasiades et al. [45],
which focused on non-linearities of lung parameters. Our
RS model can be divided into seven main compartments:
respiratory muscles, pleural space, chest wall, lung tissue,250

alveoli, and the non-collapsible and collapsible airways.

2.3.1. Respiratory muscles
The respiratory muscles, consisting of the diaphragm

and the intercostal muscles, contract during inspiration
and release during expiration. They are modeled by a255

pressure source which connects the chest wall Ccw and the
atmosphere at body surface. The alignment of the pressure
source in the circuit indicates a negative Pmus. During in-
spiration, Pmus and the pleural pressure Ppl become more
negative, which drives air into the alveoli. The gas vol-260

ume entering the lungs ∆VL is equal to the volume change
of the thorax ∆Vcw. Experimental data have shown an
exponential form of pleural pressure Ppl in healthy sub-
jects [40], which indicates an exponential characteristic
curve of Pmus. The implementation of Pmus is presented265

in AppendixD.

2.3.2. Chest wall and pleural space
The chest wall compliance Ccw provides the elasticity

of the components surrounding the lungs, i.e. thorax and
diaphragm. According to Athanasiades et al. [45], the non-
linear pressure-volume curve of Ccw is sigmoidal and can
be modeled by

Pcw(t) = Acw −Bcw · log( TLC−RV
Vcw(t)−RV −0.999). (8)

The chest wall compliance Ccw is the quotient of volume
change over pressure drop and can be calculated as

Ccw(t) = TLC−RV
Bcw

·
exp(Acw−Pcw(t)

Bcw
)

[exp(Acw−Pcw(t)
Bcw

) + 0.999]2
, (9)

where TLC is the total lung capacity, RV is the lung resid-
ual volume, and Acw and Bcw are constants. Taking pa-
rameters from [45] will result in a maximum chest wall270

compliance of 0.3 L/cmH2O, compared with the average
value of 0.2 L/cmH2O [39, 40, 46].

The parameter Acw from [45] causes a pressure drop
over the chest wall Pcw = 0cmH2O and a pleural pres-
sure Ppl = 0cmH2O at normal filling volume of the lungs.275

Indeed, in normal condition, a negative pleural pressure
Ppl ≈ −5cmH2O prevails for a normal lung volume of 3
L [39]. Thus, models which use two compliances in se-
ries fail to present the negative pleural pressure. To over-
come this problem, we introduced the extended pleural280

pressure source PPE in our previous works [47, 48]. PPE
incorporates the pre-stress of the chest walls and lung tis-
sue, so that the lungs are stretched and the chest wall is
shrunk at functional residual capacity (FRC). The pres-
sure gradient between chest wall and lung tissue should be285

around 10cmH2O [40] and can be realized by a choice of
PPE = 10 cmH2O. This pleural-extended model succeeds
in not only presenting the well-known PV characteristics
of the chest (Fig. 6), but also the negative pleural pres-
sure Ppl ≈ −5cmH2O. With the introduction of PPE, Acw290

needed to be adapted to achieve the original chest compli-
ance curve (Fig. 6). The parameters of the chest wall and
pleural space are given in Table 2.
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Figure 6: Implemented chest wall compliance according to [45]: (1)
is the original curve; (2) is the curve after adaption of Acw, and (3)
after adaption of PPE. Ppl is negative at lung volume < 4.25 L.

Parameter Value Unit
TLC 5.6 L
RV 1.3 L
Acw 7 cmH2O
Bcw 3.5 cmH2O
PPE 10 cmH2O

Table 2: Parameters of the chest wall and pleural space.
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2.3.3. Lung tissue
Recent models of respiratory mechanics consider the295

elasticity of the lungs as one compartment [44, 45, 26, 49,
24, 25], ignoring the physiological distinction between elas-
tic lung tissue and alveoli surface tension based on the the-
ory of balloon stability [50, 51]. The PV characteristics of
lung tissue without alveolar impact can be experimentally300

determined by filling the alveoli with isotonic saline. By
reducing the surfactant concentration and, thus, the sur-
face tension, lung compliance increases threefold [39, 52]
from 0.2 L/cmH2O [44, 39] to 0.6 L/cmH2O. This com-
ponent, representing the elasticity of the elastic tissue and305

alveolar wall, must be at least as high as this value and, in
the present work, was considered to be constant Ctissue = 1
L/cmH2O.

2.3.4. Alveoli
Although the mechanical behavior of alveoli surface ten-

sion has been investigated by different groups [50, 53, 54,
55, 56, 57], it is not yet completely understood [58]. In
their work, Yuta [55] and Sundaresan et al. [56] assumed
that the volume change of the lung during spontaneous
breathing is mainly caused by the recruitment of alveoli
and not by further expansion of the opened alveoli. Im-
plementation of their work requires a large number of in-
terconnected components. In our approach, we aimed to
present the PV characteristics of alveoli through clinical
data measured in healthy and diseased subjects. There-
fore, we considered the alveoli characteristics as one non-
linear component. The PV characteristics of lung alveoli
can be described by a hyperbolic function:

V (t) = V0 + 1
λ

· tanh(c ·P (t) + P0),

where the parameters V0, λ, c and P0 can be determined310

by maximum and minimum lung volume, as well as max-
imum alveoli compliance. By changing these parameters,
the shape of the compliance curve can be adjusted. In
Fig. 7, the upper line represents the alveolar compliance
curve, and the lower one the compliance of diseased lungs,315

such as in edematous patients [55]. Parameters used in our
simulation are given in Table 3. The black circles in Fig. 7
illustrate residual lung volume (RV = 1.3L [39]). The min-
imal volume of 0.5L corresponds to the state when the
lungs are separated from the thorax and are completely320

collapsed. This approach does not yield any contradiction
with the balloon-like theory or the recruitment model [55].

The lung compliance CL is a series of tissue and alveoli
compliances and, in our case, is equal to 0.2308 L/cmH2O.
In practice, CL can only be measured independently from325

Ccw by using an esophageal catheter [8]. The total res-
piratory compliance Ctotal, consisting of lungs and chest
wall, is thus a series of Ctissue, Calv, and Ccw:

1
Ctotal

= 1
CL

+ 1
Ccw

(10)

= 1
Ctissue

+ 1
Calv

+ 1
Ccw

. (11)
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Figure 7: Alveolar compliance for healthy (blue) and edematous
lungs (black). Maximal compliance is equal to 0.3L/cmH2O for
healthy lungs and up to 0.15L/cmH2O for diseased lungs. Circles
mark residual lung volume.

Parameter Value Unit
V0 3.05 L
λ 0.3922 L−1

c 0.1176 -
P0 −0.8409 cmH2O

Table 3: Parameters of the alveoli compartment.

2.3.5. Airways330

Airway resistance was divided into rigid and collapsible
resistances (Rrig and Rcol, respectively). Physiologically,
the rigid part of the airway system consists of mouth, glot-
tis, and trachea, while collapsible resistance presents the
remaining part of the bronchial tree. In our model, a con-335

stant rigid resistance Rrig = 1cmH2OL−1 s was assumed,
which is approximately 25% of the total resistance [39].
The collapsible resistance Rcol is inversely proportional

to the bronchial and the lung volume [59] and can be given
as follows:

Rcol(t) = R1 · V1 −0.9Vmin
Vcol(t)−0.9Vmin

, (12)

where Vcol(t) is the volume of the collapsible airways while
R1,V1, and Vmin are constants. The PV curve exhibits a
similar behavior to that of the cardiovascular veins, which
can be written by a logarithmic function [31, 35, 60, 36]:

Vcol(t) = 1
λ

· ln(Pcol(t) + P0) + V0, (13)

where Pcol(t) is the transmural pressure drop between in-
ner and outer wall of the collapsible airways. The param-
eters V0, P0, and λ are given in Table 4. The cumulative340

volume of the collapsible airways is estimated to be about
50mL. At this volume, the collapsible resistance is approx.
75% of the total resistance [39]. When a bronchial airway
collapses, the fluid film within the inner wall of the bronchi
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becomes a closed fluid layer, which causes the bronchial345

to stick together. To reverse this process, i.e. open the
bronchi, a higher pressure is necessary to overcome the
surface tension of the new fluid layer [61, 62]. Chen et
al. [62] estimated the opening pressure Popen at 5cmH2O
at different levels of Ppl. This phenomenon was imple-350

mented in our model by connecting the airway compliance
Ccol in series with two diodes Din and Dout (an electrical
form of hydraulic valve). A positive flow through Din in-
creases airway volume Vcol and vice versa. If Vcol drops
below a threshold value, the opening pressure (breakdown355

voltage of an electrical diode) of Din increases. Fig. 8
shows the model structure and the PV-characteristics of
the collapsible airways.

collapsible

V
o

l D_out

D_in

airways
compliance

+

-

V
o

l

Pressure

-10 0 10 20 30

Pressure (cmH2O)

0

0.05

0.1

V
o
lu

m
e 

(L
)

collapsible airways

Popen

Popen

Figure 8: Pressure-volume characteristics of the collapsible airways.
A higher pressure is needed to open the collapsed airways.

Resistance Compliance
Value Parameter Value

V1 0.05 V0 -0.0872
R1 3 P0 7.4414

Vmin 0.005 λ 18.3776
Popen 5

Table 4: Parameters of the collapsible airways

2.4. Model Implementation in Simscape
In signal-based or text-based programming languages,360

an explicit implementation of the balance equations would
be necessary (see [23]). In object-oriented Simscape, the
graphical implementation of the model structure implies
these equations, hence, no explicit equations for the ’con-
nection’ of components are needed. The main Simscape365

program consists of the same blocks as shown in Fig. 3.
The implemented cardiovascular model (Fig. 3) consists

of the heart and the pulmonary/systemic circulation. Non-

linear resistances and capacitors were developed as Sim-
scape elements according to the mathematical equations370

presented above. The positive pole of the ventricle-free
wall is connected to the heart valve. A flow at that pole
corresponds to the filling of the heart with blood, while a
flow at the negative pole of the ventricle describes a vol-
ume replacement of the thorax through the heart, which375

is coupled to the pericardium and eventually, the pleural
space.

The parameters of the heart components are given
in AppendixB and AppendixC. The heart valves were
modeled with ideal diodes with a transmitting pressure380

of 10−5cmH2O, a blocking resistance of 105cmH2OsL−1,
and various transmitting resistances (Table B.12).

Components Param. Value
aortic compliance Cao 0.000168

syst. arteries compliance Csys,art 0.0011
aortic resistance Rao 91.78
syst. resistance Rsys 1359.5
aortic inertance Lao 1.1216
syst. inertance Lsys 4894.4

pul. art. resistance Rpa 94.5
pul. art. compliance Cpa 0.0022
pul. ven. resistance Rpv 31.5

Table 5: Parameters of systemic and pulmonary circulation, from
[31, 28]; resistances are given in [cmH2OL−1 s], compliances in
[LcmH2O−1], and inertances in [cmH2OL−1 s2].

Table 5 summarizes the linear parameters of the sys-
temic and pulmonary circulation according to Fig. 3. All
compliances in the model have an initial volume which is385

set at the beginning of the simulation. The systemic veins
are filled with 3.1L, the systemic arteries and capillaries
with 600 mL. On the pulmonary side, initial volume is set
to 100 mL for the arteries, 100 mL for the capillaries, and
50 mL for the veins. Both heart ventricles have an initial390

volume of 40mL.
The RS is implemented by connecting its six functional

compartments, as shown in Fig. 3. At the airway opening,
the model is connected to a reference atmospheric pressure
Patm, or to a ventilator in case of mechanical ventilation.395

The interstitial pressure occurs at the negative pole of the
alveolar and the positive pole of the tissue compartment,
while the pleural pressure separates lung tissue from the
chest wall. Each compliance has the functionality of a
physiological barrier between two different media. At the400

beginning of the simulation, several initial values have to
be set to achieve realistic results. Alveolar and chest wall
volumes were set to 1.8 L.

CVS and RS were mechanically coupled by the pleu-
ral pressure Ppl and interstitial pressure Pint. The peri-405

cardium, pulmonary arteries and veins are surrounded by
Ppl, and the pulmonary capillaries by Pint. These inter-
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actions were implemented in the Simscape model through
physical connections between the corresponding elements.
The overall system is presented in Fig. 3410

Under normal conditions, 20% (approx. 1 L) of the
total blood volume is located in the heart and pulmonary
circulation [39, 40] within the thoracic cage. The chest
wall capacity (Vcw) from eq. (8) has to be adapted, since
Athanasiades et al. [45] did not consider the thoracic blood
volume (TBV) and assumed that the maximal chest wall
volume is equal to the total lung capacity (TLC). Thus,
Vcw,max was increased to TLC + 1L, the parameter Bcw
in eq. (9) was adapted to

Bcw ≈ Vmax −RV
4 ·Ccw,max

≈ 4.75cmH2O. (14)

The new parameters of the chest wall are given in Table 6.
The initial value of chest wall volume was increased to
2.05L by taking the TBV into consideration.

Parameter RS only CPS Unit
Acw 7 7 cmH2O
Bcw 3.5 4.75 cmH2O
Vmax 5.6 6.6 L
RV 1.3 1.3 L
PPE 10 10 cmH2O

Table 6: Adaptation of the chest wall parameter with regard to tho-
racic blood volume from the respiratory to cardiopulmonary system.

3. Results

The model was simulated using the backward Euler rou-415

tine at a fixed step size of 10ms. On a PC with an Intel
Core i7-4770 CPU, the simulation speed is approximately
30 times faster than in real time. This section compares
the simulation results with human and animal experimen-
tal data from literature. Model validation is divided into420

two part: the baseline simulation and simulation of CPIs.

3.1. Baseline simulation
3.1.1. Cardiovascular pressures and volumes

In this part of the validation, we showed the consis-
tency of the model regarding the assigned parameters for425

a normal, healthy subject. Each simulation had an ini-
tial phase, in which the volumes started to redistribute
according to the ratio between the vessels’ compliances.
The driver functions were activated at t=20s and t=25s
for ventricles and atria, respectively. Figure 9 presents430

the change in systemic arterial volume during the initial
phase. The system reached its operating points after ap-
prox. 40s. The resulting pressure and volume relations
for the simulation of a healthy person are presented in
Fig. 10 for three random heart cycles. The aortic pressure435

rose to 169cmH2O (124.3mmHg) in systole and fell to 110
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Figure 9: Changes in systemic arterial volume during the initial
phase of the simulation. From a start value at 0.6 L, the volume
reaches a stationary value of 1.2 L. After the heart started to pump
at t = 20 s, the volume stabilized at around 1.05-1.09 L.
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Figure 10: Simulative results of the decoupled CVS. Top two graphs:
aortic, left ventricle and left atrium pressure over three heart cycles.
Bottom graph: pressure-volume curve of the left and right ventricles.

cmH2O (80.9 mmHg) in diastole. Stroke volume was equal
to 72mL, which equates to a cardiac output of 5.76L/min
at a heart rate of 80 beats per min.

Table 7 presents the pressures as well as cardiac and440

stroke indexes compared to the standard range of a healthy
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person taken from [63]. Cardiac and stroke indexes were
calculated for a total body surface of 1.73 m2. All param-
eters are in physiological normal ranges. The simulated
total blood volume was equal to 5 L on average. Table 9445

compares blood volume in different compartments between
the simulation and data from [39, 40]. Some values found
in literature are calculated assuming a total body blood
volume of 5L multiplied with the given percentage values.
Figure 11 displays the blood distribution for the model450

compartments.

Parameter Model Standard [63]
Pressures (mmHg)
Left ventricle systolic 124 90 – 140
Left ventricle end-diastolic 6 5 – 12
Left atrial 3.5 – 5 2 – 12
Arterial systolic 122 90 – 140
Arterial diastolic 81 60 – 90
Right ventricle systolic 25 18 – 30
Right ventricle end-diastolic 0.5 -0.5 – 4.5
Right atrial mean 0 -2 – 2
Pulm. artery systolic 26 13 – 30
Pulm. artery diastolic 11 3 – 15
Pulm. capillary wedge max 10 – 16 8 – 23
Pulm. capillary wedge min 6 – 11 5 – 14
Others
Cardiac index (l/min/m2) 3.33 2.5 – 5.3
Stroke index (ml/beat/m2) 41.63 37– 72

Table 7: Baseline simulation results of pressures, cardiac and stroke
indexes. The indexes were calculated with a total body surface of
1.73 m2. Standard values are given in [63].

Min Max Mean
Compartment (mL) (mL) (mL)
Left atrium 38 45
Right atrium 35 50
Left ventricle 60 130
Right ventricle 48 120
Heart 181 345 263
Pulmonary arteries 240 290 265
Pulmonary capillaries 170 220 195
Pulmonary veins 289 296 293
Systemic arteries
and capillaries 240 290 265
Systemic veins 2820 2920 2870
Total 4757 5189 4973

Table 8: Simulated result of blood volume distribution.
Volume Model [39] [40]
Systemic veins 2820-2920mL 3200mL 2700mL
Pulm. arteries 240-290mL 70mL 400mL
Pulm. veins
and capillaries 459-516 mL 450 mL 750 mL

Table 9: Comparison of blood volume between model and data re-
produced from [39, 40]. If literature values were given in percentage,
calculation was made based on a total blood volume of 5 L.
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Systemic
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21

Figure 11: Blood volume distribution of the human body. (1) Lit-
erature values, reproduced from [39]. (2) Simulation results. Total
blood volume is approx. 5 L.

3.1.2. Dynamic and static behaviors of the RS
A simulation was performed for spontaneous breathing

with a respiratory rate of 0.2Hz (12 breaths/min) and a
signal amplitude of 5cmH2O for Pmus. Inspiration and455

expiration time were set to 2s and 3s, respectively. Fig-
ure 12 presents the simulative results of muscles, alveolar,
interstitium, and pleural pressure, as well as lung volume,
in comparison with data reproduced from [39]. Simulation
results correlate well with the literature values.460

At end-expiration (t ≈ 45 s), the pleural pres-
sure was Ppl = −5.74cmH2O, the interstitial pressure
Pint = −4.94cmH2O, and the alveolar pressure Palv =
0.015cmH2O. During inspiration, pressures of the whole
system decreased below Patm, so that air entered the lungs465

and loaded the compliances. At the end-inspiratory phase,
minimal pressures occurred equal to Pint = −7.1cmH2O
in the interstitium and Ppl = −8.3cmH2O in the pleural
space. FRC was equal to 2.5 L, with a tidal volume VT of
500mL. All values and dynamics described in [39] can be470

successfully simulated.
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Figure 13: Top three graphs: ventilation pressures, lung volumes and
compliances during a PEEP trial. PEEP was incrementally increased
from 0 to 25cmH2O, PIP was set equal to PEEP +10cmH2O. Non-
linear compliance changes with increased PEEP are observed. Bot-
tom graph: Static pressure-volume loop of the modeled lung and
chest wall (1): Literature values, reproduced from [40], (2): Simula-
tion results. A-F mark the operating points of the system for each
set of PEEP and PIP.

The PV characteristics of the lungs play a key role in
patient monitoring during mechanical ventilation. For ex-
ample, lung over-stretching can occur if airway pressure
exceeds 30cmH2O [64]. This behavior was modeled by475

considering the non-linear characteristics of lung and chest
wall compliance. To demonstrate non-linear behavior dur-
ing PEEP-trial, we constructed a model of a ventilator
and applied pressure-controlled ventilation (PCV) at the
patient’s mouth. Incremental increase of positive end-480

expiratory pressure (PEEP) and peak inspiratory pressure
(PIP) allowed us to investigate the dynamic response of
lung mechanics to PEEP. The respiratory muscles were
deactivated as soon as mechanical ventilation started.

In Fig. 13, the top three panels present the results in-
cluding alveolar and pleural pressure, lung volume, as well
as lung and total compliance. The total respiratory com-
pliance Ctotal was calculated as the quotient of the tidal
volume VT and the overall pressure drop [24]:

Ctotal = VT
PIP−PEEP . (15)

From zero, PEEP was incrementally increased by485

5cmH2O every 30s. The pressure difference between PIP
and PEEP remained at 10cmH2O during the entire simu-
lation. Ppl rose together with PEEP and became positive
at high ventilation pressures (Pven > 15cmH2O). From
this point, the RS started to reach saturation, and total490

compliance decreased from 0.124 L/cmH2O at PEEP= 0
to 0.03 L/cmH2O at PEEP= 25 cmH2O. Lung compli-
ance also decreased, causing a large rise in mechanical
stress over the lungs, from 5.74cmH2O (PEEP=0) to 20
cmH2O (PEEP=25). As a result of this stiffness, tidal vol-495

ume fell from 1.241 L (PEEP=0) to 0.272L (PEEP=25).
The mean pressure and volume of each PEEP setting fit
exactly into the static PV-relationship of lung and tho-
rax. Due to the increasing PEEP, the operating point
moved upwards from A (PEEP=0) to F (PEEP=25) in500

Fig. 13, bottom panel (2). The simulation results corre-
lates well with the data reconstructed from [40] (bottom
panel (1)). The simulation results demonstrate the ability
of the model to quantify the non-linear changes in tidal
volume and compliance during a PEEP-trial.505

3.2. Simulation of CPIs

This validation part presents simulation results of the
model under mechanical ventilation compared to clinical
or animal studies in literature. It should be noted that the
model parameters are assigned regarding unrelated stud-510

ies and reports. Since these parameters can vary among
species, individuals and pathologies, a perfect curve fitting
can only be performed by algorithmic parameter estima-
tion. Otherwise, changing values via "try and error" may
lead to parameter "manipulation" to fit the data. For that515

reason, we decided to keep the same parameters of the
above mentioned cardiopulmonary system for all follow-
ing simulations. The only signals that changed are model
inputs: muscle or pleural pressures during spontaneous
breathing or airway pressure during mechanical ventila-520

tion. One exception is a patient with severe lung restric-
tion and will be mentioned explicitly.

3.2.1. Mueller maneuver
During spontaneous inspiration, a fall of Ppl causes a

shift in blood volume from the systemic to pulmonary cir-525

culation, which results in a decrease in aortic pressure.
Robotham et al. [65] observed a significant increase in
aortic pressure, transmural left and right ventricular fill-
ing pressure during the Mueller maneuver in closed-chest,
anesthetized, neurally intact Mongrel dogs [65]. We cre-530

ated the scenario by inactivating the respiratory tract due
to zero gas flow, and setting the pleural pressure from 0
to -12 cmH2O and back to 0 within a duration of 8 heart
beats, which was the same in the experiment. Transmural
pressures were calculated by subtracting the pleural pres-535

sure. Figure 14 compares animal data (1) and simulation
results (2). Significant points are marked with exact val-
ues. The transmural aortic pressure reached its maximum
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Figure 14: Pressure relations during a Mueller maneuver. The pleural pressure, as well as transmural aortic, left and right atrial pressures
are depicted. (1) Data measured on a neurally intact Mongrel dog, reproduced from [10]. (2): Model simulation results. The pleural pressure
in the model was set from 0 to -12 cmH2O and back to 0 within 8 heart beats.

at 138 mmHg (142 mmHg in animal data) at the second
heart beat after the end of the maneuver. The transmural540

right atrial pressure increased during the first 5 heart beats
then abruptly fell to a negative value. In total, simulated
pressure relations and dynamic behaviors were observed
as expected.

3.2.2. Pressure relations during ventilation545

To demonstrate the behavior of the model during me-
chanical ventilation, we constructed a model of the ven-
tilator. First comparison is based on a lung-diseased pa-
tient under volume-controlled-ventilation (VCV) reported
by Jardin et al. [8].550

Electrocardiogram (ECG), airway (A), esophageal (E),
right atrial (RA), and pulmonary capillary wedge (PCW)
pressures were simultaneously recorded. Tidal volume was
12 ml/kg (840 ml for a 75 kg patient). Peak ventilation
pressure was 45 cmH2O. Fig. 15 shows the comparison555

of simulation and clinical data. In simulation (2), tidal
volume was set to VT= 3.2 L to achieve the peak pres-
sure of 45 cmH2O. Simulation (3) was performed at VT=
840 mL which resulted in a peak pressure < 10 cmH2O
. The results demonstrate, that such a high pressure at a560

low tidal volume does not occur in a healthy subject. In
fact, this pressure-volume ratio indicates a severe restric-
tive disease with a dramatic drop in the lung compliance.
In simulation (4), we reduced the lung compliance (alveo-
lar and tissue compliance) to 10% of the original values, so565

that peak pressure of 45 cmH2O can be achieved at VT=
840 mL. Simulation results predict a possible pathologi-
cal change in lung compliance which corresponds to the
patient’s condition.

In the same data, Jardin observed greater increase in570

the pulmonary capillary wedge pressure (PCW) than in

the esophageal pressure leading to an increased left ven-
tricular volume; and a smaller increase in right atrial than
in esophageal pressure, which indicates a decrease in right
ventricular volume. This pressure relation can be observed575

in all simulation results (∆Pcap > ∆Ppl > ∆Pra) during
the mechanical inspiration. Figure 15, plot (4) bottom
depicts the change of left and right ventricular volumes
during VCV. As expected by Jardin, an increase in left
ventricular and decrease in right ventricular volumes can580

be quantitatively modeled. Note that it was not able to
measure these volumes during Jardin’s experiment.

Second case is a beat-to-beat analysis on 13 ventilated
patients published in the same paper of Jardin et al. [8],
which focused on the change in systemic and pulmonary585

arterial pressure during ventilated inhalation. Figure 16
(1) depicts the mean aortic and pulmonary arterial pres-
sure in systole and diastole of these 13 patients. Jardin
divided the 9 heart beats into three different respiratory
phase: exhalation (beat 1–3) , preinspiration (beat 4–6),590

and lung inflation (beat 7-9). During the last phase, he
observed an increase in systemic arterial pressure, where
systole is greater than diastole. The pulmonary arterial
pressure also increased but exhibited an opposite change,
where diastole is greater than systole. PCW increased595

slightly more than esophageal pressure. By applying the
airway pressure on the model input, all these behaviors
can be reproduced in simulation results (Fig. 16 (2)). The
changes in systole-diastole gradient in systemic and pul-
monary arterial pressure before and during an inhalation600

(∆Psa,1 < ∆Psa,2 and ∆Ppa,1 > ∆Ppa,2) can be repro-
duced in the simulation.

12



3.2.3. Stroke volume during spontaneous breathing and
positive-pressure ventilation

In this part, we compare cardiopulmonary dynamics be-605

tween spontaneous breathing and positive-pressure ven-
tilation. As reference, the experimental data published
in [66], reviewed in [2], were reproduced and depicted in
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Figure 15: Pulmonary and cardiovascular pressures in patients un-
der volume-controlled ventilation (VCV). (1): ECG and pressures
of a patient under volumecontrolled ventilation. Data reproduced
from [8]. PCW: pulmonary capillary wedge pressure, RA: right atrial
pressure, A: airway pressure, E: esophageal pressure. During an in-
spiration, airway pressure increase to 30 mmHg. (2,3,4): simulative
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Fig. 19. In anesthetized, intact canines, the authors found
differential effects of negative (spontaneous inspiration)610

and positive (positive-pressure inspiration) changes in the
intra-thoracic pressure on cardiovascular dynamics. The
right ventricular SV rises with positive-pressure inspira-
tion and falls with spontaneous inhalation, while the left
ventricular SV behaved inversely with delay. For compari-615

son, experimented and simulated airway and pleural pres-
sures, as well as left and right ventricular SV are depicted
in Fig. 19. Of the same simulation, aortic, left and right
ventricular pressures, left and right atrial and ventricular
volumes, venous return and cardiac output are presented620

in Fig 17. The pressure-controlled ventilation was set be-
tween 0 and 10cmH2O. Stroke volume (SV) was calculated
by integrating stroke flows over a heart beat.

Simulation results are comparable with animal data.
The left and right ventricular SV is smaller in canine (15625

- 18 mL) comparing to those of a human (50 - 60 mL) due
to the size of the animal. During spontaneous inspiration,
venous return reached its maximum (approx. 0.8L/s in
simulation) and left ventricular volume increased. During
a ventilated inspiration, the process was inverse. In simu-630

lation, Palv increased from 0cmH2O to 10cmH2O, which
caused a fall in right ventricular pressure of 9.52 mmHg,
a fall in right ventricular SV of 26.6 mL, and a rise in
the average aortic pressure of approx. 5 mmHg. Right
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ventricular SV decreased during the first heart beats after635

the start of inspiration, then rose slightly to a higher value
after two heart beats. Left ventricular SV increased dur-
ing the first heart beats and then fell to a value smaller
than its start value. CPIs which are observed in animal
experiments can be demonstrated by the model.640

Next, we analyzed a schematic diagram to study CPIs

during mechanical ventilation published in [1]. Accord-
ing to the authors, on the one hand, an increase in airway
pressure leads to a rise in transpulmonary pressure (TPP),
an increase in pulmonary vascular resistance, and an in-645

crease in right ventricular afterload. On the other hand, a
higher lung volume causes changes in ITP, which reduces
venous return and right ventricular preload. Both result
in a reduction of right ventricular, and then left ventric-
ular SV (see Fig. 18). We drawn simulation results (at650

PIP = 10 and PEEP = 0 cmH2O) to the diagram. The
preload was presented by end-diastolic ventricular volume,
the afterload by the arterial pressure. Simulation results
correspond to the observation of Cherpanath, with an ex-
ception of a variable right ventricular afterload. Simula-655

tion results support the hypothesis that changes in left and
right ventricular SV are primarily caused by the change
in venous return due to the rise in ITP, and less by the
change in right ventricular afterload, as reported in other
literature [3, 2].

Lung
volume↑

Mechanical
ventilation

TTP↑ PVR↑
RV

Afterload↑

Airway
pressure↑

ITP↑
Venous
return↓

RV
Preload↓

RV stroke
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LV stroke
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Figure 18: Effect of mechanical ventilation of right and left ven-
tricular stroke volume. Schema adapted from [1]. Simulation re-
sults with pressure-controlled ventilation at PIP=10 cmH2O. TPP:
transpulmonary pressure; PVR: pulmonary vascular resistance; ITP:
intraâĂŞthoracic pressure

660

3.2.4. Effect of PEEP on CPIs
The effect of PEEP on CPIs can not be neglected dur-

ing the choice of ventilation settings. Scharf et al. [67] re-
ported a correlation between PEEP and pleural, transpul-
monary, pulmonary arterial, and right atrial pressures in665

anesthetized Mongrel dogs (22−25 kg). They were under
VCV (VT = 300−350 mL (12−14 mL/kg)) with different
PEEP (measured) at 0.6, 4.3, 7.7, 11.4, and 16.4 cmH2O.
Figure 20 compares the experimental results from [67] and
a simulation with VCV. Tidal volume was set to 12.7670

mL/kg VT (950 mL for a 75 kg healthy human). Two
data sets correlate with each other. An increase in lung
volume, as well as in transpulmonary, pleural, pulmonary
arterial, and right atrial pressures can be found in two
results. The transpulmonary and pulmonary arterial pres-675

sures are slightly higher in animal data than in simulation.
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in animal experiment, reproduced from [2, 66]. (2): model simulation results.
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Figure 20: Effect of PEEP on lung volume, cardiac output (CO), as
well as transpulmonary (TP), pleural (PL), pulmonary arterial (PA),
and right atrial (RA) pressures during volume-controlled ventilation.
(1) Experimental data in Mongrel dogs, data reproduced from [67],
(2) Simulation results with VT = 12.7 mL/kg

While cardiac output falls to 35% in dogs at a tidal vol-
ume of 300 − 350 mL, the model predicts a reduction of
cardiac output to 65%. Note that we used the original pa-
rameter set for this simulation. An adaption of parameters680

based on parameter estimation would results in a better
fit between model and data, but is not the objective of this
paper.

3.2.5. Heart failure and pulmonary congestion
The model can be used to investigate CPIs during patho-685

logical conditions. As an example, the model behavior un-
der left heart failure (systolic dysfunction) and pulmonary
congestion is shown. A left heart systolic dysfunction oc-
curs if left ventricular stroke volume falls under 35 − 40%
of the normal value [68]. This results in a blood volume690

shift from systemic to pulmonary circulation and an in-
crease of pulmonary blood pressures (congestion). Left
heart systolic dysfunction was simulated by reducing the
left ventricular systolic elastance Ees,lvf from eq. 2 to 50%
and 20% of the original value. Figure 21 top left panel695

displays the PV-loops of the left ventricle at reduced elas-
tances. At Ees,lvf = 20%, left ventricular stoke volume
fell to 42.2 mL (57% of the normal value), cardiac output
to 3.3 L, and aortic pressure to 70.9/45.5 mmHg. Blood
volume shift was simulated as well: systemic blood vol-700

ume decreased to 2.78 L, while pulmonary venous and
capillary blood volume rose to 365 mL and 285 mL, re-
spectively (Fig. 21 top right panel). Pulmonary blood
pressures increased, especially in the venous part (Fig. 21,
bottom left panel). This increase indicates a possible de-705

velopment of pulmonary congestion [39]. Fig. 21 bottom
right panel depicts the change of gas volume in the lungs
caused by changes in intra-thoracic pressure due to left
ventricular systolic dysfunction. While tidal volume re-
mains unchanged, FRC reduced slightly by approx. 100710

mL during left heart dysfunction.

4. Discussion

We have introduced a comprehensive model of car-
diopulmonary interactions. The lumped-element model
was implemented in the object-oriented language Sim-715

scape, in which the system equations are presented by
physical blocks and connections. The model includes more
than 30 elements which correspond to the same number
of physiological functional components of the cardiopul-
monary system. Simulation speed was found to be high720
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enough (30 times faster than real time on a PC with Intel
Core i7-4770 CPU) for possible real-time applications.

Further comparisons between causal modeling (text-
based, signal-oriented) and acausal modeling (object-
oriented OOML) are discussed elsewhere [28, 69]. OOML725

has the main advantage that model balance equations are
included in the graphical implementation of the model
structure. Thus, while a large number of mathemati-
cal equations do not need to be explicitly implemented,
OOML also captures the essence of reality. Model com-730

ponents become more legible in OOML, which simplifies
model extension and testing [69].

The cardiovascular system was developed based on the
model of Smith et al. [32, 31] with the extension of atria
and non-linear characteristics of the veins and lung cap-735

illaries. Nonlinear PV relationships were included to give
the model a higher robustness against parameter uncer-
tainties, especially at boundary conditions such the col-
lapse of the capillaries or veins. Some of the parameters
show a significant difference among physiological studies.740

For example, estimation of venous blood volume and com-
pliance is difficult and differs between studies [37, 70].
Also, whereas aging increases a vessel’s passive stiffness
and thereby reduces compliance, the hormonal or neural
regulation additionally alters this stiffness by activating745

vascular smooth muscle [39, 40]. Therefore, it is impor-
tant to note that our versatile model presents just one of
many possibilities to simulate the cardiovascular interac-
tions.

To our knowledge, our respiratory model is the first750

object-oriented model to focus on non-linear functional-
ity of lung compartments and succeeds in reproducing the
static and dynamic behaviors of lung mechanics. Further-

more, the connection between the respiratory and hemo-
dynamic system is the most complex published so far. The755

RS was divided into different compartments corresponding
to their physiological and physical functions. Simulation
results have demonstrated the accuracy of the model com-
pared to the literature, during both spontaneous breathing
and mechanical ventilation. Saturated behaviors of the760

system, such as over-stretching, could be simulated due
to the implementation of non-linearities. Negative pleu-
ral and interstitium dynamics could also be adequately
demonstrated. Overall, the model provides physiologically
stable results for CPIs which could be directly compared765

with clinical and animal data from [8, 10, 2, 67].

Model limitation. Some factors have not been considered
in the respiratory model. First, our compartmentalization
is functional rather fragmentary, i.e. components such
as nasal cavity, mouth, trachea, bronchial were not con-770

sidered separately. Second, we neglected the inertance
of gas and tissue, which does not affect lung dynamics
during spontaneous breathing, but does have a strong in-
fluence during high frequency ventilation and oscillome-
try [71, 72, 73, 74]. Third, the inhomogeneity between775

left and right lungs [20], as well as between different lung
layers [75] have also not yet been considered. Fourth,
our modeling approach of the alveolar opening remains
a simplification, since the hysteresis of the alveolar com-
partment during recruitment maneuvers [50] has not been780

considered in the model.
Moreover, our model does not include the gas ex-

change component, which would affect the hemodynam-
ics regarding hypoxic pulmonary vasoconstriction or con-
trol of breathing and heart rate via central and periph-785

eral chemoreceptor. Hypoxic pulmonary vasoconstric-
tion in the lung is the mechanism underlying ventila-
tion/perfusion matching to distribute blood flow regionally
and increase the efficiency of gas exchange. Current mod-
els in literature use signal-based implementation for this790

component. It should be noted that the cardiac and res-
piratory regulation have not been included in the model.
The model, in its current form, is almost completely pas-
sive. This means that all of the components (excluding
the driver function of heart activity and the respiratory795

muscles) are passive elements which are described only
by their physiological characteristics. However, simula-
tion results have demonstrated the model’s performance
in studying CPIs. The model suggests that the passive
intrathoracic pressure as mechanical coupling between the800

cardiovascular and respiratory system play an important
role in CPIs and cannot be ignored when considering CPIs
during PEEP trials.

Model potential use. This paper focus on the development
and validation of a cardiopulmonary model for a healthy805

human, hence, does not include the modeling pathologies.
However, as in the current form, the model can be ex-
tended for specific diseased conditions. As examples, left
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or right heart failure can be induced by reducing ventric-
ular systolic elastance, and a respiratory obstruction such810

as asthma or COPD can be modeled by increasing the pe-
ripheral resistance or reducing the bronchial compliance.
More complex diseases such as cardiogenic edema, cardiac
tamponade, ventilator-induced lung diseases, or acute res-
piratory distress syndrome require adequate model exten-815

sions.
Moreover, the model can be used as a simulator in a

user-interactive software tool for educational and training
purposes. In the future, bed-side model-based monitoring
may be applied for personal health care, due to the devel-820

opment of an increasing number of sensor technologies to
measure vital parameters. Also, a computational model
(in combination with online parameter estimation) may
provide clinicians with important information to support
clinical diagnosis and treatment.825

All simulation data reported in this paper are available
from the corresponding author upon request. Further sim-
ulation data for specific testing purpose can be generated
and provided by the authors upon reasonable request. The
authors reserve the copyright of the software.830

5. Conclusion

A comprehensive model of cardiopulmonary interactions
implemented in the object-oriented language Matlab Sim-
scape has been presented. The model includes the car-
diovascular and respiratory systems with CPIs via intra-835

thoracic and interstitial pressures. Baseline simulation and
simulation during mechanical ventilation can be directly
compared with animal and clinical data in literature.
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AppendixA. Abbreviations and list of indexes

Table A.10: Abbreviations

CPIs Cardiopulmonary interactions
CPS Cardiopulmonary system
CVS Cardiovascular system
ECG Electrocardiogram
EDPVR End-diastolic pressure volume relationship
ESPVR End-systolic pressure volume relationship
FRC Functional residual capacity
ITP intra-thoracic pressure
OOML Object-oriented modeling language
PEEP Positive end-expiratory pressure
PCV Pressure-controlled ventilation
PCW Pulmonary capillary wedge pressure
PV Pressure-volume
PVR Pulmonary vascular resistance
RS Respiratory system
SV Stroke volume
TPR Total peripheral resistance
TPP Transpulmonary pressure
VCV Volume-controlled ventilation

Table A.11: List of indexes.

tm transmural
es end-systolic
ed end-diastolic
ra right atrial
la left atrial
rv right ventricular
lv left ventricular
ao aortic
sa systemic arterial
sv systemic venous
pv pulmonary venous
pa pulmonary atrial
cap pulmonary capillary
pvc pulmonary venous capillary
tp transpulmonary
alv alveolar
int interstitial
pl pleural
mus respiratory muscular
col collapsible airway
cw chest wall
L lung
T tidal (volume)

AppendixB. Heart components

Driver functions of atria, ventricles and septum:

ela,ra(t) =Aa ·e
− 0.5

B2
a

·( HR
80 )2·(t−Ca· 80

HR )2

elvf,rvf(t) =
4∑
i=1

Ai ·e
− 0.5

B2
i

·( HR
80 )2·(t−Ci· 80

HR )2

+D

esept(t) = elvf(t) (B.1)

A, B, and C are the Gaussian magnitude, width, delay, re-1105

spectively [15]. HR is the heart rate. D is a baseline/offset
which prevents the ventricular pressure from reaching neg-
ative values. D is equal 0.02 for the left and 0.07 for the
right ventricle.
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Figure B.22: Left and right ventricular driver functions.
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Param. Units i= 1 i= 2 i= 3 i= 4
Av,i – 0.43 0.36 0.5 0.55
Bv,i s 0.045 0.035 0.037 0.036
Cv,i s 0.175 0.23 0.275 0.3
Aa – 0.9 – – –
Ba s 0.018 – – –
Ca s 0.065 – – –

1110

ESPVR and EDPVR of four heart chambers and sep-
tum:

Pes = Ees · (V −Vd)

Ped = P0 · (eλ(V−V0) −1)
P (V,t) = e(t) ·Pes(V ) + (1−e(t)) ·Ped(V )

Pressure-volume relationship of the pericardium:

Ppcd(t) = P0,pcd(eλpcd(Vpcd(t)−V0,pcd) −1)

Param. P0 V0 Vd λ Ees
Units cmH2O mL mL L−1 cmH2OL−1

la 1.1236 0 20 60 294.27
ra 1.1236 0 20 50 217.53
lvf 0.0926 20 15 33 3573.7
rvf 0.211 20 5 23 895.5
sept. 1.5096 2 2 435 66303
peri. 0.068 260 – 30 –
Volume balance equations:

Vlvf = Vlv −Vspt

Vrvf = Vrv +Vspt

Vlv = Vlvf +Vspt

Vrv = Vrvf −Vspt

Vpcd(t) = Vla(t) +Vlv(t) +Vra(t) +Vrv(t)

Heart valves

Transmitting resistance
Tricuspid 4.0789
Pulmonary 2.7191
Mitral 13.5955
Aortic 6.7977

Table B.12: Heart valve transmitting resistances, from [31]. Values
given in [cmH2OsL−1].

AppendixC. Pulmonary and systemic circulation

AppendixC.1. Veins
Normal veins:

V = 1
λ

· log(Ptm + P0) + V0 (C.1)

Collapsed veins:1115

if V <= Vclp

V = 0.2 ·Vclp · tanh( 5
Vclp·λ·(Pclp+P0) · (P −Pclp)) + Vclp

Pclp = eλ(Vclp−V0) −P0
where Vclp is a threshold volume of collapsed veins.

Param. P0 V0 Vclp λ
Units cmH2O L L L−1

Syst. veins 6.328 1.8456 1.25 1.8361
Pulm. veins -3.567 0.0895 0.0625 10

1120

AppendixC.2. Pulmonary capillaries

Pulmonary capillaries compliance:

V = V0 + 1
λ

· tanh(c ·Ptm + P0) (C.2)

Pulmonary capillaries resistance:

R= R1 · (V1 −0.9Vmin)2

(Vt−0.9Vmin)2 (C.3)

Parameters of the pulmonary capillaries are given in Ta-
ble 1. The systemic capillaries are included in the systemic
arteries.

AppendixC.3. Arteries1125

The pressure-volume characteristics of pulmonary and
systemic arteries:

V −Vd = Ptm ·C (C.4)

Param. C Vd
Units L/cmH2O L
Syst. arteries 0.0011 0.6
Pulm. arteries 0.0022 0.1

AppendixD. Respiratory muscles
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Figure D.23: The respiratory muscles Pmus during spontaneous
breathing, generated by a pulse generator and a RC network.

Figure D.23 illustrates the implementation for Pmus.
The signal was generated by means of a periodic rectan-
gular pulse generator and a resistance-compliance (RC)1130

network (Voigt model of visco-elastic behavior).
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AppendixE. Exemplary Simscape code of a model
component

The following Simscape code presents the non-linear re-
sistance of the collapsible airways (see eq.7). A component1135

belongs to a domain (in this case electrical.branch) and
contains parameters, inputs, outputs, and equations. It
should be distinguished between algebraic (with ’=’) and
physical equations (with ’==’).

component R_vessel < foundation.electrical.branch1140

% non-linear colapsible resistance
R1 = { 1, ’Ohm’ }; % R1
V1 = { 0.1, ’A*s’ }; % V1
Vmin = { 0.05, ’A*s’ }; % Vmin

end1145

inputs
Vol = { 1, ’A*s’ }; % Volume

end
outputs

Rout = { 1, ’Ohm’ }; % R_out1150

end
equations

let
R = R1*(V1-0.9*Vmin)/(Vol-0.9*Vmin);

in1155

v == R*i;
Rout == R;

end
end
end1160
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