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ABSTRACT

The aim of this research is to propose a
multidisciplinary and integrated solution for healthcare
system analysis. The specific goal of the simulation
model is the development of an analytical algorithm to
support healthcare rescuers to define how to make
optimal choices in the face of risk (or uncertainty). The
methodological approach integrates three aspects: 1)
triage algorithm, to assess patients’ condition 2) multi-
criteria analysis, to define a ranking of hospitals and 3)
emergency simulation. Medical staff, through the
mathematical application of the triage algorithm,
assesses patients’ condition by assigning them a
severity code. Then, through a multi-criteria approach a
ranking of hospitals is defined. Thus, the decision
maker can easily find the most suitable hospital where
transfer patient. Finally, the model is simulated through
Flexsim Software®. The research tries to overcome the
qualitative evaluation that characterize the traditional
healthcare models. The model is implemented in a real
case study concerning an emergency scenario in a
petrochemical plant.

Keywords: Emergency management, Emergency
simulation, triage, decision making

1. INTRODUCTION

In recent years the focus about operators’ health and
safety is growing. With technological innovation,
industrial plants have become increasingly complex and
the accident management inside them is always more
difficult. The literature analysis shows that publications
on issues of emergency management during an
industrial disaster are growing (De Felice et al., 201 a).
Emergency management is a very complex process,
which involve many different actors (Bruzzone et al.,
2015). One of the main aspects of emergency
management is the healthcare process (Christian et al.,
2006). During a disaster it is necessary to develop a

healthcare plan to protect operators’ safety. Healthcare
process during an emergency is based on two
fundamental aspects: 1) patients’ severity evaluation
and 2) choice of hospital where patients have to be
cured. These two activities require the human decisions.
Unfortunately, during emergencies, the human
reliability decreases, because it increases the human
error probability (De Felice et al.,, 2016 b). It is
necessary to develop an analytical and objective model
to help the decision maker during emergency conditions
and to reduce human errors. Literature review highlights
that the most healthcare emergency models are strongly
related to subjective decisions of operator (Considine et
al., 2007). The goal of the present research is to develop
a healthcare integrated model to manage emergency
conditions. The research integrates different traditional
systems to develop an analytical — mathematical model
for healthcare emergency management. In detail, the
paper presents a new emergency triage model, which
allows to identify and assess patients’ conditions in a
few minutes, using a mathematical algorithm. In
addition the research proposes a multi-criteria approach,
based on Analytic Hierarchy Process (AHP), developed
by Saaty (1977), to define a ranking of hospitals in
which to lead patients. The proposed model is
implemented in a real case study to test healthcare
management during an emergency condition. Finally, it
is worthy to note that the model is simulated through
Flexsim 2017 software. Outcomes drive the actions of
medical staff to provide the best care for a patient. The
present research overcomes literature limitations about
the traditional models of healthcare management,
defining a new mathematical tool for emergency
healthcare analysis and simulation. The rest of the paper
is organized as follows. Section 2 presents a literature
review on triage emergency model. Section 3 describes
the proposed methodological approach. Section 4
describes the emergency scenario under study. Finally,
in section 5, conclusions are analyzed.
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2. LITERATURE REVIEW

Literature on triage models is very rich, because aspects
of human healthcare have a key role during an
emergency management. Following, some of best
known triage models are presented. Canadian triage and
acuity scale (CTAS) is a triage model developed in the
1990 in Canada (Warren et al., 2008). CTAS uses a list
of clinical symptoms to assess the triage level (Murray,
2003). It defines a scale with five levels:

e Resuscitation: patient has a heart attack and he
risks his life;

Emergent: patient is seriously injured;

Urgent: patient’s condition may worsen;

Less urgent: patient has no serious injuries;
Non urgent: patient’s condition is not
pejorative.

Australasian triage scale (ATS) is a triage model
developed in the 1994 in Australia. All patients should
be assessed by a doctor who analyzes patient’s
conditions (Considine et al., 2004). ATS model
provides five levels of severity (Table 1).

Table 1: ATS levels
ATS Triage Scale

Category | Category description
Immediately life-threatening
Imminently life-threatening
Potentially life-threatening

Potentially serious or urgency situation

Less urgent

Manchester triage system (MTS) was developed in
Great Britain. It has a five level scale (Roukema et al.,
2006). MTS uses 52 diagrams which represent patient’s
symptoms. Diagrams allow to evaluate patient’s
conditions. When a patient shows symptoms, the doctor
examines his situation and he determines the treatment
priority according to the triage scale (Grouse et al.,
2009). Emergency severity index (ESI) is a triage
algorithm developed in the USA in the late 1990 (Eitel
et al., 2003). Triage levels depend on the patient’s
severity and necessary resources. ESI model is based on
four points decision. They reduced to four key
questions:

1. Does this patient require immediate life-saving
intervention?

2. Is this a patient who shouldn't wait?

3. How many resources will this patient need?

4. What are the patient's vital signs?

The answer to these questions defines five levels of
triage model assessment (Platts Mills et al., 2010).

Simple triage and rapid treatment (START) system is a
triage model developed in 1980 in California (Benson et

al., 1986). It allows to quickly assess the victims in 15
seconds. After the first evaluation, wounded are visited
depth. The model defines four different triage levels
(Kahn et al., 2009) (Table 2).

Table 2: START triage scale
START Triage Scale

Category | Description

Decesead

Providing immediate care

Provide treatment within few hours

Low gravity

There are national triage models, but also models
developed by international organizations such as
NATO. Table 3 shows NATO guidelines triage scale
(McGrath et al., 2003).

Table 3: NATO triage scale
NATO triage scale

Category | Description

Imminent death

Serious injury

Potentially serious injury

Minor injury

Traditional triage models are very qualitative and they
do not use mathematical models and numerical
algorithms (Robertson, 2006). Patient’s analysis is
determined by subjective assessment of medical
experts. In the literature, there are several mathematical
models related to health emergency management. Most
of these models are related to patient flow analysis in
emergency departments. But literature is lacking in
mathematical models of triage evaluation. Coats and
Michalis (2001), propose a mathematical modeling of
patient flow trough an accident and emergency
department. The model constructed was not an accurate
representation of patient flow because of the large
number of assumptions that had to be made in the
preliminary model. De Bruin et al. (2007) investigate
the bottlenecks in the emergency care chain of cardiac
in-patient flow. The primary goal is to determine the
optimal bed allocation over the care chain given a
maximum number of refused admissions. Another
objective is to provide deeper insight in the relation
between natural variation in arrivals and length of stay
and occupancy rates. Costa et al. (2003), propose a
mathematical modelling and simulation for planning
critical care capacity. The combination of appropriately
analysing raw data and detailed mathematical modelling
provides a much better method for estimating numbers
of required beds.
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The developed model allows to define an iterative triage
algorithm to assess patient’s condition. Also, through a
score model it can identify the optimal hospital where
cure the patient. AHP has been used in several
healthcare studies (Liberatore et al., 2008). For
example, Dolan et al., (1993) used AHP to verify the
conditions of use of endoscopy. A group of experts
formed by 25 patients and 20 doctors, analyzed a five-
criteria: cause of bleeding, test complication, cost,
length of stay and bleeding. Castro et al., (1996) used
AHP to analyze upper abdominal pain. The considered
criteria were: cost, discomfort, risk and diagnostic
ability. Saaty and Vargas (1998) defined an AHP model
to show how can incorporate expert judgment for
medical diagnosis. Bahill et al., (1995) used AHP model
to define a decision support system to help speech
clinicians diagnose children who have begun to stutter.

3. METHODOLOGICAL APPROACH

The proposed healthcare model defines a numerical
indicator to assess patient’s condition and the best
hospital where conduct them. The methodological
approach is divided into three different steps as depicted
in Figure 1:

e Phase#l: Hybrid triage algorithm for the
evaluation of patients;

e Phase#2: Evaluation of hospitals near the
accident site, to establish a hospital ranking;

e Phase#3: Emergency simulation.

In the following sections a description of each phase is
provided.

3.1. Phase# 1: Triage hybrid algorithm

Triage hybrid model identifies four levels of
emergency. The basic structure of the model is acquired
by the START model and the ESI model. But in
contrast with these traditional models, triage algorithm
combines numerical coefficient to define the patient’s
level of severity.

Patient’s assessment is developed by the health team.
Table 4 summarizes triage scale of hybrid algorithm. It
describes:

o Level;
e Name
e Time;
e Symptoms.
Table 4: Hybrid triage algorithm scale
Hybrid triage scale
Level Name t (min) Condition
Decesead - Not survive
Immediate 10 Very serious
Delayed 45 Medium serious
Minor 120 Less serious

For the evaluation of patients the new model involves
the use of a quantitative table (Table 5). For each

PHASE# 1 symptom is defined a weight (weights are obtained
from the literature analysis). In addition, medical staff
Patient has NO visiting the patient defines a value of severity for each
vital signs? Deceased symptom. It calculates the index of each symptom with
the following formula:
s Index = Severity x Weight (1)
0<5 Index < 45 Finally the sum of indices defines a total index, which
3. Index =L Index Tero represents the patient's condition.
evaluation v
5 Index <30 21 < Yindex < 63 2
S —— Minor
If a vital function (heart beat, breathing, injury) is
absent, patient is evaluated “deceased”
@ else if:
‘ PHASE# 2
index >45 3
= 2 ®
Ratig \—‘M patient is evaluated “immediate”;
else if:
@ ‘ PHASE# 3 30 < Yindex < 45 4)
Simulation Flexsim 2017 patient is evaluated “delayed”;
else if:
Figure 1: Methodological approach flowchart
Yindex < 30 (5)
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patient is evaluated “minor”.

Table 5: Index triage

e Pairwise comparison and relative weight
estimation;
e  Priority weight vector calculation.

The AHP model defines weights of criteria. After
weights ranking, it is possible to assess the evaluation
of hospitals (Table 6). The evaluation depends on the
hospital conditions. If hospital conditions are good, then
the valuation values are high, otherwise they are low.

Table 6: Hospital ranking

Hospital ranking

Evaluation (E)

Hospital Weight ; . .
p criteria | Hospital | Hospital | Hospital

Criteria
(W) 1 2 n

0.30

0.27

0.24

Index Triage
Factors Severity Weight Index
112]|3|Absent |05(15]5
Level_ of x
consciousness
Heart beat X
Breathing X
Mobility X
Panic X
Injury X
Circulation X
Ventilation X
Age X
TOT

S|lwiN|F

0.19

3.2. Phase# 2: Ranking of hospitals

The model allows to evaluate hospitals to establish an
evaluation ranking. The model evaluates hospital
conditions trough different criteria. For each criterion,
weights and evaluation are defined (Figure 2).

Hospital 1 Hospital 2 Hospital n

Criteria
m

Iﬁj{il H Weights (W) ‘ Evaluation (E) }<; c?;;ﬁiit(;lls
W)= ®)

Criteria 1 Criteria 2 Criteria 3 Criteria 4

Hospital
Ranking

Figure 2: Rating hospitals flowchart

Weights of criteria are identified through AHP.
Traditional AHP model is developed through tree level
hierarchy. The top level is the main goal of a decision
problem, the lower level is the criteria and finally there
are alternatives.

In this case, the model only provides for two levels:
goal and criteria, which allow to define a criteria
ranking. The model is divided into three steps:

e Hierarchy construction;

For each hospital is calculated the efficiency index
(Eindex):

Eindex = Weight x Evaluation (6)

and finally, for each hospital is calculated the overall
efficiency index (TOTEindex):

TOTEindex =Y, Eindex(criterion) (7

Hospitals are classified considering the total efficiency
index.

3.3. Phase# 3: Simulation

The last step of the model represents the simulation of a
healthcare emergency condition in a software
environment. Simulation is one of the most used tools
for process optimization, because it allows to represent
real systems with computer. The importance of
simulation is growing in recent years, since it is one of
the fundamental pillars of the industry 4.0 revolution.
The simulator used in the research is “Flexsim 2017”. It
allows to observe the various steps of the emergency
management and to analyze interactive dashboard for
the evaluation of healthcare performance. Flexsim was
chosen because it is a dynamic simulation system that
allows to manage deterministic variables, but also
probabilistic values, represented through probability
distributions. In particular, the speed of ambulances
may vary according to traffic conditions, and also the
patient's evaluation time may be variable. A probability
distribution is used to define these factors in the
simulative environment. Figure 3 shows the working
simulation software environment.

The simulator was born to model industrial system, but
through various customizations it was possible to use it
to healthcare simulations.
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Figure 3: Flexsim working environment

4. EXPERIMENTAL DESIGN: A CASE STUDY
The proposed case study provides a description of an
emergency situation in a petrochemical industry. The
incident event is the loss of hydrogen sulphide from a
tank for the refining used oils. The cause of the accident
is a failure of the pumping system that has caused a leak
in the fuel tanks. Maintenance workers did not notice
the problem that was degenerated causing an emergency
condition. After, the alarm is triggered, all employees
leave the plant using the emergency exit, and they go to
the safe point. The safety manager notes that there are
three wounded. The internal emergency team gives
them the first care, meanwhile the safety manager calls
external  healthcare to assess the  possible
hospitalization. The aim of the model is to evaluate the
condition of the injured and to choose the best hospital
in which hospitalize them. The case study simulates an
emergency management in a dynamic simulation
environment using a probabilistic approach to define
different variables.

4.1. Phase# 1: Triage hybrid algorithm

Three workers were injured during the incident. Neither
of them has absent vital signs, then for all operators is
necessary to evaluate triage index. Table 7 shows a
triage index chart for operator 1.

Table 7: Triage index (Operator 1)

The assessment injured’ condition is performed only by
authorized medical personnel. The same analysis is
repeated for all the operators with the following results:

e Triage index (operator 1) = 45.5
e Triage index (operator 2) = 47
e Triage index (operator 3) = 35

Table 8 shows the triage assessment for three operators.

Table 8: Triage assessment

Triage assessment

Operator Level Triage index | t(min)
1 455 10
2 47 10
3 Delayed 35 45

4.2. Phase# 2: Rating hospitals
The case study identifies four hospitals near the
accident site. The considered criteria are:

e Hospital departments;

e Distance from accident site;

e Number of roads between hospital and
accident site;

e Beds vacancies;

e Number of ambulances.

A group of four experts on health and logistic defines
criteria preferences using Saaty semantic scale. Figure 4
shows an example of pairwise comparison matrix in a
“Superdecision” software. The judgments of experts are
significant because CI = 0.03 < 0.1. Superdecisions
software returns a ranking between different criteria
which are used as weights for the next score analysis.
beds = 13% , departments = 35%, distance = 32%, road
= 13% and transport = 7%. It is necessary to know the
conditions of individual hospitals (Table 9) to identify
evaluation index (E) for each criterion and hospital.

Triage index (Operator 1) Table 9: Hospital conditions
Severity Weight d Hospital conditions
Factors Index - - - -

11213 Absent |05 115 |5 Criteria Hoslpltal Hoszpltal HosSpltaI Hos‘fltal
Level of X x 3
consciousness Number  of 6 5 5 5
Heart beat X x| 10 departments

Distance

Breathing X x| 15 (km) 3.4 5.5 6 4.5
Mobility X X 0.5 Roads 3 4 5 5
Panic X X 0.5 Beds 370 165 221 234
Injury X X 10 Transport 2 1 2 3
Circulation X X 45 o .

— The evaluation index is a number between 0 and 100
Ventilation X X 15 and it is evaluated by considering the information on
Age X X 05 individual hospitals.

455
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1. Choose 2. Node comparisons with respect to 1
Node | Cluster Graphical | Verbal | Matrix Questionnaire | Direct

Choose Node «|»
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Cluster: goal

Choose Cluster 4[>
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Restore

Comparisons wrt "1" node in "criteria” cluster
road is moderately more important than trasnport
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7. departments >=B.5|B|B|T|S||75 4|3|Z| |2|3|4|5|S|T|3|‘3|>=B.5|Nnmp.|trasnpnrt
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-] 3. Results

MNormal —1 Hybrid —l|

Inconsistency: 0.03081

beds 013259
departmen-| 0.34781
distance 0.32283
road 0.13259
trasnport 006418

ﬂ - Comple_tad
‘ Comparison *

Copy te clipboard |

The evaluation values of table 10 have been developed
considering descriptive factors listed in Table 9. For

Figure 4: Pairwise comparison — superdecisions software

example, considering the number of departments, petrochemical

hospital 1 is the most equipped. So the presented
methodology assigns to hospital 1 a value of 90. Other
hospitals have all 5 departments, so the methodology
associates an evaluation value of 72, slightly lower than
hospital 1. Table 10 shows weight and evaluation for
each criterion and each hospital. Finally, Table 11
shows efficiency index (WxE) and total efficiency
index for each hospital. It shows a hospital ranking.
Hospital 1 has achieved the highest score and it is the
preferred, followed from hospital 4.

Table 10: Weights (W) and Evaluation (E)

Weights and evaluation

4.3. Phase# 3: Simulation
The case study hypothesized an accident in
company, that involved different
operators. 3 workers are injured and they have been
classified using a hybrid triage algorithm (Table 8). A
hospital ranking has been defined in Table 11. All
wounded should be transported to the hospital 1,
because it has the best score. But according data on
Table 9, hospital 1 has only two ambulances. So the two
“red” wounded are admitted to hospital 1, while
“yellow” injured is admitted to hospital 4, which is the
second preferred hospital (Table 12). The case study
was simulated with “Flexsim 2017” (Figure 5).

Table 12: Strategic emergency plan

i i Operator
Criteria W(\%/I\;Jht Evaluation (E) :
W) | H1 | H2 | H3 | H4
Departments 35 90 | 72 | 72 | 72 2

Distance (km)

32 90 | 80 | 75 | 85

Delayed

Strategic emergency plan
Level Recovery
Hospital 1
Hospital 1
Hospital 4

a

The simulation shows that 2 ambulances depart from
hospital 1 and they will transport “red”operators and 1
ambulance departs from hospital 4 and it will transport
“yellow” operator. For model construction it was
necessary to reconfigure industrial objects in healthcare
objects. For example, the internal industrial handling
system is converted into ambulances. Simulation allows

W x E to manage the triage process, identifying each patient

Roads 13 45 |1 68 | 90 | 90
Beds 13 90 | 40 | 54 | 57
Transport 7 90 | 30 | 60 | 90
Table 11: Efficiency index
Efficiency index
Criteria
H1 | H2 H3 H4
Departments 3150 | 2520 | 2520 | 2520

Distance (km)

2880 | 2560 | 2400 | 2720

Secondary road

585 | 884 | 1170 | 1170

Beds

1170 | 520 | 702 | 741

Transport

630 | 210 | 420 | 630

8415 | 6694 | 7212 | 7781

different  speeds
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with a shirt of a different colour related to his triage
level. Also simulation manages the logistic process by
analyzing the total time necessary for emergency
management. Simulation assumptions are:

e ambulance speed: triangular distribution (50,
70, 80,0) km/h. Probability distribution allows
to evaluate the different traffic conditions and
therefore
ambulance;

the
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e patient load time: triangular distribution
(3,5,7,0) min. Probability distribution allows to
evaluate the different assessment conditions.

Hospital 1

Italian Red Cross defines costs of emergency
management. For each ambulance fixed costs are 30 € /
journey while variable costs are 0.91 € / minute.

Figure 5: Simulation

These parameters are included in the simulation. Figure
6 shows a typical dashboard of KPIs obtained by
Flexsim simulation.

"1 Dashboard M

. State Pie
| travel empty W travel lbaded Mloading
Ambulance 1 Ambulance 2 Ambulance 3
50 %
Financial Analysis
Totals €119.41
Fixed € 90.00
Time € 2041
Km traveled
Ambulance 3
Ambulance 2
Ambulance 1

Figure 6: Simulation dashboard

In the first simulation all injured were hospitalized
within 13 minutes. The dashboard shows the number of
kilometers travelled by 3 ambulances and the
percentages of time divided by empty travel, load travel
and patients loading time. The highest percentage of
time is relative to the patient load. Finally, the
simulation also assessed the economic aspect of
emergency management. In the first analysis the total
cost of healthcare emergency management was 119.41
€. The analysis does not consider the hospital costs.
Ambulance speeds and patient evaluation/loading times
are variable, because they are represented by probability
distributions. For this reason, 25 simulations were
performed to identify the output values variability
related to: total emergency management costs (Figure 7)
and emergency completion time (Figure 8). The average
total cost of emergency management is 120.37 minutes,
while the standard deviation is 1.69 minutes. The
average time of emergency management is 13.70
minutes, while the standard deviation is 0.74 minutes.

Total costs of emergency management

124
123 *—» o . »
. 122 * *
_3 121 e
£ 120 * 4 *
HD & L » L4 * *
119 ¢ ¢
. *
118 + .
117
0 5 10 15 20 25
Number of simulation

Figure 7:Distribution of costs resultant of 25 simulation
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Time of emergency management

0 5 10 15 20 25
Number of simulation
Figure 8: Distribution of time resultant of 25 simulation

5. CONCLUSION

Safety is the most important element in the business
management. In particular, during the emergency
condition, people are subject to high risks. It is
necessary to manage healthcare process, to avoid tragic
and deadly consequences. Unfortunately, during
emergency situations, the decision maker is subject to a
lot of stress, so it could make bad choices. It is
necessary to develop a decision support system that
helps decision-maker in the healthcare process during
an emergency condition. Traditional healthcare models
are subjective and do not work with mathematical
algorithms. Traditional health management models, that
use mathematical approaches, analyze only patient
flows, while there are not many TRIAGE mathematical
models for patient evaluation in the literature.

The research has developed an analytical-mathematical
model which has two objectives:

e develop a hybrid triage algorithm for patient
evaluation;

e define a multicriteria mathematical tool to
identify a ranking between the nearest
hospitals to the accident site.

The two models return numeric values and help the
decision maker to make the right decision. The model
has been implemented in a real scenario: an accident in
petrochemical company in which three workers had
been injured. Finally the accident was simulated in a
virtual environment with the help of Flexsim 2017
software to identify key performance indicators to
manage the healthcare emergency process. The
simulation model introduces stochastic variables, so 25
simulations were performed to analyze the variability of
two outputs: the emergency management time and the
total cost of emergency management.The dashboard
obtained with simulation is critical because it allows to
evaluate improvements in the healthcare management
process through simulation tools. The emergency
simulation allows to identify the criticality of the
process and make the necessary optimizations.

An interesting future research development is the
analysis of the performance variability of emergency
processes through new representation models such as

the “functional resonance analysis method” (FRAM).
The goal is to evaluate how a wrong upstream choice
can negatively/positively affect other downstream
choices.
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