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ABSTRACT

The design of a neonatal monitor for medical training purposes is hereby presented. In order to do that, the 
following main vital signs were modeled and simulated: ECG, pulse, blood pressure, CO2 level, among others. The 
signals were integrated to a graphic interface that generates different scenarios showing signals of patients with or 
without pathologies. Simulated signals were validated against real ones and, in general, the error is less than 5 %; 
in addition, the neonatal monitor was assessed by 16 specialists; those doctors stated that simulated signals are of 
“excellent quality”, “truthful” and that the interface is “user friendly”.
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SIMULACIÓN DE UN MONITOR NEONATAL  
PARA ENTRENAMIENTO MÉDICO

RESUMEN

Se presenta el desarrollo de un monitor neonatal orientado al entrenamiento médico. Para esto se mo-
delaron y simularon los principales signos vitales como son: señal ECG, señal de pulso, presión arterial, nivel 
de CO2, entre otros. Las señales fueron integradas en una interfaz gráfica, la cual permite generar diferentes 
escenarios de pacientes, no solo normales sino también con patologías. Las señales simuladas fueron validadas 
contra señales reales y, en general, el error es inferior al 5 %. El monitor neonatal fue evaluado por 16 médicos 

*  Ingeniera Mecatrónica, Magíster en Automatización Industrial y Doctora (c) en Ingeniería Mecánica y Mecatrónica, 
Universidad Nacional de Colombia. Bogotá, Colombia. jacifuentesq@unal.edu.co

** Ingeniero Electrónico, Universidad Distrital Francisco José de Caldas; Físico, Universidad Nacional de Colombia Sede 
Bogotá; Magíster en Ingeniería Eléctrica, Doctor en Automática Industrial, Institut National des Sciences Appliquées 
(INSA), Lyon, Francia. Profesor Titular, Universidad Nacional de Colombia. Bogotá, Colombia. faprietoo@unal.edu.co

***Médico General y Cirujano, Universidad del Quindío. Especialista en Pediatría, Perinatología y Neonatología, Uni-
versidad Nacional de Colombia. lcmendezc@unal.edu.co



10

Simulation of a neonatal monitor for medical training purpoSeS

Revista EIA    Rev.EIA.Esc.Ing.Antioq

1. INTRODUCTION

Around 100 million babies are born world-
wide every year; approximately 10 % requires any 
assistance to start breathing and around 1 % requires 
intensive resuscitation efforts, such as endotracheal 
intubation and thoracic massages (Murphy and 
Halamek, 2005). Hence, the learning and training 
medical personnel receive becomes a decisive factor 
when saving lives and guaranteeing adequate diag-
nosis. The traditional method of learning comprises 
two stages: theoretical knowledge and clinical experi-
ence; the problem lies in how this latter training is 
oriented; that is, even though apprentices at some 
point have to refine their skills with live patients, it is 
also true that safety and optimal treatment to patients 
need to be ensured (Lynöe et al., 1998; Howells and 
Madar, 2002). Balancing these latter needs, among 
other limitations, represents an ethical tension in 
medical education that has led to a new way of 
teaching based on medical simulation (Murphy and 
Halamek, 2005; Alinier et al., 2006; Ziv et al., 2006; 
Halamek, 2008). 

In general terms, simulation has been struc-
tured into five categories according to a scheme 
proposed by Small, Wuerz and Simon (1999) as fol-
lows: verbal, standardized patients, body parts usage, 
computerized patients and electronic patients. In 
summary, verbal simulation is learning based on role 
playing games; standardized patients are actors used 
to teach and evaluate the way of acquiring the clinic 
history and the skills to perform physical checkups, to 
communicate and to act professionally; training using 
body parts is the use of anatomic models showing 
normal or abnormal health conditions; computerized 
patients are interactive patients that can be software 
based or part of a virtual world based on Internet; 
lastly, electronic patients are based on software, 
virtual reality or mannequins as well as the integral 
replica of the clinical environment.

The first simulation-based training on neonatal 
resuscitation was developed at Stanford University in 
mid-90’s (Halamek et al., 2000). Then the simulator 
of Gaumard Scientific Company (Gaumard, 2010) 
was developed; it was a mannequin of a newborn 

especialistas quienes manifestaron que las señales simuladas son “de excelente calidad”, “fidedignas” y que la 
interfaz es “amigable al usuario”.

PALABRAS CLAVE: monitor neonatal; signos vitales; entrenamiento médico; modelado de señales.

SIMULAÇÃO DE UM MONITOR NEONATAL PARA TREINAMENTO MÉDICO

RESUMO

Apresenta-se o desenvolvimento de um monitor neonatal orientado ao treinamento médico. Para isto se 
modelaram e simularam os principais signos vitais: sinal ECG, sinal de premo, pressão arterial, nível de CO2, entre 
outros. Os sinais foram integrados em uma interface gráfica, a qual permite gerar diferentes cenários de pacientes, 
não só normais senão também com patologias. Os sinais simulados foram validados contra sinais reais e, em geral, 
o erro é inferior a 5 %. O monitor neonatal foi avaliado por 16 médicos especialistas que manifestaram que os 
sinais simulados são “de excelente qualidade”, “fidedignos” e que a interface é “amigável ao usuario”.

PALAVRAS-CÓDIGO: monitor neonatal; signos vitais; treinamento médico; modelado de sinais.
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capable of mimicking cyanosis symptoms; years 
later, a computer program would allow observation 
and remote control of the most relevant signals to 
assess the neonate such as cardiac frequency and 
skin color (Halamek et al., 2000); likewise, a virtual 
model of the patient was developed in which vital 
signs could be controlled from an external applica-
tion (Koročsec et al., 2005). In year 2000, Laerdal 
presented Sim Man, the first mannequin which 
was portable and of human scale and designed to 
practice trainees skills and to present resuscitation 
scenarios. The mannequin also generates heartbeat 
sounds and shows breathing and blood pressure; it 
also allows the instructor to develop and edit his or 
her own scenarios as well as to use pre-programmed 
scenarios (Perkins, 2007). Later on, SIMA adopted 
a new approach and added a personal computer, 
software, a monitor and 8 training scenarios (Rosen, 
2008). Nowadays, the most used simulator for train-
ing on neonatal reanimation is SimBaby and now 
is SimNewBaby, which includes the software and a 
technological advanced and interactive mannequin. 

These commercial simulators are of excellent 
quality, but have some shortcomings; first of all, its 
cost is very high (Alinier et al., 2006; Halamek, 2008) 
and special training centers are required along with 
monitors, mannequins and equipment enabled to 
control and supervise the training (Koročsec et al., 
2005). The latter reasons make it difficult for the 
educational institutions to acquire the number of 
simulators to satisfy the needs of the medical training. 
Secondly, but more important, teaching the adapta-
tion or reanimation of neonatal in Colombian context 
and other countries of the region requires a person-
alization level not available in commercial levels 
(Currea, 2004; Minprotección Social, 2000), causing 
confusions at the moment of illustrating the medical 
techniques on the simulator. Due to those reasons, 
it is necessary to develop, as an initial stage, a virtual 
environment of a neonatal simulator adequate to the 
clinical history, approach, reasoning and procedures 
of the Perinatal and Neonatology School of the region 
(Currea, 2004; Minprotección Social, 2000). 

Seeking to resolve this need, the present 
work introduces the development of a system that 
simulates the main biomedical signals and possible 
pathologies of a newborn patient. The referenced 
tool shows the results (analytically and graphi-
cally) that emerge from generating and adjusting 
mathematical models that describe vital signs of 
a neonate patient experiencing pathological and 
non-pathological scenarios. The mentioned vital 
signs are: ECG, pulse, cardiac frequencies, CO2 
saturation, and pressure. The system is interactive 
and it allows generating different scenarios to assist 
both professors and students during the training on 
medical diagnosis. The initial evaluation of the tool 
was carried out by 16 medicine doctors; among 
them, there were doctors in general medicine doing 
their residence term of a post graduate in Pediatrics 
as well as specialists in fields such as pediatrics, 
anesthesiology, perinatology and neonatology. The 
results were satisfactory according to the objectives 
and promising in the process of integration and 
complexity. Nevertheless, in a subsequent stage of 
the present work, it becomes necessary to execute 
more rigorous validation experiments that include 
medicine students to achieve statistical significance 
so the tool can be validated as a training tool suit-
able for General and Specialized Medicine.

The document is structured as follows: in 
Section 2, vital signals are briefly described; in Sec-
tion 3, the modeling of some vital signals and some 
pathology is presented; in Section 4 it is presented 
the integration of the simulations on a graphical inter-
face; finally, in Section 5 the conclusion is presented 
along with some future developments.

2. VITAL SIGNALS

Vital signals are generally defined as indicators 
that reflect the physiological status of vital organs 
such as brain, heart and lungs. Indicators express 
instantly the functional changes that take place in 
the body.
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2.1  Electrocardiograph –ECG–

The heart is the central structure of the cardio-
vascular system. The contraction of any muscle is as-
sociated to electric changes called “depolarization”. 
Those changes can be detected by electrodes located 
on the body. Even though the heart has four cham-
bers, it has only two from the electrical perspective 
as the two auricles contract simultaneously as do the 
two ventricles. Contraction of auricles is associated to 
the “P” wave of the ECG signal. On the other hand, 
the ventricular mass, due to its bigger size, generates 
a great deflection of the ECG signal when ventricles 
are depolarized; the wave is called QSR complex. 
The T wave of the ECG signal is associated to the 
return of the ventricular mass to its electric status or 
re-polarization (see figure 1a). 

2.2  Pulse signal

The pulse wave is generated when the heart 
beats and it is caused by the expansion of the arteries 
as the blood circulates. In this wave, the initial peak 
is rounded and descends smoothly until a hollow 
called “dicrotic notch” or “incisures” that results 

from the sudden closure of the aortic valve, finally 
it descents until the diastole occurs (see figure 1b). 
This particular shape results from the overlapping 
of an incident wave that starts from the heart to the 
peripheral area with other wave that reflects itself 
on the aortic bifurcation. Hence, the characteristic 
parameters of each arterial pulse are the incident 
wave and the amplitude of the reflected wave 
(Fuster et al., 2004). 

2.3  Blood pressure

Blood pressure is the strength that blood ap-
plies against the artery walls. This variable depends 
on the volume contained in the blood vessels and 
the flexibility of the walls themselves. During the 
ventricular systole, a great amount of blood enters 
the arteries whereas only a third of it is expelled to-
wards the arterioles. During the diastole there is no 
blood entering the arteries; nevertheless, there is a 
flow back due to backward movement of the vessel 
walls. The maximum pressure applied on the artery 
walls while the blood is expelled during systole is 
called “systolic pressure”. The minimum pressure 
within the arteries takes place when the blood flows 

Figure 1. The ECG and the pulse signals

 (a)  Depolarization and re-polarization of the heart. (b)  Characteristics of the pulse signal. 
 Adapted from Jones (2005) Taken from Clara et al. (2005)
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to the rest of the vessels during the diastole and it is 
called “diastolic pressure”. The pulse pressure is the 
difference between the systolic and diastolic pressure; 
the mean pressure is the average during the whole 
cardiac cycle (see figure 2a).

2.4    CO2 level and respiratory frequency

Capnography is the graphic record of the 
instant concentration of CO2 in the gases breathed 
during a respiratory cycle. It has four basic phases 
shown in figure 2b (Barash et al., 2009). The first 
A-B phase represents the initial stage of the expira-
tion, in this phase the gas occupies the empty space 
(dead space), normally containing CO2. At B point, a 
strong movement occurs in the capnogram which is 
the B-C phase. The slope of the graph of this move-
ment is determined by the uniformity of the alveolar 
ventilation and the expiratory emptying. The C-D 
phase represents the alveolar or expiratory plateau. 
Normally this part of the wave is almost horizontal; 
the D point is the highest value of CO2, at the end of 
the expiration. When the patient starts inspiration, 
fresh gas enters and the sharp decline of the curve 
takes place down until the baseline; unless there  
is a re-inhalation of CO2 the line of the base is 
close to zero. The frequency of this graph is called  
“respiratory frequency” and represents the num - 

ber of breathings (inhalation and exhalation) in a 
period.

2.5  Other signs

Temperature. The center for temperature 
regulation in human beings is the hypothalamus; 
it is an area above the pituitary gland that acts as a 
thermostat to maintain the inner body temperature 
within a range of 36.1 to 37.7 Celsius grades (Sim-
mers, 1988). 

Cardiac output. It is determined by measur-
ing the amount of blood pumped to the lungs. The 
technique requires measuring O2 consumption 
(VO2) of the patient, the contents of O2 in arterial 
blood ContO2,a and the mixed venous blood ContO2,v  
(McArdle, Katch and Katch, 2009).

   
(1)

Oxygen saturation (SO2 ). It indicates the amount 
of oxygen that it is being transported by the hemoglo-
bin in the blood and it is defined as the ratio between 
the oxygen in the hemoglobin present in a setting 
and the maximum amount of oxygen that could be  
combined with hemoglobin in a similar setting:  
SO2 (%)= (Oxi-hemoglobin/Total hemoglobin) x 100 
(Ahrens and Rutherford, 1993). 

Figure 2. The blood pressure and the CO2 level signals

 (a) Components of the arterial pressure wave. (b)  Normal capnogram. 
 Taken from Sherwood (2010)  Taken from Barash et al. (2009)
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3. MODELING SIGNALS

The fundamental importance of the medical 
mathematics lies in the effectiveness of the models 
applied to describe and study diverse health prob-
lems. This section presents the implementation of 
mathematical models to describe vital signs and the 
parameter adjustment process in order to present a 
set of characteristic signals in newborns. Likewise, 
values were adjusted to obtain signals that represent 
a wide set of pathologies of common occurrence in 
newborns.

3.1  ECG signal

3.1.1 Dynamic model

The model applied in this work is a modifica-
tion to the one presented by McSharry et al. (2003); 
although this model was originally proposed for adult 
patients, in this work it was adapted to newborn 
patients. The model generates a trajectory in a tri-
dimensional (3D) space in (x, y, z) coordinates. The 
quasi-periodicity of the ECG signal is reflected in the 
movement of the graph throughout a limit cycle of 
unitary radio on the plane (x, y). Each revolution of 
this cycle corresponds to one heartbeat. The points 
of the ECG signal (P, Q, R, S and T, see figure 1a) 
are described as attractors or repulsors, positive or 
negative on the z axis. These are placed with fixed 
angles throughout the unitary circle given by qP, qQ, 
qR, qS and qT. The dynamic equations of movement 
are given by the following set of ordinary differential 
equations:

           
(2)

where  
 and w is the angular speed of the 

trajectory (McSharry et al., 2003). The respiratory 
frequency f2 is described by equation 3:

zo(t) = A sin (2pf2t) (3)

In this case, the frequency was adjusted to 
obtain a range acceptable for newborns (100-160 
Lpm). ai and bi values as well as the times and angles 
for a normal child can be seen in table 1.

Table 1. Parameters of the ECG model 
for a newborn patient

Index (i) P Q R S T

Time -0.2 -0.05 0 0.05 0.3

qi -p/3 -p/12 0 p/12 p/2

ai 1.2 -3.5 30.0 -5.5 0.75

bi 0.25 0.1 0.1 0.1 0.4

The angular speed is obtained from the power 
signal spectrum given by the addition of two Gaussian 
distributions as shown in equation 4.

       

(4)

with mean f1=0.1, f2=0.25 and standard deviation 
c1=0.01 and c2=0.01 (McSharry et al., 2003). In 
this way, the angular speed w(t) is given by, where 
T(t) represents the time series generated by the 
spectrum S(f).

These equations of movement are numerically 
integrated in Phyton by using a fourth order method 
Runge-Kutta, with fixed time elapsed Dt=1/fs, where 
fs  is the sampling frequency, 360 Hz in this case. The 
result of the implementation is shown in figure 3a.

3.1.2 Validating the simulation

To validate this model, 25 images of ECG 
signals were obtained; the images are common in 
newborn patients and come from literature and 
databases available on the web (PhysioBank Ar-
chive Index, 2010). Subsequently, real and synthetic 
ECG signals were adjusted to the same scale, and 
15 significant points in the signal were chosen; this 
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selection was based on relevant points in the signal 
morphology, such as maximum and minimum locals 
and crossings on zero values present in the P, Q, R, S, 
T and U waves and the PR, QRS, QT and ST intervals 
(see figure 3b).

Following this approach, 20 samples of ECG 
signals were taken and a mean square error between 
each point was obtained. The average error was 0.05 
or 5 % and the variance had a value of 0.012. This 
magnitude is normally less than 6 % considering the 
number of samples taken and the variability of actual 
signals from patient to patient; it can be concluded 
that this model is an adequate tool to practice skills 
necessary in medical diagnostic. Preliminarily, we can 
say that the result is adequate and promising. In order 
to have conclusive results a more comprehensive 
validation is needed so the tool can be considered 
for training purposes.

3.1.3  Variation of the model to obtain 
 pathologies

The variation of the model results from the 
implementation of an algorithm that modifies the 
model parameters allowing the representation of 
diverse pathologies (Cifuentes, Prieto and Méndez, 
2010); the algorithm is based on the digitalization of 
actual electrocardiograms of newborn patients who 
had diverse fenotypical characteristics and were 
obtained from the literature and from the MIT’s 
database (PhysioBank Archive Index, 2010). The al-
gorithm reduces the mean square error of the points 
shown in figure 3b. In Cifuentes, Prieto and Méndez 
(2010) the implementation of six pathologies is 
shown: ischemia, hyperpotassemia, hypopotassemia, 
hypercalcemia, hypocalcemia and hypothermia; the 
hypopotassemia was presented with four degrees of 
intensity. The parameters employed to simulate those 
pathologies can be seen in table 2.

 (a)  ECG signal obtained by simulation  (b)  Selected points on the ECG signal
 using Runge-Kutta

Figure 3. The ECG signal
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Time -0.2 -0.05 0 0.05 0.3 

ai 1.2 -7.0 30.0 -15 0.75 

Ischemia 

θi -π/3 π/24 3π/2 5π/2 -π/2 

ai 1.2 -1.2 15 -8 -4.5 

bi 0.4 0.1 0.2 0.2 0.2 

Hyperpotassemia 

θi -π/3 −π/12 0 π/4 π/2 

ai 1.2 -1.5 10 -0.5 -0.95 

bi 0.25 0.1 0.2 0.4 0.4 

Hypopotassemia 

θi -π/3 -π/12 0 π/12 3π/10 

Hypercalcemia 

θi -π/3 -π/12 0 π/12 5π/6 

Hypocalcemia 

θi -π/3 −π/12 0 3π/5 π/12 

ai 1.2 -2 18 -9 -1 

bi 0.1 0.1 0.15 0.1 0.3 

Hypothermia 

Tabla 2. Parameters employed to simulate different pathlogies
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Likewise, the variation of the parameters can 
generate a wide range of scenarios that allows train-
ing of medical personnel.

3.2   Pulse signal

3.2.1 Dynamic model

This wave in particular results from the over-
lapping of a pressure wave that goes from the heart 
to the periphery and another that is reflected on 
the bifurcation of the descendent aorta. The model 
generates a trajectory in 3D space with coordinates 
(x, y, z). The frequency of the pulse signal is reflected 
in the graph movement throughout the limit cycle 
of unitary radio on the (x, y) plane. The two waves 
that make the pulse signal are described as positive 
attractors in “z” direction. These latter are located, 
with fixed angles, along the unitary circle. The  
dynamic equations of the movement are given by a 
set of ordinary differential equations:

           
(5)

where   
, OI is the incident wave, OR it is 

the reflected wave and w is the angular speed of 
the trajectory.  These equations of movement are 
numerically integrated on Phyton using the Runge- 
Kutta method of fourth order with fixed time elapsed  
Dt=1/fs, where fs is the sampling frequency. The result 
of the implementation is shown in figure 4a.

3.2.2   Validating the simulation

To validate the model, images of pulse signals 
from normal newborns were obtained mainly from 
the literature; then, the signals of the testing and the 
synthetic pulses were adjusted to the same scale. 
Subsequently, 15 significant points of the signal’s mor-
phology were chosen; that selection was based on the 
time span values which are important in the diagnos-
tic of both the incident wave and the reflected wave 
that make up the signal (see figure 4b). 15 samples of 
pulse signals were used and the mean square error 
between each point was obtained. The mean error 
was 0,037 or 3,7 % and the variance was 0,008. As 
shown, the error is smaller than 5 % considering the 
sample size and the variability of the real signals from 

 (a)  Synthetic signal (b)  Points selected for the pulse signal

Figure 4. The pulse signal
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patient to patient. The obtained result is promising 
and shows potential of its application in the training 
process of health sciences.

3.3  Arterial pressure

The linearized cardiovascular physiology 
model presented by Beneken (1965) was used for 
the dynamic model to represent the cardiovascular 
model. This hydraulic analog model of 10 compart-
ments describes the systemic circulation and makes 
a distinction between arteries and veins both intra-
thoracic and extra-thoracic as well as the pulmonary 
circulation make a distinction between pulmonary 
veins and arteries. The model allows as input the 
changes of blood volume and the intra-thoracic and 
extra-thoracic pressures, and it generates as output 
both pulmonary and systemic arterial pressures.

To build the model of each compartment, 
blood pressure, incoming blood flow and  volume 
changes are calculated and validated as in Sá Couto, 
Van Meurs and Goodwin (2006). The equations of 
the compartments keep coordination among them-
selves as the entry flow of a compartment depends 
on the pressure of the previous one; likewise, the 
volume changes depend on the entry and outlet 
flows. The expressions use elastance, resistance 
and unforced volume variables UV. The elastance 
E establishes the relationship between the pressure 
and the volume and it reflexes the heart contraction 
process. The entry flow of each compartment f(t) is 
proportional to the pressure of the previous compart-
ment (pi(t) and p(t)). The change of the volume in 
each compartment equals the difference between 
the flow f(t) and the outlet flow fout(t). For a more 
detailed analysis of this model refer to Sá Couto, 
Van Meurs and Goodwin (2006).

Figure 5 shows the signal of the systemic arte-
rial pressure that was obtained by using the present 
simulation. The model was not validated as it has 
been already reported in the literature. Systolic and 
diastolic pressures data were modified in order to 
obtain and include different pathologies in the simu-

lator; such variation is carried out directly from the 
neonatal simulator.

Figure 5. Synthetic signal of the systemic 
arterial pressure

3.4 CO2 Level

3.4.1 Dynamic model

As mentioned the capnogram is divided into 
four fundamental phases (see figure 2b). This type 
of wave can be described by decreasing exponen-
tials that model both the inspiration and expiration 
processes; in turn, periodicity of the pulse signal is 
given by the respiratory frequency. The dynamic 
process was modeled with two first-order differential 
equations; the first expression describes inspiration 
and the second describes all the cycle (inspiration 
and expiration):

    (6)

where t and t2 define the time constants of the expo-
nentials that represent the inspiration and expiration, 
respectively. Likewise, f and a define the baseline 
and the maximum level of the CO2 of the respira-
tory cycle. Again, these equations of movement are 
numerically integrated in Phyton, using the fourth-
order Runge-Kutta method with a fixed time elapsed  
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Dt=1/fs, where fs is the sampling frequency. The result 
of the implementation is shown in figure 6a.

3.4.2 Validating the simulation

To validate this model, 30 images correspond-
ing to capnograms common in newborns patients 
were obtained; these images are mainly from the 
literature and international databases (CapnoBase, 
2010). Subsequently, CO2 testing and synthetic signals 
were adjusted to the same scale and 26 significant 
points of the signal’s morphology were chosen. The 
selection of these points was based on the amplitude 
and time values which are relevant in the diagnostic 
for the inspiration and expiration cycles (see figure 
6b). The average error was 0.019 or 1.9 % and the 
variance was 0.005. As shown, the error is generally 
smaller than 3 % taking into consideration both the 
number of samples used and the variability of the 
real signals from patient to patient. As in the previous 

cases result are promising, but a more comprehensive 
validation is needed.

3.4.3 Generating pathologies

An algorithm that modifies the parameters 
and permits the representation of diverse patholo-
gies was implemented; such implementation was 
carried out by means of digitalization of real capno-
grams obtained in the literature and corresponding 
to multiple pathologies. The algorithm 1 varies the 
different parameters of the differential equation 
and finds the set of parameters that minimizes the 
mean quadratic error of the chosen points between 
the synthetic signal and the real one. The algorithm 
minimizes the mean square error of the points shown 
in figure 6b. Even though a few pathologies were 
presented in the present work, the software lets the 
user to create an ample range of scenarios useful in 
the medical diagnostic.

 (a)  Synthetic CO2 signal     (b)  Selected points for the CO2 signal

Figure 6. The CO2 signal

Time Time
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For i in each point in the signal

{

t®t+0.1, t2®t2+0.1, f®f+0.1, a®a+0.1

 Error(i)=(Vs(i)-Vd(i))^2

}

[index, min]=min(Error)

Return index

Algorithm 1. Function to find the minimum error 
parameters

t,t2, f, a are the parameters of the differential equa-
tion, Vs is the amplitude of the simulated signal 
with these parameters and Vd is the digitized ampli-
tude values   obtained from the website and literature.

3.4.4 Muscle relaxants and dents in graphs

The dents can be seen on the capnogram plateau 
(see figure 7a); they show up when the action of the 
muscle relaxants ceases and the muscle returns to 

 (a)  Capnogram with dents. Taken from (b)  Synthetic signal
 Bhavani-Shankar et al. (1992) 

Figure 7. Signal of the CO2 level with dents

spontaneous ventilation. The main characteristic of 
the dent in the graph are: depth, which is inversely 
proportional to the relaxant activity and the location, 
generally constant for the same patient. For repre-
senting the scenario (see figure 7b), it was modified 
the a parameter of the differential equation that 
represents the expiration (see equation 6) in a short 
period with an amplitude value that depends on 
the dent size. For this pathology, the mean square 
error obtained was 0.032 and the variance of 0.007. 
These results indicate the relevance of this model in 
the representation of this type of signals.

Increase of the slope in C-D phase. In this 
pathology, the slope of C-D phase of the capnogram 
increases (see figure 8a). This feature may be the 
result of the obstruction of the respiratory ways. To 
represent this pathology (see figure 8b), the a variable 
is parameterized in a way that it varies throughout 
time. The slope depends on the severity of the respi-
ratory obstruction. The mean square error obtained 
for this representation was 0.04 and the variance 
was 0.012.

CO2 (mmHg)

C
O

2 l
ev
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Prolonged B-C and C-D phases. The 
existence of prolonged B-C and C-D phases (see 
figure 9a) is a characteristic of pathologies such as 
bronchospasm or the obstruction of airways. In order 
to represent this pathology (see figure 9b), the time 
constant t2 is increased in equation 6.

3.5  Other variables

Other variables included in the simulator are 
constants of relevance for medical diagnosis; they 
include cardiac and respiratory frequencies, skin and 

rectal temperatures, oxygen saturation and cardiac 
output. In general, these signals are static unless a 
scenario with a medical condition needs to be repre-
sented; in such case, the simulator allows the trainer 
the variation of both amplitude and time interval at 
which the change is carried out. Thus, the interpola-
tion between the present value and the one proposed 
by the trainer can be carried out in two possible ways:

• Linear. It is about drawing a straight line that 
crosses on the points of interest, calculating the 
intermediate values by using a function y = f(x).

 (a) Capnogram with slope increase in C-D phase.  (b) Synthetic signal
 Taken from Bhavani-Shankar et al. (1992) 

Figure 8. Increase the slope of the CO2 level signal

 (a)  Capnogram with  prolonged B-C and C-D phases.  (b)  Synthetic signal
 Taken from Bhavani-Shankar et al. (1992) 

Figure 9. Prolonged B-C and C-D phases
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• Sigmoid. It is about using a Bezier curve with 
the following shape: 

b(u)=b0(1-u)3+3b1u(1-u)2+3b2u
2(1-u)+ b3u

3, 
with u ∈ [0, 1].

The use of those types of interpolation is  
carried out with the normal behavior of the variables 
of a neonate patient.

4. RESULTS: GRAPhIC INTERFACE

This section shows the interface correspond-
ing to the vital signs and the interaction obtained 
in a simulator of a neonatal monitor. The interface 
was developed in Python. Python is a multiplatform 
open source language that is easy to install along 
with every one of its extensions; in addition, it has a 
very visual syntax thanks its mandatory indentation; 
since Python is an interpreted language, it does not 
require code compilation prior execution.

4.1  ECG signal

Taking into account the model described in 
Section 3.1, the interface shown in figure 10 was 
implemented. The interface allows, in a transparent 

way for the user, to modify the values of the ampli-
tude, location and width of each wave of the ECG 
signal (P, Q, R, S, T); such process is carried out by 
modifying a, b and q values within certain limits re-
stricted by the signal morphology (see equation 2).

The interface allows saving all the modified 
parameters for all signals and pathologies of the 
dynamic system into a text file with its own exten-
sion. This file can be opened only by the neonatal 
simulator in order to create either a pathologic or a 
non-pathologic scenario; likewise, it allows resetting 
to the default values of a non-pathological signal.

4.2  Pulse signal

The interface allows modifying the dynamics of 
the model described in Section 3.2 by varying height, 
position and width of the incident and the reflected 
waves (see figure 11a). Similarly, it is possible to add 
and reconfigure the wave of a particular pathology.

4.3  CO2 level

Likewise, the interface allows creating patho-
logic and non-pathologic signals in relation to  
the CO2 level (see figure 11b). This tool enables the 

Figure 10. Graphic interface to generate ECG signals
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modification of time constants of the differential equa-
tions described in Section 3.3. In order to describe 
non-pathologic scenarios on the interface, sudden 
changes and holes can be added to the exponential 
that represents the expiration. These modifications 
can be obtained by changing the reference of each 
differential equation, that is, the interest points.

4.4 Other variables

For each constant included in the simulator, 
a graphic interface was created; it allows, in general 
terms, to modify the constant value within a time 
interval. The interpolation in this period is carried 
out in linear or sigmoidal forms, according to the 
user’s preferences.

Cardiac and respiratory frequencies. The inter-
face for these constants is very similar; it allows vary-
ing the cardiac frequency from 0 until 300 bpm (beats 
per minute) and the respiratory frequency from 0 to 
140 brpm (breathings per minute). In addition, the 
time interval can fluctuate from 0 to 11 min.

Skin and rectal temperatures. Similarly to the 
previous features, the interface for skin and rectal 
temperatures is the same. The variation can range 
from 0 to 45 degrees and the time interval, from 0 
to 11 min.

Blood pressure. The system offers the possibility 
to change values of systolic and diastolic pressures 
within a range from 0 to 300 mmHg.

Oxygen saturation. The simulator allows the 
variation of the oxygen saturation within a range from 
0 to 100 %. The time interval can vary continually 
from 0 to 11 min. It also allows the modification of 
the cyanosis detection threshold (bluish coloring of 
skin or mucous membranes due to lack of oxygen 
in the blood).

CO2 level. The interface allows the modifica-
tion of a maximum value of CO2 and the correspond-
ing baseline within a range from 0 to 35.

Cardiac output. The user can create scenarios 
whose cardiac output varies from 0 to 1000 L/min/kg 
in time intervals from 0 to 11 minutes. 

4.5  Simulating signals for a newborn 
patient

The simulator of a neonate patient or neonatal 
monitor is shown in figure 12. The tool allows the 
direct access to the interfaces, described in sections 
4.1, 4.2 and 4.3, in order to generate ECG, pulse and 
CO2 level signals. Likewise, each variable has a button 
that leads to the interfaces described in Section 4.4.

 (a) Generation of pulse signals (b) Generation of capnograms

Figure 11. Graphic interface
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Each graph (ECG, pulse, pressure and CO2 
level) allows, by clicking on a button, to load up saved 
parameters from the interfaces described in sections 
4.1, 4.2 and 4.3 in order to generate the correspond-
ing signals. It is relevant to highlight that it is possible  
to load up ECG signals to create a full electrocardio-
gram, that is, interfaces are included for both standard 
and precordial derivatives. The Start button allows the 
simulation of each variable in the interface.

In order to show how the interface works, 
a scenario that mimics the vital signs of a patient  
with tachycardia and fever was created; similarly,  
the values of a 3 kg patient and that shows no  
pathology condition was defined as follows (Crocetti  
and Barone, 1998; D’Harlingue and Durand, 2001; 
Gomella, Cunningham and Eyal, 2009): cardiac 
frequency 123 bpm; respiratory frequency: 46 brpm; 
skin temperature: 36.0 °C; rectal temperature:  
36.5 °C; oxygen saturation: 92 %; CO2 level: 35 mmHg; 
and cardiac output: 732 L/min/kg.

In order to mimic fever and tachycardia, a 
scenario was created in which each of the follow-
ing values is modified: cardiac frequency: 190 bpm; 
respiratory frequency: 92 brpm; skin temperature: 
38.3 °C; rectal temperature: 38.5 °C ; oxygen satura-
tion: 92 %; CO2 level: 35 mmHg and cardiac output: 
842 L/min/kg.

The interface refreshes the values every half 
a second. Although the change of values is allowed 
for up to 11 minutes, the simulation was carried out 
for 4 seconds for illustration purposes; this approach 
was carried out to obtain 9 screenshots to show the 
dynamics in this type of pathology. These scenarios 
can be seen on the website http://www.youtube.com/
watch?v=hla1gLvZQoM

4.6  Medical validation

In order to validate the usefulness of the neo-
natal monitor in the training process, particularly in 
the Neonatology and Pediatric areas, a study of the 
accuracy of the signals was conducted. 

The initial validation approach took into ac-
count the assessment criteria provided for educa-
tional software (Geissinger, 2011) (see table 3).  

Based on these criteria, the interface was 
presented to a group of 16 doctors, specialists in 
Anesthesiology (3), Neonatology and Perinatology 
(3), Pediatric Intensive Care (3), Pediatric (3), Peri-
natology and Neonatology Fellow (2) and Pediatric 
Resident (2) for its evaluation; then, an ECG signal 
showing hyperpotassemia was selected and the 
signals to the 12 derivations based on the interface 
were obtained.

Figure 12. Neonatal monitor
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For the CO2 level signal, three signals were 
obtained (normal, without muscular relaxants and 
with obstruction in respiratory airways). Finally and 
in order to test all the variables, two full scenarios 
were generated: one that mimics fever, tachypnea 
and tachycardia and other that mimics hypothermia, 
bradypnea and bradycardia. The constants for nor-
mal patients were selected based on a 3 kg weight 
patient and with no specific pathology (Crocetti, and 
Barone, 1998; Gomella, Cunningham and Eyal, 2009; 
D’Harlingue and Durand, 2001). Constants for patients 
with pathologies were selected on the expert advice 
that the present work receives.

Scenarios and signals obtained from the neo-
natal simulator were evaluated by using multiple 
choice questions. Resulting electrocardiographic 
signals, simulated capnograms, and two scenarios 
generated are presented in table 4. The signals and 
scenarios generated in this first part evaluate the first 
criterion in table 3. These results were satisfactory 
with a high percentage of approval.

Table 4. Results of the medical validation

Test Applied Achievement (percentage)

ECG Signal 75 %

Capnogram 1 100 %

Capnogram 2 81 %

Capnogram 3 81 %

Scenario 1 100 %

Scenario 2 97 %
  

Table 3. Approaches to evaluation

Category Discussion

Quality of end-user interface design Knowledge transmission
Perception of the product

Engagement Motivation to work with the medium

Interactivity Products meaningful and provoke thought

Tailorability Products which allow users to configure them and change them to meet 
particular individual needs 

In order to evaluate the other criteria, the 
evaluators described the tool regarding to engage-
ment, interactivity and tailorability. Signals as well 
as the neonatal monitor were considered by the 
specialists as “of excellent quality”, “truthful” and 
“user friendly”.

Based on these results, it is necessary to do a 
study with two variants to obtain more conclusive 
results in the validation. In this case, first we will con-
sider a greater number of specialists and residents 
and second we will make the evaluation of the last 
3 criteria in table 3 in more depth. Based on other 
evaluation criteria (Yildiz and Atkins, 1993; Reiser 
and Kegelmann, 1994); evaluators will assign a score 
(between 1 and 5) for each of the linguistic variables 
that will be evaluated (engagement, interactivity, tai-
lorability, etc.). This will provide a greater statistical 
analysis and conclusive results from the application 
of the tool.

5. CONCLUSIONS AND FUTURE 
WORK

A neonatal simulator was presented with the 
possibility of generating synthetic signals that illustrate 
fundamental characteristics of diverse pathologies, 
such as ECG, pulse, blood pressure and CO2 level. 
The results of validating the dynamics in models of 
neonate patients were satisfactory, showing an error 
smaller than 5 % when comparing real data with 
signals obtained from the simulator.
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If the current scenario is considered as a 
preliminary phase intended to achieve future in-
tegration between real and virtual, the results can 
be considered satisfactory and encouraging when 
evaluating the fidelity of each one of the represented 
signals. However, for it to be validated as a tool for 
medical training, it is necessary to make a more 
rigorous evaluation that includes a greater number 
of specialists and residents and a clearer analysis of 
the linguistic variables associated with the validation 
of the tool. Such validation will provide the work 
the statistical validation so the tool can be used for 
learning purposes in the health area.

The graphic interface is an educational tool 
of great importance to students in the health area, 
as its handling is practical and intuitive. This applica-
tion allows generating diverse scenarios by varying 
properties of signals such as frequency, minimum and 
maximum values, as well as other medical variables 
such as temperature, cardiac output and oxygen 
saturation.

As a future development, the present neonatal 
monitor should be integrated to a physical simulator 
such as a mannequin to emulate the signals present 
in the virtual simulator.
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