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The paper is a presentation of the current state of development for the Atlas of Physiol-

ogy  and Pathophysiology (Atlas). Our main aim is to provide a novel interactive multimedia

application that can be used for biomedical education where (a) simulations are combined

with tutorials and (b) the presentation layer is simplified while the underlying complexity of

the  model is retained. The development of the Atlas required the cooperation of many  pro-

fessionals including teachers, system analysts, artists, and programmers. During the design

of  the Atlas, tools were developed that allow for component-based creation of simulation
hysiological modelling

-learning

ultimedia

nteractive simulations

models, creation of interactive multimedia and their final coordination into a compact unit

based  on the given design. The Atlas is a freely available online application, which can help

to  explain the function of individual physiological systems and the causes and symptoms

of  their disorders.
.  Introduction

ver 350 years ago, the renowned Czech scholar and educator
.A. Comenius emphasised the importance of “schola ludus”
r “playful school” as the best practice in educational effort

1]. Contemporary use of interactive simulations and serious
omputer games can be interpreted as bringing a whole new
uality to this maxim [2–4]. The behaviour of individual phys-

ological subsystems can be appreciated in serious games,
oth under normal conditions as well as in the presence of a
edical disorder. Such simulators include models not only of

ndividual physiological subsystems but also of their mutual

onnections into more  complex units. The simulation mod-
ls can also involve disconnecting the regulation circuits and
eparately studying the influence of individual physiological
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variables while the other variables are set to a chosen constant
value (the so-called “ceteris paribus” principle).

Over time, a number of biomedical simulators have
been developed. Coleman and Randall created a model
named “Human,” intended primarily for educational pur-
poses [5].  This model allowed for the simulation of numerous
pathological conditions including cardiac and renal failure,
hemorrhagic shock, and others, as well as for the effect of
several therapeutic interventions such as infusion therapy,
the effect of certain medication, blood transfusion, artificial
pulmonary ventilation, and dialysis. Recently, Meyers and
Doherty created a web-based version of the Coleman sys-
tem [6].  Another complex simulator by Hester et al. [7] titled
cnice 5, 128 53 Praha 2, Czech Republic. Tel.: +420 777 686 868.

“Quantitative Human Physiology” and currently renamed as
“HumMod” [8] represents probably the most complex exten-
sive model of physiological functions at present time [7].  The

erved.
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simulator is an extension of the original large circulatory sys-
tem simulator [9],  and achieves an integrated connection of all
important physiological systems.

Kofranek et al. have also created a complex educational
simulator “Golem” based on an extensive model of integrated
physiological regulations [10]. The simulator was designed to
teach complex disorders of the internal environment [11]. Cur-
rently, Kofranek and Rusz are creating a complex circulatory
dynamics [12]. Complex integrative simulators of this type can
cast a general reflection on physiological regulation in patho-
physiology or pathogenesis of varied medical conditions and
syndromes.

However, our experience in using quantitative models
(e.g. of the Golem or HumMod type) shows that com-
plex control may impact negatively on the usability of the
application. The large numbers of input variables, as well
as the many  options for observing the outputs, require a
quite thorough understanding of the very structure of the
simulator on the user’s part. Thus, for better and deeper
comprehension, models should be accompanied by an expla-
nation of their use, preferably with interactive educational
multimedia.

In this paper, we present a novel web-based interac-
tive multimedia application titled “Atlas of Physiology and
Pathophysiology” (hereinafter the Atlas). The Atlas uses the
possibilities offered by the connection between interactive
multimedia and simulation models, combines the simulations
with tutorials, and simplifies the presentation layer while
keeping the complexity of the model beneath. It is conceived
as a multimedia instruction aid that should help to explain,
with visual means and using simulation models, the function
of individual physiological subsystems and the causes and
manifestation of their disorders. The Atlas thus combines an
explanation of the physiological subsystems using audio and
visual animation with interactive simulation (interactive for
presentation layer, simulation for underlying model); it can be
accessed at http://physiome.cz/atlas.

During the time of the Atlas’s development, new technolo-
gies have emerged allowing for component-based creation of
simulation models, creation of interactive multimedia, and
their interconnection into a compact unit. The prerequisite for
development of the Atlas was also the creation of a number of
mathematical models of physiological systems and appropri-
ate tools which enable us to facilitate the design and sharing
of the multimedia interactive educational simulators.

The organisation of the rest of the paper is as follows.
In Section 2, we  describe computational methods and the-
ory. Section 3 describes our software description; details
the development process, standardisation and sharing, and
the technology used. Section 4 presents a sample of typi-
cal interactive simulation. Section 5 describes the hardware
and software specifications, and Section 6 describes mode of
system availability. Finally, in Section 7, we present the con-
clusions and future plans.
2. Computational  methods  and  theory

Several key points should be considered when creating web-
based multimedia-enabled interactive simulators, such as
 b i o m e d i c i n e 1 0 4 ( 2 0 1 1 ) 143–153

those that are part of the Atlas of Physiology and Pathophysi-
ology (see Fig. 1).

1. The underlying mathematical model needs to be formu-
lated based on known physiological relationships. The
model (i.e. the set of equations that simulate the behaviour
of the underlying object) is often implemented based on
the verified models published in biomedical literature, but
it can also represent original theoretical scientific work. In
the past, simulation models were typically created in the
same environment as the simulator itself (e.g. in the lan-
guages Fortran, C++ or Java). Today, special modelling tools
can be used. Our team has been using the Matlab/Simulink
(The Mathworks Inc.) environment on a long-term basis.
We have created a Simulink library of formalised physio-
logical relationships, named Physiology Blockset (available
on http://www.physiome.cz/simchips). Recently, we  have
started implementing and creating mathematical models
in an environment based on the language Modelica (The
Modelica Association) [13]. An essential innovation intro-
duced by Modelica lies in its declarative and thus acausal
definition of models. Individual parts of the model are
described directly as equations and not as an algorithm
towards solving the equations. Modelica uses intercon-
nected components in which equations are defined.

2. The simulator itself is created based on the underlying
mathematical model and the teaching goals; it is more  a
matter of programming rather than modelling work. In our
case, the simulator generally has a three layer architecture
known as MVC (model–view–controller) [14,15];  the lay-
ers include the user interface with interactive animations,
the control layer and the simulator core. The simulation
core is obtained by converting a debugged model from the
modelling tool (Simulink or modelling tool based on the
Modelica language) to the simulator development envi-
ronment (ActionScript, Microsoft Visual Studio, etc.). The
conversion can be done manually in the case of simpler
models, but manual conversion of more  complex models
would be a tedious and error-prone job. We have created
two software tools to convert the debugged models auto-
matically (see Table 1). The control layer connects the
simulation core with the interactive animations of the user
interface and assures correct application logic. This layer
is not needed in simpler simulators. The user interface is
created in cooperation of the simulator programmer with a
graphic designer and a teacher. It can evoke pictures from
image-based textbooks, such as the Atlas of Physiology [16]
or the Atlas of Pathophysiology [17].

3. In order for an educational simulator to have a profes-
sional appearance, a trained graphic designer should be
the author of the user-interface animations. Our team has
developed special tools that allow testing of the animation
properties and subsequent connection of these interactive
animations with the other model layers (e.g. Animtester
made for Microsoft Expression Blend). Hence, the artist is

required to be proficient not only in standard technologies
(e.g. AdobeFlash or Microsoft Expression Blend), but also in
these testing tools. We  have put substantial effort into the
training of our artists in both areas.

dx.doi.org/10.1016/j.cmpb.2010.12.007
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Fig. 1 – Workflow of a web-based simulator’s development and deployment. The simulation core is connected with
interactive animation by a control layer. The model core is programmed manually or by means of automatic generation from
a modelling tool (e.g. Matlab/Simulink or the Modelica-programming-language-based tool). Graphic components are created
in Adobe Flash or Microsoft Expression Blend. Creating animations in Expression Blend offers the advantage of creating
b  plat

4

oth the animations and the simulator using the same .NET

. An ideal means of educational material deployment has
been the Internet. Uncomplicated user accessibility and
relative ease of updates are among its advantages over
portable electronic media. However, if a larger number of
users become connected one-by-one to a more  complicated
simulation model, its placement on the server may later
cause problems with the server’s performance. In this sit-

uation, it is more  effective to use the computing power of
the client computers for running the model. We  therefore
used a technology in which the simulator is automatically

Table 1 – Atlas of Physiology and Pathophysiology: technologie

Final
product

Modelling
environment

Model conversion
to simulator
development tool

Sim
dev

1. A simulator
based on
Adobe
Flash
platform

Simulink Manual Acti
base
Flex
Flas

2. A simulator
based on
.NET
platform

Simulink Automatic Micr
Visu

3. A simulator
based on
Silverlight
platform

Modelica Automatic Micr
Visu
form.

downloaded, transparently installed and run securely in a
Sandbox.

3.  System  description

3.1.  Development  process
The creation of educational software capable of utilizing
the potential offered through today’s information and com-
munication technologies is a demanding and complicated

s used in the development of interactive simulator.

ulator
elopment tool

Animation
development tool

Simulator
deployment tool

on script
d (Adobe
, Adobe
h)

Adobe Flash Run in the Internet
browser (Flash
Player plugin
needed)

osoft
al Studio

Adobe Flash Installed locally
from the Internet

osoft
al Studio

Microsoft
Expression
Blend,
Animtester

Run  in the Internet
browser (Silverlight
plugin needed)

dx.doi.org/10.1016/j.cmpb.2010.12.007
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development process, involving all kinds of professionals and
experts:

• Experienced teachers, whose course-scripts are the base for
high-quality tutorial application.

• System analysts working with professionals and experts in
the relevant field, who are responsible for the creation of
simulation models used in interactive educational simula-
tions.

• Art designers who  create the exterior look and visual shape.
• Information specialists (programmers) who will “stitch up”

the application into its final shape.

To make sure that the work of all kinds of specialists
is efficient, it is necessary to have specific interconnected
development tools which make the cooperation between all
involved members easier and help them overcome the differ-
ences and barriers in their fields.

3.2.  Standardisation  and  sharing

The Atlas is a part of the MEFANET (Medical Faculties Network)
structure, which secures the sharing of electronic educational
content of Czech and Slovak medical faculties [18]. To facilitate
sharing, the educational content had to be supplemented to
involve metadata that describe the content to be shared.

There are number of standards for metadata forms that are
related to e-learning objects. The main purpose is to enable
transfer of e-learning content into other organisations or into
other Learning Management Systems (LMS), modularise or
reuse content in other e-learning courses, keep an account
of versioning of content, relate content to other situation
(repurposing) etc. In our case, the norm SCORM (Sharable
Content Object Reference) is used for metadata description.
The SCORM is created and supported by ADL (Advanced Dis-
tributed Learning) initiative [19]. The matter of this choice is
given by the fact that educational portal of the Czech Faculty
of Medicine uses LMS  Adobe Connect which has implemented
description of e-learning objects in the SCORM norm. The
SCORM is not the only norm for description of e-learning con-
tent metadata; a review of contemporary technical standards
enabling medical education content sharing can be found in
Konstantinidis et al. [20].

The variability of possible metadata for description of e-
learning objects (and mostly the missing of any description)
leads to a lack of standardised content sharing mechanisms.
As a result, considering the abundance of medical educational
contents created by various academic institutions, it is not
easy to retrieve a necessary learning object. The solution of the
problem caused by the lack of standardised content sharing
mechanisms is proposed by mEducator Best Practice Network
(BPN), which brings together the learning material of indi-
vidual academic institutions with various available standards
[21]. The aim of mEducator BPN is to implement and criti-
cally evaluate existing standards and reference models in the

field of e-learning in order to enable specialized state-of-the-
art medical educational content to be discovered, retrieved,
shared and re-used across European higher academic institu-
tions [21].
 b i o m e d i c i n e 1 0 4 ( 2 0 1 1 ) 143–153

The scientific background of (physiological) educational
simulators is ensured by mathematical models which rep-
resent a formalised description of (physiological) reality. To
enable sharing of models, the description of a mathematical
model in “some” standardised form is essential. One possibil-
ity is to share models in the form of source code for special
modelling tools such as, for example, Matlab/Simulink, which
represents the standard for private industry. The disadvantage
of this kind of sharing is the fact that the model can be shared
only between the owners of the appropriate commercial mod-
elling tool. For this reason, standardised markup languages
have been created for the models’ description. These descrip-
tions allow the sharing of models in extensive databases.
For models of metabolism, cell signalling, and other pro-
cesses, Systems Biology Markup Language (SBML) was created,
a computer-readable format for representing models of biolog-
ical processes. On the basis of SBML, an extensive repository
of models and software tools were created allowing imple-
mentation and testing of behaviour of these models through
the use of computers [22]. Another standard based on the
eXtensive Markup Language (XML) for sharing physiological
models is CellML [23]. The extensive model repository and
software tools are created in CellML allowing the scientists to
share models even when they use different modelling tools.
It also enables scientist to reuse components from one model
into another one, and thus accelerates model development.
In the model repository of the international project Physiome,
models are archived in Jsim-MML (Mathematical Modelling
Language) standard [24]. JSim is an open source Java-based
simulation system for building quantitative numeric models
and analyzing them with respect to experimental reference
data. JSim’s primary focus is in physiology and biomedicine;
however its computational engine is quite general and appli-
cable to a wide range of scientific domains. JSim also imports
the SBML and CellML model archival formats. The modern
standard for model description (not only in physiology) is
the language Modelica. It is a non-proprietary object-oriented,
equation based language that can conveniently model large-
scale complex hierarchical systems. In contrast to the clearly
text-oriented modelling languages, Modelica also works with
a graphic simulation environment and thus is available for
creation of hierarchical large-scale models of integrative phys-
iology [25].

3.3.  Technology  choices

Three technology chains (and pertaining work-flows) have
been used during the development of the Atlas. They are illus-
trated in Table 1, while Table 2 summarizes the advantages and
disadvantages of each option.

Simulators based on a relatively simple mathematical
model were implemented using the Flash Player platform,
which allows them to be run directly in the browser window.
The same platform was used for the explicatory lectures of
the Atlas. The simulation kernel of the simulator was created
in the Action Script language of the development tools Adobe

Flash and Adobe Flex, while the same tools were used for the
design of the interactive animations.

More complex simulators were implemented using the
platform .NET. We  developed a software tool that allows for

dx.doi.org/10.1016/j.cmpb.2010.12.007
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Table 2 – Atlas of Physiology and Pathophysiology: comparison of various technologies used in the simulator
development.

Final product Positives Negatives

1. A simulator based
on Adobe Flash
platform

1. No need for simulator installation, the simulator runs under
various OS in the browser window (Flash Player plug-in needed)

1. Manual conversion from
Simulink to Action Script

2. Rich support for the visual aspects of the user interface 2. The simulation kernel is
relatively slow

2. A simulator based
on .NET platform

1.  Automatic generation of the simulation kernel from Simulink 1. Simulator runs under MS
Windows OS only

2. Fast simulation kernel enables creation of computationally
demanding simulators

2.  Need for simulator installation
on the client computer

3. A simulator based
on Silverlight
platform

1. No need for simulator installation, the simulator runs under
various OS in the browser window (Silverlight plug-in needed)

1.  Silverlight plug-in is less
widespread than Flash Player

2. Automatic generation of the simulation kernel from a Modelica
based environment
3. Fast simulation kernel enables creation of computationally
demanding simulators
4. Declarative model description (using model equations) in Modelica
based environments

5. Common platform of the user interface animations and the
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simulation kernel
6. Animtester tool provides division bet
graphic design of the interactive animat

utomatic conversion of the mathematic model implemented
n Matlab Simulink into language C#, and thus creating the
imulator kernel. The created simulators can be installed on
he client’s computer with one click using the technological
olution ClickOnce [26]. The ClickOnce technology provides a
ay of running an application by clicking on an Internet link.
fter confirming the security level, the application is auto-
atically downloaded, transparently installed and run in a

andbox.
The simulators implemented in the platform Silverlight

re the result of our most recent work-flow and technological
hain. These simulators can be computationally demanding
nd yet can be run in the browser window under various
S; the prerequisite is the Silverlight plugin in the Internet
rowser. The underlying mathematical model is first imple-
ented in the modelling tool based on the language Modelica.

ypically, Modelica based tools can generate simulator kernels
n the C++ language. However, simulators that contain parts
f the code in C++ are not allowed to run in the browser win-
ow due to security requirements. As active participants in
he Open Source Modelica Consortium [27], we have designed
nd implemented a code generator templating language that
nables multi-targeting of the compiler output [28], and we
ave developed templates for C# code generation from Mod-
lica models. This solution allows for automatic conversion of

 Modelica formulated acausal model into a C# formulated
imulator kernel, and we can produce pure .NET code able
o run even under strict security requirements. Besides these
mprovements, the technology allows for simulators of a more
ompact structure. The animations are created by graphic
esigners in Microsoft Expression Blend – a tool that com-
unicates well with the rest of the platform. The previously

entioned tool of Animtester provides considerable support

or cooperation of graphics and programmers. Its interface
eparates (and connects) the graphic design and simulator
 programming and the

programming (see Fig. 2). The artist can create complex anima-
tions comfortably and the animations can be controlled easily.
The programmer specifies the animation control by connect-
ing it to relevant simulator modules.

The Atlas is composed of explicatory chapters and web-
based simulators. The explicatory chapters of the Atlas are
designed as audio lectures accompanied by interactive multi-
media images (see Fig. 3a). Every animation is synchronized
accurately with the explanatory text. Some simulators com-
bine the model with the explicatory part, for instance the
simulator of mechanical properties of muscles (see Fig. 3b).

Other simulators can be run separately, and the scenar-
ios used in their control are planned as part of relevant
explanatory chapters. The complex model of gas transport by
blood is an example; this model can be used as an instruc-
tion aid in explaining the physiology and pathophysiology of
oxygen and carbon dioxide transport (e.g. to explain the con-
sequences of ventilation–perfusion mismatch). This simulator
can be downloaded from our Atlas using the following link:
http://physiome.cz/atlas/sim/BloodyMary/.

4.  Samples  of  typical  interactive
simulations

As mentioned in Section 1, the interactive simulations in the
Atlas are not always based on highly complex models with a
large number of variables. As an example of explaining the
physiology and pathophysiology of circulation with a sim-
ple aggregated model, the simplest model of circulation with
disconnected regulatory links can be demonstrated here. It

has a quite intuitive control, and helps to clarify relation-
ships among individual variables of the circulatory system
(i.e. pressures and flows in the pulmonary and systemic cir-
culation) and the essential variables affecting these pressures

dx.doi.org/10.1016/j.cmpb.2010.12.007
http://physiome.cz/atlas/sim/BloodyMary/
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Fig. 2 – Animation of a beating heart. Outputs from the model affect the phases of the heart pulse, opening and closing of
cardiac valves, etc. Auxiliary Animtester control elements are installed above the animation and enable the graphic
designer to set and tweak each sub-animation. The graphic designer is thus completely shielded from interfering in the
programming process. In the final simulator, the “control ropes and levers” are pulled by the simulation model,
programmed in the background.

dx.doi.org/10.1016/j.cmpb.2010.12.007
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Fig. 3 – (a) Audiovisual interactive lecture in the explanatory part of the Atlas of Physiology and Pathophysiology. Every
audio-explanation is accompanied by synchronized animated images. An explanation can be stopped at any moment in
order to take a more  detailed look at the accompanying animation. It can also be moved backward using the slide at the
bottom of the player and (b) mechanical properties of skeletal muscle. An explicatory chapter including various simulation
g hysio
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ames, it is a Flash application (accessible via.http://www.p

nd flows which are themselves regulated by neurohumoral
eans (see Fig. 4). These variables including: (a) system and

ulmonary peripheral resistances; (b) the pumping function of

he right and left ventricles implemented simply as the slope
f the Starling curve, expressing dependence of the cardiac
utput on filling pressures of the ventricles; (c) the elastic-

ty of arteries and veins expressing dependence of pressure
me.cz/atlas/sval/svalEN/SvalEN.html)

on the volume of vascular filling; and (d) the total volume of
circulating blood. The organism regulates these variables as
mentioned above: resistance is controlled by means of both

nervous and humoral regulation; myocardial frequency and
inotropy modifies the shape of the Starling curve; venous
tone (again regulated by neurohumoral means) of large veins
changes their elasticity; and the circulating blood volume is

dx.doi.org/10.1016/j.cmpb.2010.12.007
http://www.physiome.cz/atlas/sval/svalEN/SvalEN.html


150  c o m p u t e r m e t h o d s a n d p r o g r a m s i n b i o m e d i c i n e 1 0 4 ( 2 0 1 1 ) 143–153

Fig. 4 – (a) Use of a simple (non-controlled) circulatory system model in explaining the pathogenesis of right-side heart
failure. The starting (normal) state; (b–d) use of a simple (non-controlled) circulatory system model to explain the

 text
pathogenesis of right-sided circulation failure. See the main

affected especially by renal activity, the rennin-angiotensin
aldosterone system, etc. However, these variables represent
input (i.e. non-regulated) quantities in an aggregated model;
the aim of the interactive simulation is to obtain a clear notion
of the influence of these quantities on blood pressure, flow and
distribution of the blood volume among individual parts of
the bloodstream. Thus, interactive simulation with this model
helps to explain the regulation of essential quantities in the
circulatory system in the pathogenesis of various circulatory
system disorders. Fig. 4b shows acute right-side circulatory
failure by decreasing the slope of the right heart Starling curve,
which models the reduction of contractility. The minute heart
volume can drop to values such as 3.29 L/min and the mean
system arterial pressure to 59.68 mmHg. To preserve perfusion
of coronary blood vessels, the sympathetic nervous system
responds to the blood pressure decrease by vasoconstriction,
especially in the splanchnic region. Therefore, the next step
lies in increasing peripheral system resistance by moving the
slide to the right (see Fig. 4c). The mean arterial pressure
can increase to a value approaching 89.21 mmHg; however,
the minute heart volume drops further from 3.29 L/min to

3.07 L/min by the very same mechanism. The sympathetic
nervous system does not cause only the vasoconstriction of
arterioles and the subsequent increase of peripheral resis-
tance, but also increases the tone of large veins, increasing the
 for more  detail.

pressure in them with the same blood filling. The increase of
the venous tone can be modelled by reduced elasticity of sys-
temic veins (see Fig. 4d). Reduced elasticity increases not only
the pressure in large system veins but also the filling pressure
in the right atrium, leading to increased cardiac output. At the
same time, the increase of venous pressure leads to higher
filtration in capillaries and oedemas. The mean arterial pres-
sure increases to its normal value and it is not necessary to
maintain the resistance value in the system bloodstream at a
high level in order to preserve the pressure value. Therefore,
the resistance can be decreased to previous levels using the
slide (e.g. from 28.37 to 19.24 Torr/L/min). This principal exam-
ple illustrates how interactive simulations can contribute to
a better understanding of the role of a particular regulation
circuit in the pathogenesis of various medical conditions, as
well as to a better understanding of subsequent therapeutic
interventions.

5. Hardware  and  software  specifications
The Atlas is currently designed as a web-based application.
Interactive simulation models and tutorials implemented as
Flash or Silverlight applications do not need to be installed
separately and can be run in an Internet browser on different

dx.doi.org/10.1016/j.cmpb.2010.12.007
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Fig. 5 – (a) Interactive educational model of the buffering plasma system. Fluid level values represent concentrations. Initial
condition; (b) dilution can be invoked using the control slide; levels of all substances, including the CO2 concentration and
hydrogen ion concentration, are reduced. (c) Chemical equilibrium in the buffering system is reached by pressing the button
“Buffering Equilibration.” In our example, plasma pH returns to 7.4; (d) respiration brings the CO2 concentration back to the
original level, 1.2 mmol/L, after it was reduced by the dilution. When a new chemical equilibrium is established, the
h lue d
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ydrogen ion concentration increases and the plasma pH va

peration systems. Adobe Flash Player plugin and (for current
pplication) Silverlight plugin installed in the browser are the
nly real prerequisites.

Part of the simulation models are based on Microsoft
NET framework and can be run only in MS  Win-
ows. Installation of these models is offered directly
rom the Internet browser (if .NET framework is not
nstalled, its installation is offered before installing
he first simulator, which requires .NET). In the near
uture, we  will redesign these models into the Silverlight
pplication, which can be run directly in the Internet
rowser.

.  Mode  of  availability  of  the  system

he Atlas is a web-based application freely available from the

roject homepage on http://physiome.cz/atlas.  It is created in
zech and English versions. All educational text, interactive
nimations, and simulation models, including their source
odes, are available on demand to all who are interested.
ecreases to acidic values typical of dilutional acidosis.

7.  Conclusions  and  future  plans

This paper has presented the Atlas, a new interactive
multimedia application primarily designed for biomedical
education, but also broadly usable for general reflection on
physiological regulations and processes. Through develop-
ment of the Atlas, new technologies have been created for
interconnection between simulations models and interactive
multimedia. Our latest technology allows for the creation of
relatively large-scale models of physiological systems in the
language Modelica; from these models we  subsequently gen-
erate simulation cores of educational interactive multimedia
simulators that are created as Silverlight applications, which
can be run in the Internet browser. In these applications, it is
possible more  easily to combine interactive simulations with
explicatory instructions.

In the future research, the Atlas will be expanded to include

additional topics such as an explicatory lecture including
interactive simulations of pulmonary ventilation, circulation,
kidney functioning, etc. We furthermore plan to translate the
entire Atlas gradually into the English language. Also, we  plan

dx.doi.org/10.1016/j.cmpb.2010.12.007
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to accompany each educational topic with a detailed descrip-
tion in the form of metadata to allow for its easy connections
to international networks for sharing of medical educational
content. The interactive simulations available through the
Atlas have been already put into use during pathophysiology
seminars; so far, the teachers’ experience is positive and the
interactive simulations have met  with visibly high student
approval. Therefore, we believe that the future research will
show the impact of the Atlas interactive simulations on effec-
tiveness of medical education. Finally, our future plan is to
create a web-based simulator of virtual patient on the basis of
a large-scale model for education of emergency medicine.

During the course of further development, we  welcome
cooperation with anyone who would like to take part in its
gradual building process.
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Appendix  A.  Appendix

Simulators of the Atlas can at first sight resemble simple inter-
active animations, where an uninformed user might not be
aware of the model layer in the background. Perhaps this
impression is given by the model of acid–base equilibrium
in plasma (see Fig. 5). However, using interactive simulations
with this model, it is possible to explain visually the devel-
opment of various acid–base equilibrium disorders. Buffering
systems are displayed as interconnected containers of indi-
vidual substances; the level of liquid in these containers
represents their concentration. Chemical reactions are shown
as “flows of liquid” between the containers – i.e. individual
buffering system components. The metabolism, the respira-
tory system or the kidneys can all provide substances that are
inside or outside the containers. Dilution of individual buffer
components is shown as an expansion of the containers. Since
the amount of substance in the containers remains the same
during dilution, the level of liquid (representing concentra-
tion) drops. At the start, as well as during dilution, the level
of hydrogen ions drops (see Fig. 5b). By pressing the button
“buffering equilibration,” chemical reactions are started in the
buffering systems, visualized as flowing in and out of individ-
ual substances. Upon disassociation of carbonic acid and weak
buffering acids (denoted as HBuf in the model – represented
especially by albumin and phosphates in reality) according to
buffering equilibriums, the hydrogen ion level settles on the
original value again (see Fig. 5c). The value of carbonic acid,
just like the value of carbon dioxide (CO2), remains reduced
due to dilution. However, the CO2 level is a regulated quan-

tity and respiration soon brings it back to the original value.
By pressing the button “respiratory regulation,” the CO2 level
increases back to its value before dilution. By pressing the but-
ton “buffering equilibrium,” a chemical reaction takes place
 b i o m e d i c i n e 1 0 4 ( 2 0 1 1 ) 143–153

again, establishing a new chemical equilibrium with increased
concentration of hydrogen ions (see Fig. 5d). The simulator
thus shows the same underlying principles of this acid–base
disturbance as those described in [29].
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