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Abstract—One of the career areas included in the field of
Biomedical Engineering (BME) is the application of engineering
system analysis: physiologic modeling, simulation, and control.
This paper describes a virtual laboratory and related practical
sessions designed for the analysis and the study of the human
respiratory system. The laboratory is based on the compilation
of several models described in the literature. Presented appli-
cation has been built using MATLAB/Simulink and Easy Java
Simulations (EJS), combining good computation capabilities that
are completely interactive. The virtual laboratory is designed in
order to understand the operation of the respiratory system under
normal conditions and pathological situations, and to predict
respiratory variables at different levels of ventilator stimuli and
conditions. The presented virtual laboratory has been used and
evaluated by students of the Master of Science degree on BME.
Experience has shown that this virtual laboratory is a very useful
tool for learning the complex response of the human respiratory
system.

Index Terms—Biomedical engineering (BME), easy Java simu-
lations (EJS), interactivity, respiratory system.

I. INTRODUCTION

IOMEDICAL ENGINEERING (BME) applies electrical,

mechanical, chemical, optical, and other engineering prin-
ciples to understand, modify, or control biologic systems, as
well as to design and manufacture products that can monitor
physiologic functions and assist in the diagnosis and treatment
of patients [1]. In a few words, BME is the application of engi-
neering sciences and technology to medicine and biology. Be-
cause of the interdisciplinary nature of this activity, considerable
interplay and overlapping of interest and effort are present be-
tween engineering and biologic points of view.

A tool that has been proved to be efficient to shortcut and
simplify the access to new concepts and technologies is inter-
activity [2], [3]. Interactivity allows one to understand qualita-
tively the influence of parameters in the system behavior without
the need of an in-depth knowledge of a certain subject. This sit-
uation is usually the case in BME, where engineers do not need
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a deep knowledge of certain medical topics (and vice versa).
In this work an application developed to apply this concept is
presented.

BME is different from other engineering areas in the sense
of obtaining results from experimental procedures and repro-
ducing real physiological situations. Interacting with the human
body (collaboration of volunteers or patients to be analyzed, in-
strumentation with specials safety conditions, ethic and legal re-
quirements for the protocols, etc.) is very difficult and expensive
and even dangerous in certain situations. The use of virtual labs
is proposed to overcome this drawback and allow students and
researchers to interact with the human body. These labs can be
built in a complete interactive way, so that the students can easily
understand the qualitative behavior behind the complex models
used to represent the human body.

The respiratory control system is a nonlinear, multioutput, de-
layed-feedback dynamic system which is constantly being per-
turbed by physiologic and pathologic disturbances [4]. Deep
mathematical models, such as the one used in this work, are
quite complex [5], [6]. Thus, to study their behavior analytically
is difficult. Instead, they must be studied by means of numer-
ical simulations. Additionally, these models have a high number
of parameters which may modify qualitatively the system re-
sponse, so that performing many simulations under different
conditions is necessary to understand the complete system func-
tion. Presented, virtual laboratory and proposed practical ses-
sions improve the learning process by guiding the experiments
and focusing on the most relevant parameters.

The goal of practical sessions is not that students know the
mathematical model nor its blocks in detail but that they under-
stand its behavior qualitatively. Proposed sessions help students
to build their own mental model of the respiratory system which
is the main objective of these sessions.

Both the virtual laboratory and the sessions are appropriate
for a course about biomedical systems or physiology included
in a Master of Science degree on BME where students come
from technical bachelors: electrical, mechanical, or computer
science, among others. Such is the case of a course about
biomedical system modeling that belongs to the Master of Sci-
ence degree on BME at the Technical University of Catalonia.
This degree is composed by 120 European Credit Transfer
System (ECTS) credits split into four semesters. Only little
or even no background on respiratory physiology is necessary
to carry out the practical sessions. The course contents are
explained in more detail in Section IV, and the design of the lab
and associated lectures are according to the spirit of Bologna
Process and the ECTS [7].

0018-9359/$25.00 © 2007 IEEE
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Fig. 1. Block diagram of the respiratory control system from [5], [6].

The paper is organized as follows. Section II describes the
core of RespilLab, that is, the model of respiratory control
system and the main physiological and external disturbances
that can be studied with the virtual laboratory. Section III
explains the tool, its interactive elements, plot options, and ex-
amples. The use of the virtual laboratory is shown in Section IV
by means of three laboratory sessions. The course where the
tool has been included is also described. Section V presents
survey results from the students and describes the experience
using RespiLab. Finally, conclusions are drawn in Section VL.

II. THE RESPIRATORY CONTROL SYSTEM

A. Model Description

Many empirical and functional models have been proposed
in the literature to describe various aspects of the respiratory
system. Some of these models correspond to a complete descrip-
tion of the closed-loop system and assume one structure that in-
cludes different intermediate processes (Fig. 1).

This biological system is dedicated to a specific physiologic
function: the exchange of O2 and CO,. Control of ventilation is
automatic and normally involuntary in the presence of different

stimuli from a change in metabolic activity to a modification of
external environment. The respiratory system adjusts alveolar
ventilation, VA, to the demands of the body so that the arterial
COg pressure, PaCOg, and arterial Oq pressure, PaQOq, remain
practically constant or under acceptable ranges. This condition
is called homeostasis [8].

In the plant, there are blocks and variables indicating
physiological processes: gas concentrations in veins and ar-
teries (C,CO2/C,02 and CaCOy/CaO2, respectively), gas
exchange in body tissue and brain, circulatory mixing, and cir-
culation time delay from tissues to chemoreceptors. Central and
peripheral chemoreceptors get the PaCO4 and PaO4 and send
this information to the controller located in the medulla. The
model includes important variables in the respiratory pattern
generation as tidal volume, V7, and respiratory frequency, f.

The model described in [5] and [6], which is used in the vir-
tual laboratory, considers a controller whose parameters of res-
piratory pattern are calculated every cycle as it happens physi-
ologically. Additionally, to simulate more properly inspiration
and expiration intervals, lung volume (v) follows:

d .
v wVa sin(27 ft).

7 ey
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According to this equation, the respiratory flow (dv/dt) de-
scribes a sinus whose parameters, V4 and f,are computed every
breath to minimize the respiratory work output [5], [6].

The model also considers the interaction between cardiac
output, (), and respiratory function (PaCO;y, PaOs and
metabolic rate).

B. Ventilatory Stimuli

Exercise is one of the most common and important stimulus
of the respiratory system; its ventilatory response is the most
used stimulus for the model validation and for understanding
changes in respiratory variables. During exercise, O con-
sumption and CO» production (VCOy) increase considerably
to counterbalance the metabolic increased demand. A value
of VCOQ = 0.2 I/min is considered at rest. It increases with
exercise.

Hypoxia can result from disturbances of respiration or a re-
duction in pressure of inspired air as occurs at high altitudes.
For the simulation, an input variable, PrOs, is considered with
values lower than 159 Torr (21% of atmospheric pressure), that
correspond to normal conditions at sea level. It is related to a
decrease in PaQs. The level of hypoxia corresponding to a spe-
cific altitude is obtained by means of the ideal gas law described
in [9].

Hypercapnia corresponds to a presence of COs in the inhaled
gas or CO, retention. Hypercapnia is the most frequent and main
stimulus in the hypoventilation imbalance during acute respi-
ratory failure; O, decreases and CO- levels increase, particu-
larly in patients with Chronic Obstructive Pulmonary Disease
(COPD) [10]. An input variable, P;COs, is considered whose
value is 0 Torr (0% of atmospheric pressure) in normal condi-
tions and increases with the hypercapnic stimulus.

C. Optimization of Respiratory Frequency

Respiratory frequency (f) is one of the most important vari-
ables for physiologists and physicians. It is calculated in the
model [6] on a minimum respiratory work basis as found in
[11]. Lungs elastance, E., airway resistance, R,s, and sinu-
soidal flow waveform as given by (1) are considered in the Otis,
et al., frequency equation [11]

fOtis et al.
_ErsVD + \/(ErsVD)2 + 4Erers7r2VDVA
o 27T2RrSVD
2
where Vp is the dead space volume given by [5]
Vp = 0.1698V + 0.1587. 3)

However, some researchers have considered that (2) is only
useful at rest or with low exercise. Mead [12] showed that res-
piratory frequency with moderate exercise may be determined
more closely on the basis of optimal inspiratory pressure-time
integral as a measure of the energy cost of breathing developed

by the respiratory muscles. Mead [12] obtained the following
equation:

“

fMoad = |

Similarly, the optimization principle has also been applied to
the prediction of ventilatory variables like airway caliber and
dead space volume [13]. Widdicombe and Nadel [13] found
the following equation for the optimal respiratory frequency in
moderate and severe exercise:

ErsVA
/iddicombe Nadel — - . 5
JfWiddicombe Nadel ”4RrsVD (5)

These three, (2), (4), and (5), are well known by the researchers,
and they can be considered more appropriate depending on ven-
tilatory conditions. The existence of different equations shows
that problems of respiratory control, such as neural control of
the respiratory cycle remain unsolved in spite of the volumi-
nous literature generated over the years. All three equations can
be used in the model selected for the virtual laboratory to eval-
uate differences in the respiratory variables at different levels of
stimulus.

D. Restrictive and Obstructive Diseases

Two main types of lung disease, obstructive and restrictive,
are related to changes in the following respiratory parameters:
resistance (R,s) and elastance (E,s) [14]. Remember that both
mechanical parameters are included in (2), (4), and (5).

Restrictive lung diseases are caused either by an alteration in
lung tissue, by disease of the chest wall, or by neuromuscular
apparatus. A decrease is noted in the lungs ability to expand,
or a decrease in the lungs’ ability to transfer O, to the blood (or
CO;, out of the blood). In these conditions, the total lung volume
and the transfer of oxygen from air to blood may be reduced. Re-
strictive disorders include sarcoidosis, interstitial pneumonitis,
pulmonary fibrosis, and pneumonia.

In obstructive lung conditions, airways are narrowed, usually
causing an increase in the time that the lungs spend to be emp-
tied. Obstructive lung disease can be caused by conditions such
as emphysema, bronchitis, infection (which produces inflamma-
tion), and asthma; it also includes the common COPD.

Typical values of resistance and elastance for normal adult
subjects, are 2.6 cmHsO/I/s and 10 cmHO/1, respectively [15].
On the other hand, the values of mechanical parameters depend
on the grade of illness in obstructive and restrictive patients.
One subject could be considered as an obstructive or restrictive
patient, if his respiratory resistance or elastance is higher than
twice their normal values [16], [17].

III. VIRTUAL LABORATORY DESCRIPTION

A. Tool Development

Presented software application is based on Easy Java Sim-
ulations (EJS) [18]-[20], an open source Java-based tool that
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Fig. 2. Interface of the Virtual Laboratory. Interactive Module and Signals Monitor are shown on the left and right side, respectively.

allows creating interactive dynamic simulations. An EJS ap-
plication is composed by three main elements, the model, the
view, and the interactivity. The model is developed by the de-
signer (transparent for the user), and it can be developed by in-
troducing in EJS a set of differential equations or by using a
previous developed simulation model based on another compu-
tation tool such as MATLAB/Simulink. Since the respiratory
model is quite complex [5], the simulation model has been im-
plemented in MATLAB/Simulink to profit from computation
capabilities of this tool. The MATLAB/Simulink can be easily
linked to the other elements to make interactive the complete
system [21].

The other elements, the view and the interactivity, have been
completely designed and implemented in EJS. These elements,
are the interface to the user, and offer a friendly and interactive
way to interact with the laboratory.

B. Interactive Elements

Interface of the virtual laboratory called RespiLab is shown
in Fig. 2. The interactive module is on the left side where inter-
esting parameters can be changed by means of sliders and tabs
to simulate different ventilatory conditions. A multisignal scope
can be seen in the right side of the interface when the user se-
lects the corresponding option.

The interactive module is composed of three important types
of simulations.

* Ventilatory situations such as rest, exercise, hypercapnia,
and a combination of exercise and hypoxia.

* Restrictive and obstructive diseases.

* Calculation of respiratory frequency.

In the first one, a user can select the kind of stimulus by clicking
one of the four tabs available. A representative animated pic-
ture is shown in each tab: a person seated on a bench when a
resting condition is simulated, a climber at the top of a moun-
tain for exercise at high altitude, a person breathing deeply in-
side a closed tent for hypercapnia, and a runner on a treadmill
to show exercise as it can be seen in Fig. 2. In the last two pic-
tures, their animation is faster with higher levels of exercise or
hypercapnia. These animations contribute to the clear identifi-
cation of the stimulus under simulation, helping the user in the
creation of his mental model.

A user can change the level of stimulus modifying the value

of a respiratory parameter by means of a slider.

« Exercise: Variable VCO, can be changed from 0.21/min.
at rest to a maximum value of 21/min.

* Altitude: User can simulate exercise at an altitude from
sea level to 6 Km (which correspond to different levels of
hypoxia).

* Hypercapnia: Variable P;CO; is modified from 0 Torr in
normal conditions up to 50 Torr.

Regarding pulmonary pathologies, both mechanical parame-

ters can be modified simultaneously: F,s from 5 to 40 cmH,O/1
and R,s from 2 to 12 cmH,O/1/s. Besides, one of the three op-
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timization bases presented in Section II-C for the calculation of
respiratory frequency can be selected by the user (Fig. 2).

A big picture of two lungs is shown in the middle of the virtual
laboratory, and their sizes change according to the air volume
inhaled or exhaled during the simulation. Their increase and re-
duction during inspiration and expiration, respectively, is pro-
portional to the respiratory volume. Furthermore, three arrows
over the upper airway are moved upwards and downwards in-
dicating the entry and exit of the air. The size of the arrows is
proportional to the respiratory flow.

Finally, standard options in virtual laboratories are provided,
such as to “play,” to “pause,” to “reset,” and to save the sim-
ulation results (“save-sim”). The last option is available when
the simulation is paused, and it allows saving of the average
values of all the variables shown in the signal monitor in one
MATLAB file (Fig. 3). Saved simulation data permit further
analysis and comparison with experimental data. Furthermore,
external windows appear when the user clicks the options
“Show Model” (the MATLAB/Simulink model is shown)
and/or “Signal Monitor.”

C. Plots and Examples

One of the two kinds of plots are shown when the corre-
sponding tab of a signal scope is selected by the user: Instan-
taneous and Average. In the former, the following variables are
shown during the respiratory cycles, corresponding to the last
30 s: respiratory volume, flow and frequency, cardiac output,
PaQO,, and PaCO4 (Fig. 2). Inspiration and expiration inter-
vals during each respiratory cycle are clearly observed by means
of the sinus waveform. In the Average option, changes of vari-
ables inside the respiratory cycle are not shown, but their av-
erage values calculated each cycle since the beginning of sim-
ulation: tidal volume, total ventilation, respiratory rate, cardiac
output, PaQOs, and PaCO (Fig. 3). A couple of illustrative ex-
amples are presented below to show the capabilities of the tool.
The main characteristic, interactivity, cannot be easily presented
in a written text. Nevertheless, several of the useful tools from
the virtual laboratory are presented.

First, a change from resting conditions (V' COy = 0.2 1/min)
to a specific level of exercise (VCO, = 0.8 I/min) is pro-
duced at 90 s. Instantaneous signals are shown in Fig. 2 where
changes in all the variables can be observed at that moment.
Amplitude of the respiratory volume is much higher because
the subject breathes more deeply and also faster (respiratory
frequency goes up from 12 until 18 breaths/min). That is why
amplitude of respiratory flow also increases. This increase does
not permit PaCQO» to rise (it may be a little lower) although
the production of COs in tissues increases because of exercise
(homeostasis). Logically, an increment in PaCO, goes with
a decrease of PaQ,. These effects can be also seen in Fig. 3
where average values are shown. Tidal volume and total venti-
lation increase according to the changes mentioned. Besides, a
transient response can be observed between 90-120 s, approx-
imately. It corresponds to the real human respiratory behavior
when a person starts exercising until his respiration settles in a

r -
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Fig. 3. Multisignal scope for the average values.

specific ventilatory pattern. Finally, cardiac output doubles his
value because of the exercise.

A second situation is simulated at 3 min while the exercise
is performed: from typical values of mechanical parameters re-
lated to a normal subject (F,s = 10 cmH50/1 and R, = 2.6
cmH3O/1-s) to values corresponding to a restrictive patient (E.
goes up until 37 cmH»>O/1 [22]). The objective is to evaluate dif-
ferences in the breathing pattern between a healthy person and
a restrictive patient. Instantaneous signals are shown in Fig. 4.
Very small changes are observed in cardiac output and gas pres-
sures in the same way as amplitude of respiratory flow. Nev-
ertheless, the patient breathes smoother and faster to keep the
same flow amplitude. All of these changes are also observed in
the breath-by-breath average values (Fig. 3).
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TABLE I
THE COURSE CONTENTS

D

2

3)

4)

5)

Introduction
a) Historical background
b) System analysis
c) Differences between engineering and physiological control
systems
Mathematical Modeling
a) Generalized system properties
b) Distributed-parameter versus lumped-parameter models
c) Transfer function. Linearization
d) Application of control theory to biological systems
Static Analysis of Physiological Systems
a) Introduction
b) Regulation of glucose
¢) Optimization in physiological control
d) Regulation of cardiac output and respiratory control system
Time-Domain Analysis
a) Dynamic system identification and temporal series analysis
b) Open-loop versus closed-loop dynamics in biological systems

¢) Dynamics of neuromuscular reflex motion

Frequency-Domain Analysis
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Fig. 4. Multisignal scope for instantaneous values.

IV. USING THE VIRTUAL LABORATORY

A. Curriculum Framework

RespiLab has been incorporated in the laboratory sessions
of a course about Biomedical System Modeling. The modeling
course consists of 5 credits and is located in the second semester.
Table I shows the course contents.

Students have received a course on physiological background
in the previous semester where general topics on life science are
explained. A very short description of ventilation mechanics and
gas exchange is mentioned among other biological systems. Be-
sides, all the students come from technical bachelors. Thus, they
also have at least a minimum background in control engineering
in order to be applied and extended in the course on Biomedical
System Modeling.

Experiments are not considered as isolated problems to be
solved, but as a general project which is addressed to allow the
students to build their own “Mental Model” of the Respiratory
System. “Mental Model” is a concept defined in physiology ed-
ucation as the mental organization of factual information that
allows these facts to be used to accomplish tasks in the real

a) Introduction
b) Frequency response of a model of circulatory control
¢) Frequency response of glucose-insulin regulation
6) Stability Analysis: Linear Approaches
a) Classical control tools to analyze stability
b) Relative stability
¢) Stability analysis of the pupillary light reflex
d) Model of Cheyne-Stokes breathing

world (such as solving problems or predicting the physiolog-
ical behavior) [23]. The interactive options of the virtual labo-
ratory and the practical sessions have been designed so that stu-
dents identify the most important cause-effect relationships and
phenomena from the respiratory function. During this discovery
process, which takes place during the session, students construct
the “mental model” according to the obtained experience.
Practical sessions have been also designed according to the
criteria of ECTS mentioned in Section I. Allocation of credits is
based on the bottom-up approach where the sessions are exam-
ined in view of their learning outcomes: one must know what the
learner is expected to be able to do after successful completion.
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Sessions with Respil.ab are designed to build up a coherent and
quality driven study content using all of these ideas.

There are three sessions based on students’ work equivalent
to four hours each (0.4 ECTS credits in total). Sessions are car-
ried out by pairs of students with one part in the laboratory
assisted by an instructor and another one as a private work.
Before these sessions with RespiLab, another laboratory intro-
duces MATLAB to the students. In that session, students learn
how to define and manage matrices, plot variables in figures, and
program short functions and scripts among others. This knowl-
edge is sometimes applied in the sessions with Respilab, espe-
cially in the following ones during the course.

The first session is an introduction to the main concepts of
the respiratory physiology to strengthen the theoretical back-
ground. Bibliography and documents are provided through In-
ternet to permit the students to work by themselves. RespilLab
User Manual and the complete Laboratory Guide are also avail-
able to be read before attending the next Session.

The second and third session follow a written “observe and
record” (cookbook) format after a brief introduction on the spe-
cific topic to be explained [24]. Students are asked to repro-
duce several experiments based on the study of the respiratory
system response under different stimuli and pathologies to ac-
complish the purpose of evaluating and strengthening the stu-
dents’ “mental model.” In the second session, students ana-
lyze simulation results with respect to experimental data of one
healthy subject under hypercapnia stimulation to consolidate
their previous theoretical knowledge on the matter. In the same
way, in the third session the goal is to analyze simulation results
with respect to experimental data, but in this case experimental
data belongs to one restrictive patient under exercise stimulus,
one step forward in the analysis. Therefore, the goal in the two
sections is the same to be in agreement with the main objective
of consolidation of the students’ mental model.

The first two hours and a half of each session is performed by
using the RespiLab software in the laboratory. The remaining 90
min are performed during regular hours and students are asked
to compare the simulation results with experimental data using
MATLAB software and obtaining final conclusions. Values of
respiratory variables in each exercise must be written in one re-
port with additional comments and conclusions obtained by the
students to evaluate their rationale analysis. The report com-
posed by tables, answers, data, comments, etc. has to be deliv-
ered to the instructor through Intranet in each session before at-
tending the next one.

Documents, Virtual Laboratory and Laboratory Guides are
provided in a Web-based format [25].

These documents are the following.

* RespiLab Laboratory Guide with the description of all the

sessions.

* Laboratory Report to be filled in by the students with the

results, answers and comments after each Session.

* RespiLab User Manual.

* RespiLab Survey Questionnaire.

In addition, complementary teaching material is provided to the
students through an Intranet such as the documents to be read

for the first session and MATLAB files with experimental data
to be used in the last two.

The assessment of laboratory sessions consists of two parts
that provide the same contribution to the mark. The first one cor-
responds to the laboratory reports delivered after each session.
The reports must be completely filled in and accompanied by
rational comments, including associations between the experi-
ence with the virtual laboratory and physiology and control con-
cepts. Besides the behavior of the students during the sessions,
such as their receptivity to the lecturer’s explanations, their log-
ical answers and questions and their ability to perform the ex-
periments are also considered. For the second part, the student
is evaluated in order to know if his Mental Model of the respi-
ratory system and his rationality and ability are high enough to
answer the practical questions proposed in the exam at the end
of the course. This part is very important because a purpose of
the virtual lab is that students will be able to recognize respira-
tory situations and pathologies from experimental data, and to
predict the behavior of the system when one specific stimulus
occurs.

B. Sessions Description

1) Session 1: Introduction of Respiratory System: The ob-
jectives are that after this session the students should be able to
understand the following.

* The basic phenomena of breathing mechanisms (why they

are produced and how they are regulated).

* The main parts of the body or components involved in the
respiration and their role.

» The most important respiratory variables and stimuli to be
evaluated in the following sessions.

This is a virtual session where the students must read two docu-
ments and visit a Web link by themselves. They must answer a
short questionnaire with seven questions related to the teaching
material provided. The answers have to be delivered through In-
tranet before attending the second session.

2) Session 2: Respiratory System Response Under Ventila-
tory Stimuli: As main goals, after this Session students should
be able to do the following.

* To use RespiLab in different conditions and different res-

piratory stimuli: rest, hypercapnia, hypoxia, exercise.

* To analyze and obtain conclusions from the results of sim-
ulations by means of experimental data and by means of
the knowledge acquired from reading the documents sug-
gested in the previous session.

* To understand the complexity of the respiratory system and
its interaction with the cardiovascular system.

* To identify the sensitivity of the respiratory system to en-
vironment characteristics.

At the end, students have to check the three different
equations to calculate the f during an increased hypercapnic
stimulus (Section II-C). Experimental data corresponding to
a healthy volunteer is provided to compare his changes of V
and f as a function of ventilation, Vg, with respect to the three
simulations using (2), (4), and (5). First, the comparison is



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

70 © Experimental data

= Sim - Otis, et al. Eq
= = = Sim — Mead Eq
60 |\mpm: Sim — Widdi & Nadel Eq

[o
o

fn (breaths/min)
'S
o

w
o
T

8 10 12 14 16 18 =20 22 24
V. (Vmin)

()

© Experimental data
= Sim - Otis, et al. Eq
= = = Sim - Mead Eq
== Sim ~ Widdi & Nadel Eq

v 0)

0.5

PR YS 'o' 'o-w aveaeed

Fig. 5. (a) Respiratory frequency and (b) tidal volume as a function of total
ventilation during hypercapnia. Different traces are used with the following
equations: Otis, et al. (continuous), Mead (dashed), Widdicombe and Nadel
(diamonds) to compare with experimental data (dots).

TABLE II
PREDICTION ERROR DURING HYPERCAPNIA WITH DIFFERENT
EQUATIONS TO CALCULATE RESPIRATORY FREQUENCY

Equation Prediction Error(%)
Vr f
Otis, et al. 11.9 159
Mead 61.1 163.2
Widdicombe and Nadel | 67.5 216.5

performed by inspection (Fig. 5), and later comparison is quan-
tified by means of the prediction error (6)

XZ’real - Xisim

100 6
Xiroal : ( )

1 n
PError(%) = g Z
i=1

where X ea1 and Xig;p, the value of Vi and f for a certain value
of Vg in study (experimental or simulated, respectively), and n
is the number of stimulus levels. These errors obtained by the
students are shown in Table II. Thus, students conclude that the
best option for hypercapnia stimulus is the Otis, ef al., equation
based on the minimization of the respiratory work.
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Fig. 6. (a)Respiratory frequency and (b) tidal volume as a function of total ven-
tilation during exercise. Different traces are used with the following elastance
values: 10 cmH3 O/1 (continuous), 20 cmHz O/1 (dashed), 30 cmH> O/1 (dotted)
to compare with data from a restrictive patient (dots).

TABLE III
PREDICTION ERROR DURING EXERCISE WITH
DIFFERENT VALUES OF ELASTANCE

Elastance (cmH20/1) | Prediction Error(%)
Vr f
10 43.4 27.5
20 16.2 11.1
30 5.3 5.4

3) Session 3: Respiratory Diseases Based on Mechanical
Loads: At the end of this session students should be able to do
the following.

» To simulate respiratory pathologies by means of RespiLab.

* To analyze and obtain conclusions from the results of sim-

ulations by means of comparing these results with experi-
mental data and by means of the knowledge acquired from
reading the suggested documents in the first session.

* To understand the effect of an increase in respiratory resis-

tance or elastance, that they correspond to physiopatholog-
ical states in the ventilatory pattern.
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TABLE IV
RESPILAB SURVEY QUESTIONNAIRE

S1 RespiLab offers a comprehensive review of the human respiratory system.

S2 RespiLab has helped me to improve my understanding of the respiratory system.

S3 I have enjoyed learning the human respiratory system using RespiLab.

S4 RespiLab is interactive enough.

S5 RespiLab has helped my ability to work in group.

S6 RespiLab reponse time was fine.

S7 RespiLab is easy to use.

S8 The GUI offered by RespiLab is clear.

‘89

‘ I prefer using RespiLab instead of other simulation oriented environments (i.e. Simulink Files, MATLAB Files). ‘

S10 ‘ RespiLab Manual is complete enough.

|

RespiLab Survey Questionnaire RESULTS (%)
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Fig. 7. Survey Questionnaire Results. Marks correspond to 5 = Strongly Agree; 4 = Agree; 3 = Neither Agree, Nor Disagree; 2 = Disagree; 1 = Strongly
Disagree. Results are in percentage of total students (n = 36). Marks in mean and standard deviation are also shown between brackets for each question.

Effect of changes in mechanical parameters of the respira-
tory system is analyzed by simulating different values during
rest at sea level and at 2500 m of altitude. Then, simulation re-
sults related with a sudden increase of exercise level are saved
to calculate the settling time of the respiratory system (defined
with respect to 5% of the final value of respiratory variables).
Finally, a subject with a double and three times the normal elas-
tance value is simulated for different levels of exercise. Results
are compared with experimental data from a restrictive patient
by inspection (Fig. 6) and by calculating the prediction error
using (6) (Table IIT) with the same methodology used in the pre-
vious session. As the prediction error decreases when the elas-
tance value is higher, students conclude that a restrictive disease
is related to an increase of the respiratory elastance.

V. SURVEY QUESTIONNAIRE

The survey questionnaire shown in Table IV has been
proposed to evaluate the level of the following objectives
achievement.

* To analyze its usefulness as a tool for a better under-

standing of the global respiratory control system (S1 and
S2).

» To evaluate the successful use of interactivity to make
easier the learning process and its impact in the work in
group (S3-S5).

* To identify advantages and disadvantages of graphical
user interface (GUI) and tool performance to improve
them (S6-S8).

» To evaluate the students satisfaction using Respil.ab with
respect to other software (S9).
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* To inquire if the documentation included with RespiLab is
clear and complete (S10).
RespiLab has been used by 36 students of Master of Science
on BME (Section IV-A). All the students have been requested
to answer (with marks 1-5) an anonymous questionnaire and to
submit it to the instructor.

Results of survey questions are shown in detail in Fig. 7.
Lowest marks correspond to questions S5 and S6 that are re-
lated with the second and third objectives mentioned above. The
former is associated with the work in a group. This aspect is
not especially strengthened by the tool but in the exercises per-
formed during the laboratory sessions. They are performed in
groups of two, and the collaboration between them should be
expected in the work distribution and the interpretation of re-
sults and conclusions. However, response time of the Respilab
is, in general, appropriate considering the huge complexity of
the complete model, but for the students, not simulating certain
respiratory conditions do not seem fast enough depending on
the computer computation power. Although students are some-
times impatient for obtaining the final results in the simulations,
they have to learn that the human respiratory system also takes
its time to respond under certain stimulus as it happens in real
life. Regarding the last question S10, RespiLab User Manual has
been extended after receiving the answers of the questionnaire.

The highest marks are obtained in the first two questions re-
lated with the understanding and comprehension of the respira-
tory system by means of the virtual laboratory. Thus, the main
objective is reached completely. The other questions with high
marks are related to the interactivity and the facility to be used.
Students also prefer to use Respilab instead of other software
with less friendly interfaces. Confirmation is made on the impor-
tant and high utility of virtual laboratories for learning. Finally,
average marks in all questions are between 3.3 and 4.2. Thus,
in general, the conclusion is that RespiLab is considered by the
students to be a useful and interesting tool.

VI. CONCLUSION

In this paper a virtual laboratory designed to analyze the
human respiratory control system and three related practical
sessions have been introduced. The tool has been used and
evaluated by students in a course of Master of Science degree.
This laboratory is completely graphic and interactive so that it
can be used to illustrate the behavior of the human respiratory
control system under certain circumstances or pathologies
and the influence of relevant parameters in the system. This
virtual laboratory allows the students to obtain sensations and
experience that would be very difficult otherwise because of the
difficulties in performing experimental human studies. The use
of virtual laboratories and interactivity in BME has proved to
be an efficient way to shortcut the learning process and improve
the students capabilities.

The tool has been built combining MATLAB/Simulink and
EJS. While MATLAB/Simulink allows the implementation
of complex models in a straightforward manner, EJS allows
one to design attractive views and to introduce interactivity
easily. This combination is quite suitable for virtual laboratory
development.
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Three practical sessions have been designed according to the
criteria of ECTS, based on the student work load required to
achieve the objectives specified in terms of learning outcomes.
Students must identify several cause-effect relationships and
phenomena from the respiratory system function. One part of
the sessions is carried out in the Laboratory assisted by an in-
structor and another one as a private work.

Experience and students’ evaluations show that presented vir-
tual laboratory with related sessions are very useful to help the
student build their “mental model” of the respiratory system.
This “mental model” is based on the observation of the respira-
tory system response under different ventilatory situations and
pathological conditions.
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