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This research is conducted to study variations in the Newborn Life Support procedure. This procedure follows an 
evidence-based protocol to resuscitate and stabilize newborn babies requiring assistance at birth. Errors and 
ineffective actions in this procedure may cause disability or even death of the baby. Therefore, a detailed 
understanding of variations in this procedure is essential. The Colored Petri Nets approach is applied to model the 
procedure.  Its properties are used to describe the main steps of the procedure, their conditional rules, the required 
checks, and repetition of necessary steps. A Monte Carlo simulation of the Petri Nets model is used to observe the 
proportion of babies with unsatisfactory outcome. In-field data and literatures are used to determine the parameter 
values of the model. Some scenarios with variations relating to the maximum number of trials of respiratory 
procedure are implemented in the simulation. The results demonstrate that, for example, the higher the maximum 
limit of the standard ventilation trials is, the lower the proportion of babies with unsatisfactory condition becomes. 
This type of approach can be utilized to explore additional improvements in the way that the clinical procedure 
can be performed to enhance newborn care. 
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1. Introduction 
Variations in clinical practice are very 

common. These may relate to the number and 
type of treatment used, the duration of clinical 
tasks, the type of drug used, etc. Unfortunately, 
some of these variations may cause undesirable 
consequences such as unnecessary pain for 
patients, longer waiting time, and higher cost of 
healthcare services (Shukla 2012; Carter 2016). 
Therefore, an understanding of types of possible 
variations in a clinical procedure and their 
effects are essential to minimize such unwanted 
outcomes so that it can enhance the healthcare 
service delivery.  

There are many factors that may cause 
variations in a clinical procedure. These may 
relate to patient’s health condition (Moran, 
Jacobs, and Mason 2017), resource availability 
(Shukla 2012), availability of unified guideline 
(Sherafat et al. 2019), etc. Some but not all these 
factors, such as patient’s clinical profile, can 
justify the existence of variations in a particular 
clinical procedure. Some efforts should be 
considered to minimize variations that are 
difficult to justify. To understand variations of a 
clinical procedure in a non-intrusive way, a 
model that can capture key aspects of variations 
and model their consequences can be of great be- 
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-nefit to decision makers and healthcare 
providers. 

Several works in healthcare service 
modelling have been conducted. Diagrammatic 
method (Ashoori et al. 2014), analytical model 
(Bhattacharjee and Ray 2014), simulation model, 
and their combinations (Evenden et al. 2020; 
Reed, Remenyte-Prescott, and Rees 2017) are 
applied to model and observe the variations in 
the procedure. As an outcome, suggestions are 
made on how to improve the procedure, based on 
the evidence obtained from the model. 

Based on this idea, the research presented in 
this paper is conducted to model and study 
variations in the Newborn Life Support (NLS) 
procedure. This protocol is used to resuscitate 
and stabilize a compromised newborn. Accurate 
and timely actions are essential to save the 
baby’s life. Unfortunately, errors are frequent 
with rates between 15.9% and 54.5% (Thomas et 
al. 2006). Some errors include inadequate 
respiratory management, failure to remove wet 
linen, and unawareness of the status of the NLS 
steps (Yamada, Yaeger, and Halamek 2015; 
Maskrey 2008). Human limitation in identifying 
and processing information, lack of skill, and 
poor communication are some causes of these 
errors. Further study on key aspects of variations 
that may cause such undesirable outcomes in the 
NLS procedure should be able to not only 
increase safety of newborn care but also improve 
outcomes.  

In this paper, a process modelling approach 
using the Colored Petri Nets (CPN) and Monte 
Carlo simulation is developed as a novel method 
to investigate the variations in the NLS 
procedure. The ability of Petri Nets to accurately 
model a real system (Ryan and Heavey 2006), 
which is complemented by a simulation to 
observe dynamic properties of the procedure, 
form the basis for implementing these two 
methods in this study. However, Petri Net is also 
considered to have weaknesses regarding their 
complexity while modelling large and complex 
systems and processes (Ryan and Heavey 2006). 
Yet, the use of color in Petri Nets can reduce the 
number of model constituents so that it may 
reduce the size and the complexity of the model. 
The NLS CPN model in this paper is validated 
by observing the simulation results. This model 
is then used to analyze the effects of some NLS 
variations on the outcomes of the procedure. 

The remainder of this paper is organized as 
follows: Section 2 describes the research 
methodology. Section 3 explains the model of 
the NLS procedure. Section 4 presents some 
results and discussions regarding the model and 
NLS variation scenarios. Section 5 summarizes 
the results and proposes some direction for 
future work.   

2. Research Methodology  
The NLS procedure, considered in this paper, 

is described in detail in the NLS guidelines, 
published in 2021 by the Resuscitation Council 
UK (Fawke et al. 2021). A discussion with one 
of the co-authors of this paper as an expert in 
neonatal medicine and additional literature 
studies are conducted to further understand 
practical details in the guidelines. The main steps 
of the simplified NLS procedure based on these 
guidelines are listed below: 

(i) Dry, warm, and stimulate 
(ii) Assess baby condition 

(iii) Ensure an open airway 
(iv) If gasping/not breathing, give 5 inflations 
(v) Reassess heart rate and chest movement 

(vi) If chest is not moving, check and repeat 
inflation 

(vii) Once chest is moving, continue with 
ventilation 

(viii) If there is no increase heart rate, consider 
chest compression 

(ix) Consider drug administration if heart rate 
remains low 

The Colored Petri Nets method is used to 
diagrammatically model the NLS protocol. All 
the notations for the CPN are adopted from 
(Jensen 1997). There are 50 transitions and 43 
places in the model. Most transitions in the CPN 
are used to model the steps of the NLS 
procedure, while some other transitions are used 
to control the flow of tokens. A token is used to 
represent a particular NLS action/job that must 
be performed at a particular point of time. A 
token present at a certain place denotes either a 
status of task completion or a trigger for some 
subsequent tasks to be initiated. 

Furthermore, the token in the CPN model has 
a set of color. The individual colors are used to 
carry information about the clinical profile of a 
baby (such as gestational age, breathing effort, 
overall health condition, etc.) and the status of a 
certain task (such as the number of administrated 
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ventilation breaths, the duration of previous 
ventilation, intubation status, etc.). This 
information is used to determine the condition of 
transition (i.e., task/action) of the NLS procedure 
which involves the response of a baby to the 
given action, the duration of the task, and the 
decision to repeat the same task. There are 36 
colors attached to the CPN token. The way the 
transitions switches is based on the token colors. 
This process is defined by functions attached to 
each transition. There are 37 functions involved 
in the model. 

This CPN model is then translated into a 
Monte Carlo simulation model. The C++ 
programming language is used to code and 
perform the simulations. Probabilistic parameter 
values of task duration are obtained from the 
combination of in-field data and literature. If in-
field data exists, the durations of tasks are 
estimated based on the most appropriate 
probability distribution among the five most 
commonly used types of probability distributions 
for task durations, i.e., Weibull, Gamma, 
Lognormal, Loglogistic, and Beta (Law 2007). 
The highest P-value of probability distribution 
fitness test is used as an indicator. In addition, 
the Uniform probability distribution is used 
when there is only information about the 
minimum and the maximum duration of a task. 
A deterministic time duration is applied when 
only a single value of statistic is available in 
literature. Other probabilistic parameter values, 
regarding the response of a baby to a given 
treatment, the clinical profile of the baby, and 
the probability of error in the procedure, are 
either assumed from some qualitative data or 
derived from some quantitative data available in 
literature. 

The model is simulated 200,000 times to 
obtain sufficient data for model validation 
purpose. The statistical estimations use 95% 
confidence level and the maximum 10% of the 
estimation error. The validation process 
considers three model outcomes, i.e., the 
proportion of babies who need full resuscitation, 
the proportion of babies who achieve 
stabilization without the need for 
cardiopulmonary treatment, and the time point of 
eight key events in the resuscitation procedure. 
These outcomes are statistically compared with 
the reference value estimated from (Fawke et al. 
2021) and (Heathcote, Jones, and Clarke 2018). 

Some modifications in the initial CPN model are 
made in terms of the value of parameters, the 
mechanism of chest compression and drug 
administration procedure, as well as the rule of 
administrating a set of standard ventilation 
procedure. 

Finally, a number of scenarios of common 
variations in the NLS procedure are developed. 
A plot of effects of variations regarding the 
maximum number of trials of respiratory 
procedures is obtained using the simulation 
model in order to calculate the proportion of 
babies with an unsatisfactory condition. 

3. CPN Model 
The CPN model developed for the NLS 

procedure can be grouped into some higher level 
of activities. Fig 1 shows a CPN model for a 
group of initial supporting procedure activities 
that covers steps (i) to (iii) in the simplified NLS 
algorithm. The squares and the circles in the 
CPN model in Fig 1 correspond to transitions 
and places, respectively. Some of the individual 
tasks modelled by the transitions depicted in Fig 
1 can be shown in Table 1. 

 

 Fig 1. CPN Model of the Initial Supporting Procedure 
 

Not all the transitions in the CPN model 
represent a task that exists in the NLS algorithm, 
T2 and T13 are examples of such cases. 
Transition T2 determines a route of the 
procedure where a token will be passed. This 
process depends on the gestational age of the 
baby. Transition T13 is used to pull and combine 
some tokens to produce a new token, as a signal 
to initiate the next NLS task. 
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Table 1. List of Initial Procedure Transitions  

Transition Description 

T2 Initial Job Assignment 

T3 Cover infant with Polythene bag 

T4 Dry the infant 

T8 Cover the infant’s head with cap 

T9 Assess the heart rate 

T12 
Generator of completed job status for 
maintaining the temperature of 
preterm baby 

T13 
Generator of completed job status for 
maintaining the temperature of term 
baby 

 
As mentioned in Section 2, there are 36 

colors attached to the CPN token. Two color 
variables that can be noticed from the CPN 
module shown in Fig. 1 are ‘Age’ (Boolean type) 
and ‘Rand’ (Float type). These colors 
respectively refer to the category of the 
gestational age of a newborn (i.e., Term or 
Preterm) and the generated random number 
(between 0 to 1) for determining the gestational 
age of the baby in the NLS procedure. This 
information will be carried and updated based on 
a set of functions to mimic the dynamic of the 
NLS procedure.   

The expression F(X) (e.g., F2(Age)) refers to 
a function which governs how the transition 
works and produces an output token based on 
color information X. There are three functions 
that are defined for the initial NLS supporting 
procedure which relate to the two colors found in 
Fig. 1. These functions can be shown in Eq. (1) – 
Eq. (3).  

 
 

 
 

 
          (1) 

 
 

 
            (2) 

 
 

 
            (3) 

Function F1 (Eq. (1)) determines the 
proportion of preterm and term babies who take 
part in the NLS procedure. This function assigns 
a value of either ‘Preterm’ or ‘Term’ to the 
variable Age according to the random value and 
the threshold value of the preterm newborn 
probability (i.e., P(Preterm)). On the other hand, 
Functions F2 (Eq. (2)) and F3 (Eq. (3)) only read 
the value of variable Age and use T2 to initiate 
the movement of a token on a route in the model 
which meets the condition in the relevant 
function. These two functions help to determine 
appropriate treatments for a baby based on the 
gestational age. According to the NLS guideline, 
preterm babies need to be covered immediately 
by polythene bag instead of drying them with a 
dry towel. Therefore, this algorithm is modelled 
in the CPN by F2, which will selectively deliver 
a token of preterm baby to a route corresponding 
to T3 as the next action. After this specific 
treatment, the subsequent procedure will 
intersect with the one for term baby (e.g., cover 
the head with cap-T8 and assess the heart rate-
T9). 

Another component of the CPN model used 
in this research is called a ‘guard’, which is 
expressed in a square bracket above a transition. 
A guard in this model determines a specific type 
of token that a transition can pull or consume. 
For example, T12 can only consume a token in 
P12 only if the token in that input place has an 
Age variable value of preterm, otherwise, the 
T12 will not switch. 

Regarding probability values in the model, 
some equations use a constant probability, such 
as in Eq. (1), i.e., the probability of a preterm 
baby (i.e., P(Preterm)). Several other examples 
of such parameter values are shown in Table 2 
(Bjorland et al. 2019; Root et al. 2019; Fawke et 
al. 2021; Finer et al. 2009). Based on literatures, 
it can be found that some parameter values also 
depend on whether the baby is preterm or term, 
such as the second parameter in Table 2.  

In addition to a constant probability value, 
some probability parameters are modelled as 
depending on other factors. This approach is 
used to model the probability of continuing 
standard ventilation. The mathematical model 
for this probability value is shown in Eq. (4). 
This equation describes the probability rule of 
how a standard ventilation can be continued after 
a previous t second ventilation was applied. This  



493Proceedings of the 32nd European Safety and Reliability Conference (ESREL 2022)

probability rule is estimated from the observed 
ventilation fraction data in (Skåre et al. 2016).  
 
Table 2. Constant Probability Parameter 

No Parameter Value 
1 Probability of preterm 0.413 

2 Probability of gasping 
after birth 

Pre: 0.645, 
Term: 0.5175 

3 
Probability of developing 
chest movement after first 
inflation breath 

0.6 

 
 

          (4) 

 
T = duration of previous standard ventilation action 

(second) 
 

Another typical characteristic of a task relates 
to its duration. Some of the probability 
distribution models applied for the task duration 
can be shown in Table 3. The Uniform 
probability distribution is modelled based on 
(Chamnanvanakij and Perlman 2000), while the 
deterministic approximation uses the data from 
(Fawke et al. 2021). The rest of probability 
distributions are fitted into the in-field data that 
are collected along with the work of (Henry et al. 
2021). 
 
Table 3. Task Duration Probability Distribution 

No Activity Duration (second) 

1 Face mask 
application Beta (0.0211, 0.0563) 

2 Ventilation Loglogistic  
(3.5273, 0.2567) 

3 Inflation breath Weibull 
 (23.9518, 2.5100) 

4 Chest Compression Uniform (30, 60) 

5 Volume 
replacement Deterministic (120) 

 
Different from other task duration models, 

the domain value of Beta distribution function 
only ranges from 0 to 1. Therefore, to get the 
actual duration, a task with Beta probability 
function is adjusted by using the minimum and  

the maximum duration of the task. An example 
of these values (min, max) for the first task in 
Table 3 is (3.12, 8.92).  

Finally, due to lack of data on some aspects 
of the NLS procedure, assumptions are made. 
These include: 
� The duration of tasks which are 

approximated by either the duration of other 
individual tasks or the combination of them.  

� Some decision-making tasks, such as 
determining whether an inflation procedure 
has been performed sufficiently, is 
considered as a 0-duration action. 

� The probability of success for a multiple 
efforts of similar resuscitation action is 
assumed to be higher as technical problems 
of the previous unsuccessful action have been 
fixed. 

4. Results and Discussion 
Three outcomes of the simulation model are 

compared with the values in (Fawke et al. 2021) 
and (Heathcote, Jones, and Clarke 2018) for 
validation purposes. A single sample hypothesis 
test is used to compare the statistics of 
proportion obtained from the simulation with the 
reference values. This test uses the Normal 
distribution approximation which is considered 
acceptable for a large number of samples 
obtained from the simulation. The null and the 
alternative hypothesis are determined based on 
the reference values. An independent two-sample 
hypothesis test is used for the statistics of mean 
of the NLS key event time points. A large 
sample size and variance values that can be 
estimated from samples, both for the reference 
value and the simulation outcome, are the 
reasons why this method is applied 
(Montgomery and Runger 2010). Student’s t-
distribution underlies this two-sample hypothesis 
test procedure. All the hypothesis tests use a 5% 
significance level.  

Based on these statistical tests, the outcomes 
of the simulation are considered comparable to 
the reference. Table 4 shows some of the results. 
The first two indicators are the proportions, 
while the remaining two relate to the time points 
of some NLS key events. 

Nine scenarios of variations regarding the 
maximum number of repetitions of some 
respiratory supports are developed to observe how 
they affect the proportion of babies with an 
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unsatisfactory condition at the end of the procedure. 
These scenarios represent possible variations in the 
standard procedure of a clinical task. There are 
three kinds of respiratory support observed. Each 
respiratory procedure has three levels of maximum 
number of trials of actions that clinical staff can 
pursue before opting for another clinical action. 
Table 5 shows the scenarios.  

Table 4. Validation Result 

No Indicator Reference Model 

1 
Proportion of 
babies who need 
full resuscitation 

< 0.33% 0.23% 

2 

Proportion of 
babies who achieve 
stabilization by 
standard procedure 

> 86.6% 98.37% 

Time point (mean, std. deviation) --second 

3 Chest movement is 
achieved  90, 54.17 96.64, 

45.01 

4 Central venous 
access is secured 

630, 
461.34 

510.96, 
181.38 

Table 5. Scenarios of Variation 

No Parameter Level 

1 
Max number of adjusted inflation 
procedure 1, 2, 4 

2 
Max number of advanced 
ventilation procedure 1, 2, 4 

3 
Max number of standard 
ventilation procedure 2, 4, 6 

 
An example of the first scenario in Table 5 

provides 3 alternative maximum number of 
repetitions that clinical staff can pursue for a single 
episode of adjusted inflation. For instance, the 
moderate level of 2 repetitions means that the staff 
may try to give one more inflation if the first 
adjusted inflation trial cannot induce a good 
response from a baby. In case the baby still doesn’t 
respond to the second action, the adjusted inflation 
will be terminated, and other actions will be 
considered. 

The simulation model for each scenario is run 
200,000 times and the results can be depicted in Fig 
2. The LOW and the HIGH horizontal axis label in 
Fig 2 refer to the lowest and the highest value of 
the level used for each parameter in Table 5. 

Based on Fig 2, the proportion of babies with 
unsatisfactory condition at the end of the procedure 

slightly decreases as a higher maximum number of 
trials of standard ventilations is applied, while it is 
the opposite for the effect of the advanced 
ventilation. Meanwhile, there is no effect of 
variations that can be observed from the adjusted 
inflation through the three scenarios.  

 

 
Fig 2. Variations in the NLS Performance 

 
Based on these results, a higher maximum trial 

of standard ventilations is worth a further study. 
This respiratory support is given to a baby when 
breathing activities can be initiated or recovered. It 
enhances and maintains breathing activities that 
have already been established. The application of 
standard ventilations can also be found in a baby 
who is already able to initiate a good response after 
going through a series of advanced treatments. The 
aim of the procedure is similar, i.e., it is used to 
enhance the good response of the baby. Therefore, 
intensive attempts of standard ventilations are 
important to be pursued right after the baby has 
shown a good response so that it can increase the 
ability of baby’s recovery. As the proportion of 
babies with an unsatisfactory condition decreases, it 
brings the NLS procedure to achieve a higher 
reliability performance.  

On the contrary, modeling results show that the 
maximum number of advanced ventilations should 
be kept to a minimum. This procedure is 
commonly performed to trigger a state change of 
health indicators of a baby. While after an 
improvement can be observed, the setting of 
ventilations returns to the standard ones. Efforts 
during advanced ventilations may include oxygen 
concentration and pressure adjustment. This 
procedure may be riskier but is not necessarily 
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effective. Therefore, the clinical staff will always 
consider several alternatives of actions and their 
combinations for the baby to obtain an improved 
response. By keeping the advanced ventilation 
trials to the minimum number, other more 
promising actions (i.e., have a higher probability of 
success) to recover the baby’s condition can be 
applied earlier before the time limit of considering 
terminating the resuscitation is achieved. Instead of 
wasting the time by repeating the same advanced 
procedure which happens to give no improvement 
to the baby’s condition, the clinical staff can make 
the best of the resuscitation time by trying 
alternative effective actions.  

5. Conclusion and Future Works 
In this research, the CPN and the simulation 

approach has been proposed and it has been 
demonstrated to be able to model variations in the 
NLS procedure. The method shows its ability to 
help to study a complex clinical procedure. All the 
task duration parameters in the model are estimated 
from the most recent in-field data the researchers 
can access, while other parameters are derived from 
literatures by considering the similarity of the 
procedure with the one modelled in this paper.  
Different parameter values from sources not 
covered in this paper are expected to affect the 
exact numerical outcomes of the model. Yet, the 
general conclusion is expected to be similar. 
Further sensitivity analysis is useful in the future to 
gain a deeper understanding on how far the 
outcomes of the model will be affected. 

The experiment performed using the model is 
essentially useful to enrich the understanding about 
the NLS procedure by clarifying effects of 
variations in this protocol. This can be beneficial 
for predicting the outcome of variations which 
cannot be directly observed in the real-life 
situation. In discussions with medical experts, the 
proposed approach might be able to suggest 
improvements in the outcomes of the NLS 
procedure. 

Future work will focus on observing and 
modeling effects of other possible parameters and 
common variations in the NLS procedure, 
considering other relevant performance indicators, 
as well as other causal factors of variations in the 
procedure, such as differences in the clinical staff 
skill level and resource availability. As a team-
oriented procedure, both the aspect of individual 
and collective works will be influential for the NLS 

outcomes. Incorporating the aspect of 
communication quality and leadership of the NLS 
teamwork in the workflow model is a possible and 
challenging future direction.  
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