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Abstract: Mechanical ventilation is a life-saving interven-
tion, which despite its use on a routine basis, poses the
risk of inflicting further damage to the lung tissue if venti-
lator settings are chosen inappropriately. Medical decision
support systems may help to prevent such injuries while
providing the optimal settings to reach a defined clinical
goal. In order to develop and verify decision support al-
gorithms, a test bench simulating a patient’s behaviour is
needed. We propose a Java based system that allows simu-
lation of respiratory mechanics, gas exchange and cardio-
vascular dynamics of a mechanically ventilated patient.
The implemented models are allowed to interact and are
interchangeable enabling the simulation of various clini-
cal scenarios. Model simulations are running in real-time
and show physiologically plausible results.
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1 Introduction

Mechanical ventilation is a commonly used treatment in
intensive care. The aim is to support the gas exchange of
patients that are unable to maintain sufficient oxygenation
and carbon dioxide removal because of surgical interven-
tions or traumata.

Clinicians adjust the ventilator settings based on their
knowledge of the pathophysiology of the patient’s lung
and the current clinical condition of the patient as well
as his past medical history [1]. By applying inappropriate
parameters for mechanical ventilation it is possible to in-
flict further damage to the lung tissue e.g. high ventila-
tion pressures can lead to harmful barotrauma of the alve-
oli [2]. Patients with decreased lung compliance and im-
paired gas exchange (e.g. patients suffering from ARDS)
are especially difficult to find optimal ventilator settings
for, as conflicting goals might exist (high airway pressure
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to recruit alveoli versus low airway pressure to protect
healthy lung tissue). To prevent those so called "ventila-
tor induced lung injuries" (VILI), medical decision support
systems may be used. Those systems optimize therapy ei-
ther based on expert knowledge and gold-standard proce-
dures (knowledge-based systems) [3, 4] or on mathemat-
ical models representing the physiology of an individual
patient (model-based systems) [5, 6].

In order to develop and test such algorithms before
implementing them into commercially available systems,
they must be tested with either animal trials, clinical
(i.e. human) trials or with the help of patient simula-
tors. Various patient simulators are available commer-
cially or are described in literature. Mannequin simulators
focused on training ICU nurses and clinicians such as HPS
(CAE Healthcare, Saint-Laurent, Canada) or SimMan® 3G
(Laerdal Medical, Stavanger, Norway) lack sufficient inter-
faces to communicate with decision support systems and
thus are not useful for the evaluation of those. Along with
other software simulators intended for internal use such
as SmartPatient (Drager Medical, Liibeck, Germany) [7] the
mechanical and/or mathematical models used to simulate
the patient are not fully disclosed, thus there is no knowl-
edge on how the simulated data was created. Simulators
described in literature provide detailed information about
the implemented mathematical models, but focus on only
a limited number of physiological compartments [1, 8].

Mechanical ventilation mostly affects three areas of
the human physiology: respiratory mechanics, gas ex-
change and cardiovascular dynamics. To provide a realis-
tic simulation of a patient’s reaction to mechanical ventila-
tion, all of those areas should be implemented in the sim-
ulation. A previously developed system allows combining
models of respiratory mechanics, gas exchange and car-
diovascular dynamics to form a complex patient model [9].

The goal of this work aims to provide a user interface
that allows simulating a mechanically ventilated patient
with different disease scenarios. It should be able to run in
real-time on a standard PC and implement sufficient inter-
faces to save simulated data and to allow communication
with decision support systems.
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2 Methods

2.1 Model system

The system of models considered in this paper consists
of three main model families each comprising models of
different complexity and simulation focus [9]. The imple-
mented models will be described in short below.

To enable communication between the models and
thus allow simulating physiological interactions a set of
interfaces has been defined: Intrathoracic pressure (P;)
influences cardiovascular dynamics, which in turn in-
fluences gas exchange through cardiac output (CO). Ad-
ditionally, alveolar volume (V4) and alveolar gas flow
(V4) computed in respiratory mechanics influence gas ex-
change [9]. Figure 1 gives a schematic overview of the in-
terfaces.

The model family of respiratory mechanics comprises
five models of 15! and 2" order including one to seven
model parameters. The implemented models are a first
order model with one resistance and one compliance, a
model with two resistances and two compliances to simu-
late viscoelastic behaviour in the inspiratory pause [10], a
model as proposed by Khoo to simulate effects of gas com-
pressibility [11], and two recruitment models of which one
comprises viscoelastic characteristics [12, 13]. All models
have been extended to include a separate chest wall com-
pliance to compute intrathoracic pressure.

The family of gas exchange models is divided mainly
into two types. The first and less complex types assume
constant and laminar flow of gas. Therefore, no inspira-
tion and expiration is considered. They model lung gas
exchange either with a single alveolar compartment with
shunt [14] or dual alveolar compartments to include V/Q
mismatch [15]. The second type of gas exchange models
considers tidal flow of gas. Here, a dead space compart-
ment is added as described by Benallal et al. [16].

The implemented cardiovascular dynamics models
range from a simple three-compartment model with a
singular cardiac compartment [17] to a serially arranged
model with 14-compartments [18] and a parallel struc-
tured 19-compartment model [19]. This model family also
includes a discrete beat-to-beat model for discontinuous
simulation of blood pressure. The beat-to-beat model as
well as the 14- and 19-compartment models have been ex-
tended to react to intrathoracic pressure changes [20].
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2.2 Disease simulation

In order to use the different model combinations as a train-
ing tool for clinicians and as a test bench for decision sup-
port algorithms, it is necessary to be able to simulate differ-
ent lung diseases and pathophysiological symptoms. We
have thus implemented the possibility to select the models
that should be combined to form the patient model and to
change model parameters for the respiratory mechanics,
the gas exchange and the cardiovascular dynamics during
simulation. Additionally, the user is enabled to save spe-
cific parameter sets and to import previously created arti-
ficial patients.
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Figure 1: Interactions between the three models and the ventila-
tor simulation. FiO, — oxygen content in inspired air, Pqy — airway
pressure, V - air flow.

2.3 Software implementation

All models as well as a separate ventilator simulation have
been coded in Java (1.7.0_51, Oracle, Corporation, Redwood
Shores, USA) and have been tested separately to ensure op-
erability within physiological limits. Each model is repre-
sented by a class. Complex models in each family (e.g. the
19-compartment cardiovascular model) are derived from
less complex models by inheriting and extending their
attributes and methods. Java does not allow inheritance
from multiple parent classes, thus in models derived from
multiple models in the family (e.g. the viscoelastic recruit-
ment model) inheritance was limited to one class/model. A
separate class describes the ventilator simulating volume
or pressure controlled ventilation.

The differential equations of the selected models were
solved employing a simple Euler solver with a fixed step
size of 0.0001s. After each simulation step, the interface
parameters are exchanged between models. The user in-
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terface was created using NetBeans IDE 8.0.2 (Oracle Cor-
poration). Graphical representation of the vital parameters
was realized employing the JFreeChart library distributed
under the GNU lesser general public license.

3 Results

The user interface consists out of two main panes as shown
in Figure 2. The pane located on the left side of the frame
acts as a display panel for different graphs which show the
vital data of the simulated patient. It is possible to moni-
tor six vital parameters at the same time. In the presented
example, these are the airway pressure (Paw), the arterial
blood pressure, the air flow, the alveolar volume and the
arterial partial pressure of oxygen (Pa0,) and carbon diox-
ide (PaCO,). The user can choose which vital parameters
should be visible by selecting them in the menu.

The second pane on the right of the user interface is
the control panel for the simulation settings which is di-
vided into three tabs. The first tab allows selecting the
mathematical models to simulate respiratory mechanics,
gas exchange and cardiovascular dynamics as described
in the methods section. As all models incorporate the same
interfaces, models can be swapped without stopping the
simulation. In the second tab ventilator settings can be
adjusted via slider or textbox input. The settings depend
on whether ventilation is selected to be pressure or vol-
ume controlled. The maximum and minimum values of all
sliders have been set to reasonable physiological limits to
prevent irrational settings. During runtime it is possible to
change the settings; they become valid after finishing the
actual breath. In the third tab the user has the possibility to
save the displayed data in the graphs into a text file (.txt).
The text file can be used to reproduce and analyze the gath-
ered data e.g. in MATLAB (The Mathworks, Natick, USA) or
Excel (Microsoft Corporation, Redmond, USA).

The menu bar of the user interface provides the oppor-
tunity to change patient specific parameters by either ad-
justing them manually for each of the implemented mod-
els or by importing predefined parameters from a text file.
Figure 3 provides an overview of the manually adjustable
parameters.

The graphs in Figure 2 show results for a patient
model consisting of the viscoelastic respiratory mechanics
model, the dual alveolar gas exchange model with dead
space and the 19-compartment model of cardiovascular
dynamics ventilated in pressure controlled mode with a
respiration frequency of 14/min, a maximum airway pres-
sure of 35 mmHg, a PEEP of 5 mmHg, and FiO, set to 40%.
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Arterial pressure exhibits superimposed oscillations with
a frequency equal to the simulated respiration rate. Gas
exchange results (Pa0,, PaCO,) show two superimposed
variations with different frequencies, one being equal to
the respiration rate, one being in agreement with the sim-
ulated heart rate (i.e. 60/min).

4 Discussion

This work describes a patient simulator that allows simu-
lating a mechanically ventilated patient. The implemented
user interface enables the user to dynamically select var-
ious models to be combined and form a complex patient
model. Additionally, it allows to select ventilator settings
and to simulate different clinical scenarios by adapting
model parameters or importing predefined parameter sets.

The implemented models have either been validated
by their respective authors through comparison with data
found in literature [14, 18, 19] and experimental data [10,
12, 13, 15, 16] or have been verified by others [10, 21]. Sim-
ulation results show influence of respiratory mechanics
on cardiovascular dynamics visible as superimposed pres-
sure variations. Similar findings have been reported in lit-
erature [22]. Changes in blood flow also show to influ-
ence Pa0O, and PaCO, where minor oscillations are observ-
able. Both exhibit additional periodic variations in inspi-
ration and expiration caused by changes in alveolar vol-
ume and flow. Analogous findings in animals are reported
by Purves [23].

A goal of the presented work was to provide a real-time
simulation of a ventilated patient. Previously published
implementations of the presented model combinations in
MATLAB showed to be computationally expensive, thus
impeding the use as a tool for both clinical training and
evaluation of decision support algorithms [24]. The pre-
sented implementation is JAVA based and is able to run in
real-time on a standard PC for all possible model combina-
tions.

Model-based decision support systems need to be
adapted to a patient’s individual physiology, usually by
identifying the values of free model parameters using pre-
viously recorded clinical data. To obtain those data, vari-
ous ventilation manoeuvres need to be applied, preferably
triggered by the decision support system on an as-needed
basis. To provide a realistic patient simulation, decision
support algorithms need be able to trigger such manoeu-
vres externally. Adding the necessary interfaces along with
the implementation of additional physiological models is
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Figure 2: The user interface with graphs showing the current simulation results.
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Figure 3: Menu to manually adjust model parameters.
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