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Abstract

Introduction

Bogotá has public and private emergency medical services that respond to health incidents. 
However, its sufficiency in terms of quantity, type, and location of demanded resources is 
unknown.

Objectives

Using data from the emergency medical services of Bogotá, Colombia, we sought to char-
acterize the pre- hospital response to cardiac arrest and determine the model with the least 
number of resources needed to respond within eight minutes, considering their location, 
frequency, and type.

Methods

A database of incidents reported in administrative records of the district health authority 
of Bogotá (from 2014 to 2017) was obtained. Built on this information, a hybrid model 
based on discrete event simulation and genetic algorithms was designed to establish the 
amount, type, and geographical location of resources, according to frequencies and type of 
events.

Results

Bogotá had 938 671 ambulance dispatches in the studied period. Of these, 47.4% were 
high priority, 18.9% medium priority, 33.74% low priority, and 92% corresponded to 15 of 
the 43 medical emergency codes. Response times were longer than expected, especially for 
out- of- hospital cardiac arrest (median 19 minutes). In the proposed model, the best scenar-
io required at least 281 medical and basic ambulances in a 3:1 ratio to respond in adequate 
time.

Conclusions

The results suggest the need to increase the resources of the emergency medical services to 
bring response time closer to the needs of our population.
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IntRoductIon
Changes in the population pyramid – characterized by a higher 
percentage of  adults and associated comorbidities, among 
other factors – have changed population needs from emergency 
medical services [1]. Polytrauma and out- of- hospital cardiac 
arrest have a high morbimortality, cost, and prevalence and 
have become tracer entities or performance indicators of  emer-
gency medical services worldwide [2,3]. With a defibrillator and 
cardiopulmonary resuscitation, response intervals of  less than 
five minutes in these scenarios can avoid one death for every 
eight cases attended on time (NNT = 8) [2].

Emergency response time has become the leading performance 
indicator of  emergency medical services. It is defined as the 
time between incident notification and ambulance arrival at the 
incident site. The National Fire Protection Association (NFPA), 
through the Emergency Medical Operations Standard (NFPA 
1710) and the Response Time Criteria Standard (NFPA 1720), 
as well as several studies, have proposed eight minutes or less as 
the ideal emergency response time [3,4].

The actual response time is varied worldwide and is related to 
the different characteristics of  emergency medical service, 
ranging from 4 to 28 minutes. Some places in Asia, Latin 
America, and Africa have a response time higher than eight 
minutes. Cities such as Belo Horizonte (21 minutes), Athens 
(29 minutes), Sao Paulo (27 minutes), Baltimore (25 minutes), 
Chicago (10 minutes), Seattle (6 minutes), Melbourne (8 min-
utes), and Amsterdam (15 minutes) stand out [1,5].

Bogotá (the capital of  Colombia) has an estimated population 
of  7 333 415 inhabitants, and the emergency medical services 
include public and private ambulances. The public ambulance 
system operates through the Single Security and Emergency 
Number (NUSE123) using the 123 emergency line. It trans-
fers calls to the operational center of  the Directorate of  
Urgencies and Emergencies in Health (DUES) with a code 
that typifies the incident and pre- establishes the code in three 
priority levels (high, medium, or low). Of  the 96 pre- hospital 
typing codes of  the Single Security and Emergency Number 
(for October 2017), 43 correspond to health incidents typed 
when a call is received to the emergency medical services, 
referring it to the Directorate of  Urgencies and Emergencies 
in Health. According to the health incident and patient’s 

assessment, the needed resources are assigned and 
dispatched.

Today, the response times to polytrauma and out- of- hospital 
cardiac arrest of  the emergency medical services in Bogotá and 
the number of  ambulances needed to respond in the expected 
time is unknown. For this reason, it is essential to estimate the 
resources needed to respond within the emergency medical ser-
vices and help generate optimal performance. This perfor-
mance is ideally achieved if  each patient is attended by 
ambulances from the nearest station. However, in real situa-
tions, the demand fluctuates over time and space.

Discrete event simulation (DES) models are a form of  
computer- based modeling methodology that intuitively and 
flexibly simulate dynamic behaviors of  complex systems and 
interactions between individuals, populations, and their envi-
ronments [6]. These simulations provide objective information 
about systems and policies, generating possible models that 
mimic reality [1].

This study aimed to characterize the response of  the public 
ambulance system – mainly polytrauma and out- of- hospital car-
diac arrest – and determine the number of  basic and medical 
ambulances needed by the emergency medical services to 
respond on time. The research question was: What is the num-
ber of  resources needed by the emergency medical services of  
Bogotá to respond to emergencies on time (within eight min-
utes), considering the location, number, and type of  resources? 
In all, this project seeks to establish the necessary resources to 
respond to emergencies on time, optimize emergency medical 
services, and reduce pre- hospital response times.

Methods
A computer- based simulation was carried out using all health 
incident reports from the public emergency medical services. 
The information was obtained from the current incident typing 
guide and the databases between 2014 to 2017 of  the Integrated 
Security and Emergency Systems of  Bogotá, dispatching at 
least one resource defined as a medical or basic ambulance. The 
program used for discrete event simulation and genetic algo-
rithms was Python version 3.7. According to the Unique 
Security and Emergency Number (Annex 1), pre- hospital 

MaIn Messages

 ♦ Pre- hospital response times for out- of- hospital cardiac arrest in Bogotá were longer than internationally recommended.
 ♦ Discrete event simulation and genetic algorithms are tools used to optimize resources and improve the performance of  

emergency medical services.
 ♦ The analyzed information only considered public ambulance dispatches from the emergency medical system.
 ♦ It is necessary to include combined response times in future studies.
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response times were analyzed from the beginning of  care to the 
arrival at the incident site.

The measured variables were: type of  ambulance, number of  
available ambulances, date and time of  call entry to the 
Emergency and Security Single Number, response time, travel 
time to the scene, pre- hospital care time (including care from 
the beginning until the end of  care), time spent at the scene, 
travel time, and time spent at the hospital.

Due to the geographic extension of  Bogotá and the dispersion 
of  emergency incidents, there is no specific pattern through 
which inferences of  the spatiotemporal dynamics of  emer-
gency events can be constructed. Therefore, we used a spatial 
dissection based on polygons called zonal planning units to 
build a robust basis to capture the dynamics and incidence of  
events in the different areas of  the city. This tool is an adminis-
trative division used by the district to develop public interven-
tion measures and strategies. The response times of  the tracer 
indicators were described and analyzed according to the pre- 
hospital code. The basic unit of  geographic analysis was the 
zonal planning unit.

Based on the statistics collected in each zonal planning unit, an 
exploratory analysis of  the actual data was performed. From 
this behavior, the generation of  random events was proposed, 
through which all emergencies in the district could be gener-
ated, preserving the behavior patterns presented in the real 
data. Therefore, a model with multiple pseudo- random scenar-
ios was generated, considering spatiotemporal factors such as 
averages of  incidents for each year and time of  day. Likewise, 
relative frequencies were calculated by the hour, type of  inci-
dent, and priority to reproduce these calculations from the 
emergency medical services in each zone. These frequencies 
help us simulate separate and discrete events or activities occur-
ring at a moment in time (often subject to specific probability 
values), altering the system’s state. Notably, this technique is 
used to allocate ambulances and simulate emergency incidents 
to reduce response times of  the emergency medical services 
from the definition of  an optimal geographical location of  
ambulances [7,8], or redesign of  the emergency medical system 
of  the city from the results obtained by the simulation [9].

In addition to the above, it was necessary to establish a system 
that prioritizes care according to the urgency that emergency 
medical services should respond to each situation. This involved 
assigning the best- equipped ambulances to the most severe and 
complex incidents and basic units to attend minor incidents. 
Since this was a simulation of  a real system, it was necessary to 
consider essential elements regarding the allocation of  
resources. In other words, if  there was an incident with a higher 
degree of  severity, and there were no ambulances available with 
the best equipment, the simulation model assigned the follow-
ing available resource with the best capacity to attend care. 
Otherwise, it searched successively until the inventory of  med-
ical units was exhausted.

When an ambulance is designated, the simulation establishes an 
average care time (data taken from spatial- temporal analysis of  

incidents by zonal planning unit), where a unit can not be reas-
signed until the cycle of  activities related to its previous assign-
ment is complete. As a high number of  incidents were 
generated, it was necessary to establish a central control strat-
egy that adequately managed the assignment of  ambulances. 
Therefore, events were stacked to assign ambulances according 
to the priority of  attention they required. As the ambulances 
were vacated, they were immediately directed to needed areas.

The queuing theory principles [10–12] were used, including the 
FIFO (First In, First Out) principle, where the first emergency 
incident generated was the first to be attended by available 
ambulances. The queuing theory and its stacking process infer 
from the average stacking time per incident and the standard 
care time [10,11] and estimate the number of  missing units to 
meet the quality of  care. The queuing theory application in this 
simulation model allowed us to establish the proportions of  
ambulances (basic and medical), minimize the average number 
of  stacked incidents, and reduce the average care time accord-
ing to the standards of  the emergency medical services [12].

The allocation of  ambulances in the simulation was performed 
according to the priority of  the incidents. The medical ambu-
lances were assigned to high priority incidents, basic ambu-
lances for medium priority, and no resource for low priority 
incidents. If  there was no resource available to meet the priority 
of  the incident, another type of  ambulance was sent if  avail-
able. From the arrival at the scene, the ambulance had the 
remaining time to close the incident (i.e., having the resource 
available again) from the average time of  the Directorate of  
Urgent and Emergency Health Care records. Transfers to hos-
pital facilities were not simulated but were included to complete 
each incident.

The travel time was calculated considering the distance between 
the ambulance and the incident, according to the average speed 
established by the District Mobility department (27 kilometers 
per hour) of  Bogotá. Breakdowns, abnormal events, shift 
changes, lunch hours, or maintenance of  the resources are not 
considered. The discrete event simulation was run for the week 
with the highest volume of  incidents. For each time unit in the 
simulation, the status of  the incident, occurrence of  new inci-
dents, assignment to the queue, time of  assignment and arrival, 
and the calculation of  the completion time was verified. When 
the event was terminated, the status of  the resource was 
changed to available for a new assignment.

In addition to the discrete event simulation model, an optimiza-
tion process controlled by genetic algorithms [13] was used to 
validate the suitability of  the simulated scenarios resulting from 
the discrete event simulation. This validation process involves 
applying the crossover operator in a paired manner to 20 simu-
lated replicates or scenarios generated by the discrete event sim-
ulation. From each pairing, a scenario is obtained that mixes the 
best values for arrival time, assignment effectiveness, number 
of  unattended events, and average number of  incidents 
attended per ambulance – where the best values are those with 
the highest similarity and most negligible dispersion with the 

https://doi.org/10.5867/medwave.2022.03.002100


Pg. 4 / 1010.5867/medwave.2022.03.002100 Medwave 2022;22(03):002100

 � ReseaRch

real data. Therefore, the algorithm selected the scenario with 
the best parameters and repeated this process until all combina-
tions were completed and until the most suitable scenario was 
obtained, comparing 2000 scenarios with different combina-
tions or configurations [14]. The configuration that best fitted 
the weighted criteria of  the entire simulation was selected as the 
optimal solution to the problem.

This project received no external funding. Considering the 
nature of  the research, only the approval of  the research com-
mittee of  the Secretaría Distrital de Salud in Bogotá was 
necessary.

Results
In Bogotá between January 2014 and October 2017, resources 
were dispatched through the Directorate of  Urgencies and 
Emergencies in Health to 938 671 incidents (Table  1) that 
needed an ambulance. Of  these incidents, 47.4% were consid-
ered high priority, 18.9% medium priority, and 33.7% low 
priority.

Figure  1 shows the accumulated events, which had a similar 
trend in their behavior for each year in most of  the codes. Of  

the 96 codes used to typify the safety and emergency incidents 
in the Unified Safety and Emergency Number, 43 corresponded 
to health incidents. Of  the latter, 15 codes accounted for 91.3% 
of  all health events in the period of  interest. These were used 
for the discrete event simulation model (Figure 2).

An exploratory data analysis was performed regarding the 
behavior between 2014 to 2017 of  pre- hospital code 613, which 
represents polytrauma and out- of- hospital cardiac arrest. We 
obtained a similar pattern of  incidents between quartiles one 
and three from kurtosis and skewness analysis. Similarly, 
Figure  3 shows kurtosis getting smaller over time, indicating 
that the system is becoming more and more dispersed in the 
response times to this code. Also, there is an increasing trend in 
the median, which was 19 minutes in 2017.

Regarding the methodology of  discrete- event simulation and 
genetic trees, 2000 configurations were generated, evaluated, 
and combined until the optimal model was obtained. Thus, a 
3:1 ratio was achieved for medical and basic ambulances 
(Figure 4).

Once the configuration was created, the event was stored in the 
stack designed with queuing theory (following the First In, First 
Out principle). An event selection ranking was carried out 

Table 1. Priority of incidents according to year, period from 2014 to 2017.

Incident priority 2014 (N = 296 493) 2015 (N = 270 903) 2016 (N = 215 239) 2017 (N = 156 036)
High 144 497 (48.7%) 133 630 (49.3%) 104 108 (48.4%) 70 245 (45.0%)
Medium 56 651 (19.1%) 45 714 (16.9%) 36 085 (16.8%) 37 861 (24.3%)
Low 93 031 (31.4%) 89 838 (33.2%) 73 880 (34.3%) 47 539 (30.5%)
No data 2 314 (0.8%) 1721 (0.6%) 1 166 (0.5%) 391 (0.3%)
Source: Prepared by the authors of  this study.

Figure 1. Incidents by zonal planning unit accumulated in Bogotá from 2014 to 2017.

In black dots are the public and private health service provider institutions in 2017. Likewise, the figure shows the concentration of  incidents according to the 
frequency in each zonal planning unit (being higher in darker colors).
ZPU: zonal planning unit.
Source: Prepared by the authors of  this study.
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under this same principle, where the distribution in quartiles of  
the times of  each stored incident was established. Thus, from 
the median and inter- and intra- quartile analysis, the number of  
ambulances required to reduce the stacking in the queue of  
incidents was obtained. From these results, it could be inferred 
that the care time required to attend at least half  of  the popula-
tion requiring high priority care (according to the emergency) is 
below eight minutes and that 120 ambulances would be needed. 
Likewise, the number of  ambulances for queued incidents up 
to quartile three would be 140, and 281 ambulances would be 
needed to attend more than 90% of  the high- priority incidents 
(Table 2).

dIscussIon
In high- priority patients, it has been shown that survival is 
higher with decreased response times and timely interventions, 
finding significant differences in those receiving basic or 
advanced resuscitation interventions [4]. Likewise, reducing 
ambulance response times to five minutes could nearly double 
the survival rate of  cardiac arrests not witnessed by ambulance 
crews [15]. Other authors have found this benefit in interven-
tions in less than four minutes [16].

We found that the response times found in polytrauma patients 
and out- of- hospital cardiac arrest were higher than recom-
mended in Bogotá. A median of  19 minutes suggests the need 
to review the emergency medical services and search for 

strategies to improve this response. It should be noted that the 
registry only included ambulances that were successfully sent. 
However, this analysis may underestimate incidents because we 
did not have information over unsuccessful calls or high- 
priority cases unmet due to unavailable resources. Although not 
measured, the overcrowding of  institutions may be associated 
with a late release of  ambulances from institutions. 
Consequently, their change in availability status may have influ-
enced the greater need for ambulances in the models. A signif-
icant percentage of  low- priority patients was also identified in 
emergency calls, which may represent an opportunity to edu-
cate on the proper use of  emergency resources when calling the 
Single Security and Emergency Number.

This substantial variability in the response time of  cities with 
large populations has already been identified [5]. In Lima, 
13% of  high- priority cases had pre- hospital response times 
of  less than eight minutes, with an average of  24 minutes 
[17]. This variability phenomenon was seen in multiple cities 
(as previously described) and should lead to the individual 
analysis of  their processes and the components of  each 
emergency medical service. Every aspect that influences the 
reduction of  response times should be considered. These 
processes include reception of  calls, emergency medical ser-
vices organization, telephone triage, available resources, 
ambulance dispatch, and arrival time. Moreover, the emer-
gency medical services should consider an adequate number 
of  ambulances to respond ideally to 90% of  the projected 

Figure 2. Distribution of the main pre- hospital health codes in Bogotá from 2014 to 2017.

Pre- hospital care codes: (601) stroke, (603) seizures, (604) respiratory event, (605) chest pain, (608) accidental injury, (611) abuse, (611M) abuse of  women, (613) 
cardiac arrest, (617), gastrointestinal symptoms, (910) personal injury, (918) suicide attempt, (924) ill, (934) quarrel, (941) mental disorder, (942H) traffic accident 
with injuries.
Source: Prepared by the authors of  this study.
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incidents, with the response time according to their priority 
(eight minutes).

Indeed, emergency care is not a luxury of  rich countries. 
Adequate emergency medical services can significantly reduce 

disability and death in low- and middle- income countries [18]. 
In emergency medical services, efficient communication and 
rapid transport are critical and interdependent to achieve effi-
ciency in improving survival. Innovations are needed to provide 

Figure 3. Box plot showing the response time behavior from 2014 to 2017 for code 613 unconscious/cardiac arrest.

Source: Prepared by the authors of  this study.

Figure 4. Distribution of incidents of the average year generated by simulation and ambulance bases used.

The locations of  the 100 ambulances used for discrete event simulation are shown in red, and the incidents are in blue. The size of  each incident is directly related 
to the response time.
Source: Prepared by the authors of  this study.
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better use of  these resources. Discrete event simulation models 
and algorithms are tools that can help complement the assump-
tion that more specialized ambulances translate in better 
response time and care, especially in those realities where bud-
gets are low. Considering that resources are limited, we must 
define the amount, which, and where these resources should be 
allocated to respond adequately to emergencies.

The geospatial distribution of  resources as a strategy to reduce 
response times are tools used worldwide [19]. As evidenced in 
other studies, emergency medical services have been optimized 
by multiple models [20]. Through simulation of  discrete events 
– a methodology that has been increasing in recent years [6,21] 
– states have created strategies to expand the ambulance fleet 
with optimal dispatch according to demand [22,23], geolocalize 
cardiac arrests [24], and dynamically localize ambulance base 
sites to respond to incidents [25]. This paper sought help 
achieving optimal location and quantity scenarios by comparing 
and evaluating multiple scenarios.

lIMItatIons

Although the discrete event simulation methodology and 
genetic algorithms give a flexible approach that allows simulat-
ing dynamic behaviors of  complex systems and interactions, 
this study has several limitations that should be acknowledged. 
For example, only public ambulance dispatches from the emer-
gency medical services were analyzed in the city. Since informa-
tion from the private component was not included in the 
analysis, the combined response times are unknown. Likewise, 
only the population that received ambulance care was analyzed, 
and therefore, the proportion of  incident calls requiring a 
resource but did not complete the dispatch process is unknown. 
Similarly, many – but not all – variables were included to gener-
ate the discrete event simulation. Unmeasured variables that 
may be relevant include unforeseen events, breakdowns or 
abnormal resource events, personnel shift changes, lunch hours, 
and maintenance. Likewise, arrival at the scene does not imply 
being at the patient’s side to initiate care, so each "vertical 
response time" should be considered in the records [26]. 
Ambulances that performed inter- agency transfers outside their 
function within the emergency medical services were not con-
sidered, nor was traffic considered a factor that significantly 
influences response times.

The total incident time is continuous and ends when the 
ambulance is released from the hospital. It is necessary to 
consider the overcrowding and availability of  resources in the 
reception of  ambulances as it may better predict the 

availability of  resources when hospital care ends. These vari-
ables directly impact the allocation of  resources and the num-
ber of  ambulances required to obtain response times at 
adequate levels. More studies that aid decision- making and 
include essential variables in the emergency response should 
be conducted.

conclusIons
The response times to polytrauma and out- of- hospital cardiac 
arrest in the period analyzed surpassed the recommended time.

In order to achieve adequate pre- hospital response times in 
Bogotá, the discrete event simulation methodology with genetic 
algorithms helps better estimate the mobile resources needed 
for health incidents in the city.

This type of  strategy is a necessary aid in identifying health 
needs. These findings warrant further studies to improve polit-
ical decision- making and reduce pre- hospital care times.
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Uso de simulación de eventos discretos y algoritmos genéticos 

para estimar los recursos necesarios para responder 
oportunamente en el sistema de emergencias médicas en Bogotá

Resumen

Introducción

Bogotá cuenta con un sistema de emergencias médicas de ambulancias públicas y privadas que responden a incidentes de salud. No 
se conoce, sin embargo, su suficiencia en cantidad, tipo y ubicación de recursos demandados.

Objetivos

A partir de los datos del sistema de emergencias médicas de Bogotá, Colombia, se buscó primero caracterizar la respuesta pre hos-
pitalaria en paro cardiaco. Luego, con el modelo se buscó determinar cuál sería el menor número de recursos necesarios para res-
ponder antes de ocho minutos, teniendo en cuenta su ubicación, número y tipo.

Métodos

Se obtuvo una base de datos de incidentes reportados en registros administrativos de la autoridad sanitaria distrital de Bogotá (de 
2014 a 2017). A partir de esa información, se diseñó un modelo híbrido basado en la simulación de eventos discretos y algoritmos 
genéticos para establecer la cantidad, tipo y ubicación geográfica de recursos, conforme a frecuencias y tipología de los eventos.

Resultados

De la base de datos, Bogotá presentó 938 671 envíos de ambulancias en el período. El 47,4% de prioridad alta, 18,9% media y 
33,74% baja. El 92% de estos correspondieron a 15 de 43 códigos de emergencias médicas. Los tiempos de respuesta registrados 
fueron mayores a lo esperado, especialmente en paro cardiaco extra hospitalario (mediana de 19 minutos). En el modelo planteado, 
el mejor escenario requirió al menos 281 ambulancias, medicalizadas y básicas en proporción de 3:1 respectivamente para responder 
en tiempos adecuados.

Conclusiones

Los resultados sugieren la necesidad de incrementar los recursos que responden a estos incidentes para acercar estos tiempos de 
respuesta a las necesidades de nuestra población.
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