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patients. This medical equipment is not always available 
as it must be serviced regularly or may fail due to defects. 
From an organizational point of view, maintenance work 
can be planned and is part of hospital schedules and 
processes.

Defects, however, are failures caused by randomly dis-
tributed error conditions and are more critical because 
they occur randomly and are difficult to plan. Since the 
digitization process progresses in the healthcare sector, 
another factor can lead to outages of medical devices: 
Cyberattacks as shown in the Table 1. Those attacks are 
not predictable, and adaptive attackers can cause worst-
case damage at any particular time. For example, the Uni-
versity Hospital of Düsseldorf, Germany, experienced a 
large-scale ransomware attack in September 2020. The 
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following outages of various IT devices lead to a break-
down of emergency care and major parts of the hospital 
infrastructure.

Even though the attackers had confused the Düssel-
dorf University Hospital with the University Düsseldorf 
and immediately stopped the attack a day later when they 
realized their attack had hit a hospital, it took four weeks 
to get the hospital to its normal capacity.

Nowadays, software patches, attack countermeasures, 
and further security measures are regularly implemented 
to improve cybersecurity and IT infrastructure resilience. 
Unfortunately, such changes can directly negatively influ-
ence medical processes and eventually on the patient’s 
well-being [2].

Processes in hospital environments are complex con-
structs with many dependencies that can lead to enor-
mous loss of efficiency or failure of entire processes 
in case of a defect or a cyberattack [3]. For this reason, 
effective emergency plans are important, especially in 
the area of critical patient care. To create and validate 
such plans, precise risk management is necessary, includ-
ing identifying critical pathways and components within 
emergency care. While there are various tools and tests 
to simulate processes and support such risk management 
in the industry, these tools cannot provide a simulation 
tailored to medical processes that maps to reality. Due 
to the recent increase of cyberattacks on hospitals and 
healthcare institutes, this research of simulating effects 
becomes more important [4, 5]. It is important to say, 
that not every major IT failure, that leads to a disruption 
of healthcare processes is caused by an attack. Especially 

in the early stages of an attack, the difference is some-
times not visible.

Related work
Alemzadeh et al. showed that malfunctioning medical 
devices are one of the leading causes of serious injury 
and death in the US with 5.294 recalls and approximately 
1.2 million adverse events reported to the FDA between 
2006 and 2011. Computer malfunctions caused 23 % of 
these incidents, and 94 % presented medium to high risk 
of severe health consequences [6].

Spence et al. revealed that the number of successful 
ransomware attacks on healthcare facilities is growing. 
They claim that hospitals have to make substantial efforts 
to prevent such attacks and not risk financial and reputa-
tion loss [7]. However, Choi et al. showed that introduc-
ing security measures after a cybersecurity incident leads 
to a measurable negative effect on hospital care quality 
and patient outcomes [2].

In other industries, risk and process analysis are per-
formed to control monetary losses and have already been 
extended to IT-related issues [8, 9]. It is done by abstract-
ing the real-life process into a standard framework with 
defined steps of action [10, 11]. Process analysis in Ger-
man hospitals became possible with the implementa-
tion of the German Diagnosis Related Groups System 
(G-DRG) system in 2003, where every medical procedure 
is categorized and accounted for with a specific flat rate 
[12, 13]. To analyze how vulnerable specific processes are 
to malfunction and accidents, workflow- and resource 
management became the focus of observational and 
post-mortem study approaches [14]. For example, results 
showed that physicians are prone to be interrupted and 
disturbed by multiple factors (e.g., nursing staff, phone 
calls) for 3.66 times per hour in a normal work shift [15].

BPMN, as a common model notation, provides a high 
usability and wide distribution throughout various fields 
of industries [16]. It provides a standard framework that 
allows not only the modeling of complex processes but 
also software systems [17]. Several studies [18, 19] also 
used this type of notation, with one showing the applica-
bility of this notation in the department of emergency to 
discover bottlenecks [20]. Musman et al. [21] published 
a similar tool by introducing a decision-assisting and 
detailed assessment model that can be used for perform-
ing cyber risk analysis and crown jewels analysis. They 
also used BPMN as a standard notation framework for 
process modeling. Their objectives are partly transferable 
to our work in the context of clinical processes, as time 
and the achievement of various mission objectives also 
determine the outcome of a military mission. However, 
the survival of material and personnel is also a critical 
factor here.

Table 1 The German industry-specific security standard for 
proving the state of the art in healthcare lists these cyber threats 
for hospitals, among others [1]

B3S: IT-Threats to hospitals
1 General threats
1a E. g. Failure of basic infrastructure (Powersupply,‥)
2 Vulnerabitilities
2a E. g. Use of unsuitable IT networks, linking of services
3 Industry sector specific threats
3a E. g. Loss of confidentiality especially sensible patient data
4 IT-specific threats
4a Not availibility of relevant data
4b Not availibility of relevant IT-systems
4c Not availibility of relevant logistic chains
4d Manipulation of relevant data
4e Hacking and Manipulation core systems
4f Ransomware (or other malware)
4g DDoS attacks
4h Social Engineering
4i Advanced Persistent Threat (APT)
4j Identity Theft and missuse
4k E-Mail Account theft
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The modeling and analysis of cyberattacks on organi-
zations has several approaches in the literature. Various 
models have been proposed, which have different advan-
tages and disadvantages in terms of applicability. Cohen 
compared in 1999 [22] the models of Howard [23] and 
Amaroso [24] but also defines the general purpose of 
such simulations. The limitation of all models is com-
posed of the parameters: accuracy of the model, limits of 
the data accuracy on which the modeling is based, and 
the ability to explore the simulation space through the 
use of multiple runs of the simulation. Another younger, 
well-known source in the field of simulating and mod-
eling cyberattacks is published by Kuhl et al. [25]. They 
propose a model of different attack scenarios with the 
outcome of several different intrusion detection alerts 
that can be used to evaluate cybersecurity systems.

Contributions
We make the following contributions within this paper:

  • We introduce a hybrid model of Discrete Event 
Simulation (DES) and Agend-Based Simulation 
(ABS) for hospital processes focusing on patient 
effects. It delivers results with a manageable 
configuration effort, which has the capacity of a 
variable detail level by further configuration and 
additional input data.

  • We implement a simulation tool called SICKPATH. 
It allows to document relevant medical processes 
and their dependencies on resources such as staff, 
medical equipment, infrastructure, and hospital IT 
in a structured way and perform detailed analyses on 
how the total process runtime changes when critical 
resources are affected.

  • We demonstrate the modeling and analysis 
capabilities of this simulation tool in a case of an 
acute phase of a ransomware cyberattack using 
sample simulations based on the process of an 
Emergency Trauma Room (ETR)

Methods
The following section describes our approach, starting 
with the classification of the applied principle, followed 
by technical details of modeling and analyzing, the model 
definition, including the definition of a specific process, 
and concludes with our steps of optimization.

Classification of the applied principles
Kuhl et al. used ARENA for simulating cyberattacks 
which is also the most popular tool with regards to sim-
ulation modeling in healthcare [26, 27]. ARENA imple-
ments the DES model which comes with divagates 
while simulation cyberattack scenarios in hospitals such 
as difficulties with non-linear dynamics and resource 

allocations [28]. These divagates can be addressed by 
combining DES models with the advantages of ABS 
model [29]. The hybrid approach to modeling offers an 
enhancement of realism by incorporating both individual 
decision-making and event-driven processes. Addition-
ally, this hybrid model provides flexibility, as it can adapt 
to various scenarios, enabling the exploration of how 
individual behaviors influence system dynamics and vice 
versa. Finally, the hybrid model of DES and ABS improves 
decision support by providing valuable insights into how 
changes in individual behavior or system events can 
impact overall performance, thereby aiding in effective 
decision-making processes. Process mining is essential 
to make our hybrid model of DES and ABS of different 
scenarios as realistic as possible. Combining data mining 
approaches of historic data and insight from expert inter-
views, we were able to supplementary insights, validate 
simulation results, and contextualize the understanding 
during the process mining process. The real-world ano-
nymized data set from the TraumaRegister DGU (TR-
DGU) and the expert knowledge of employees of the 
Muenster University Hospital (UKM) made it possible to 
model areas and transport costs, available resources, and 
possible redundancies within the process. Furthermore, 
we identified patient and injury groups acting as agents 
during the simulation.

Technical details
The technical implementation of this model can be 
divided into two parts, a web application that allows 
users to configure simulations and a Python [30] back end 
that implements the execution of simulations. The web 
application is constructed using the framework Django 
[31], which allows for straightforward access via a web 
browser. The framework is further enriched by Javascript 
[32] technologies and facilitates user-friendliness for 
non-technical users in interacting with the simulations. 
The execution of simulations, being computationally 
intensive, is queued as jobs and executed when comput-
ing resources are available. The web application and the 
part that executes the simulations are linked by two data 
stores. The first store is the relational database MariaDB 
[33] that contains the configurations and metadata such 
as user information. The second data store is the NoSQL 
search engine Elasticsearch [34], which holds the results 
of simulations. Elasticsearch is used for this instead of 
MariaDB as it scales better with the great amount of 
data that is generated by a simulation. The user initiates 
a simulation by queuing it into the job list of the first 
data store. The simulation is then executed by the back 
end that is listening for it. All the simulated information 
is stored in the second data store and can be accessed by 
the user via the web application in real time.
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Cybersecurity Scenarios Cyberattacks against a hospital 
may range from single failures and reduced capacity of 
specific devices to large outages that affect multiple sta-
tions or even the entire hospital [35]. The effects correlate 
strongly with the degree of digitization and the availabil-
ity of redundancies.

The model described in this work is designed to 
enhance cyber risk management using simulation of 
effects on process performance caused by cyberattacks. It 
enables risk management to learn which assets are criti-
cal within the processes, focusing on patient safety. This 
may be trivial for single and straightforward processes 
but hard for combinations of multiple complex processes 
with several dependencies: E.g. a process in an intensive 
care unit may depend on the availability of several differ-
ent applications such as hospital information system, lab-
oratory information system, networked medical devices 
as infusion pumps, X-Ray devices, ultrasonic devices and 
a number of staff with specific skills. An attack can neg-
atively affect the performance of tasks inside a process. 
For example, a network failure can require the staff to 
transport data using USB sticks manually, slowing down 
the whole process. Further, it is essential to assess the 
maximum allowed duration of a recovery process from, 
for example, a ransomware attack to control the patient 
risk and rate mitigation measures. This, combined with 
the prioritization of critical assets within the processes, 
can optimize recovery and minimize patient risk. Besides 
attack and business continuity scenarios, the implemen-
tation of security measures may lead to an efficiency loss, 
often described as an increased process duration with 
more personal required [2]. Those emergency processes 
ensure basic process continuity. For example, if the hos-
pital information system fails to be available, some hos-
pitals provide an Offline fallback solution, which makes 
the latest status available locally even without a network 
connection to the databases. These effects should be con-
sidered before implementing security measures as they 
can affect the overall performance of critical processes 
up to direct influence on patient safety. We looked at 
several different real-world hospital processes and ended 
up choosing the ETR process because of its international 
standard and the availability of data, which is measured 
for quality reasons anyway. This makes the process com-
parable between different trauma departments.
 
Virtual incident analysis - Creation of emergency plans 
The reaction to incidents should be carried out as part 
of a Business Continuity Management (BCM) for spe-
cific scenarios. This can ensure a sufficient level of per-
formance even under special conditions. The described 
model can be used in task forces to simulate various inci-
dents individually and in combination, thus contributing 

significantly to the development and validation of emer-
gency plans.
 
Regional capacity planning The emergency care capaci-
ties in Germany (1.35 emergency departments per 
100,000 citizens) are the product of historically devel-
oped structures and federal planning [36, 37]. As a result, 
there are large differences in care capacity and quality. 
Urban and industrial areas have a higher density of large, 
well-equipped hospitals. In contrast, rural areas usu-
ally only provide basic care, and patients must be trans-
ferred to specialized centers in demanding cases [36]. 
The model described in this work and its technical imple-
mentation can simulate different patient volumes with 
locally different care areas. The model’s high potential 
depth is decisive for results with high relevance to real-
ity. As an example, a simulation can provide information 
on how many trauma centers are necessary within a spe-
cific region to control a Mass Casualty Incident (MCI) of 
a defined size.
 
Resource planning Inside a hospital, shortages of 
resources such as specific devices, consumable mate-
rials, or specialized staff may occur, especially during 
emergencies or in high hospital-load situations like the 
COVID-19 pandemic. The behavior in the absence of 
individual and combined resources can be simulated to a 
high degree with the described model. This allows execu-
tives to assess the consequences of decisions in such situ-
ations regarding the effect on patient safety. For example, 
using this approach, it is possible to analyze how spe-
cific redundancies may improve the outcome of critical 
patients and the detection of capacity thresholds.
 
Retrospective simulation of real-world events In the case 
of a MCI, the medical and logistical staff of a trauma 
center should adhere to the plans provided for this pur-
pose. However, real incidents can only be predicted up 
to a certain level of detail. In a wide variety of situations, 
it may be necessary for the personnel on-site to deviate 
from plans or make critical decisions to adapt to the spe-
cific situation. This can be, for example, because the situ-
ation had never occurred before and was therefore not 
taken into account when the plan was created. The model 
described in this work can be used for clinical supervi-
sion and to support classic crisis training scenarios by 
combining staff and technology with local conditions, 
such as building structures and patient logistics.

Model definition
Hospital processes are often complex and rarely 
self-contained. They have a multitude of factors and 
dependencies which have to be considered for a real-
istic simulation. Following, we go into the factors and 
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dependencies individually and show how these depen-
dencies can be combined into a model.
 
Process definition A process is defined by one starting 
point, tasks in between, and one ending point. Between 
those two points, there are one or more branches of 
actions or sub-processes. Branches within a process can 
run conditionally or in parallel. Each action A within a 
process Pr  consists of a list of required resource types R
, a default usage duration per resource D, and an area Ar , 
e.g., a shock room or a radiology room.

Figure A.1 in Appendix A shows a simplified process 
from an ETR.
 
Patients and Injury Groups Every patient is assigned to 
an injury group G and has a start time Tstart. This value 
defines the point in time of their occurrence inside the 
process, e.g., the handover from the rescue service to the 
trauma room. Each group G can be optionally config-
ured with a range of values for Time till Damage (TTD) 
and Time to Reanimate (TTR) used during patient gen-
eration. The TTD describes the time until a patient takes 
irreversible damage if not treated. When this point is 
reached for a patient, the process is considered to have 
failed for that patient. Nevertheless, the patient continues 
to go through the process.

The TTR marks the time at which a patient requires 
cardio-pulmonary reanimation. This point in time is an 
end event in our simulation, and the patient is removed 
from the process because of the high variance of further 
treatment and duration, which cannot be modeled realis-
tically. To further adapt the simulation to reality, a change 
in TTD and TTR depending on the group G can be con-
figured for each action A. For example, stopping heavy 
bleeding prolongs a patient’s TTD and TTR, whereas 
x-rays of a patient do not affect those values.
 
Areas and Transport A patient often passes through dif-
ferent locations in a hospital and departments between 
the various process steps. The scenarios described above 

can also affect these transport routes and areas within 
the hospital caused by an attack or failure. For example, 
house and elevator controls can be affected, leading to 
considerable additional patient care and transport efforts. 
In addition to technical attacks, medical reasons, such 
as quarantine, can also lead to a blockage or failure and 
impair the process. For these reasons, areas and trans-
port routes are considered in the simulation by defin-
ing different areas and the transition duration in regular 
operation.
 
Resources The needed and available resources of a pro-
cess include medical equipment and employees. Each 
process step defines several resources that are required to 
perform it. Furthermore, the time a resource is bound to 
a process step is defined. For example, Fig. 1 shows a sim-
plified time sequence of a Computed Tomography (CT) 
scan. It is divided into two subfigures, (a) and (b). Both 
show a time sequence of the physician, the nurse, the CT 
scanner, and the patient. The first subfigure (a) shows the 
exact sequence, which allows a very fine granular simu-
lation but increases the configuration effort enormously. 
The sequence (b) is simpler in terms of configuration 
but less precise in simulation. Here, the times for the 
resources and the patient are tied up and run in parallel.

The preferred model can be selected depending on the 
simulation’s desired level of detail and the available infor-
mation. Separately from the definition of the required 
resources, the available resources are set in the respec-
tive areas. All processes located in the same area can now 
access these available resources. Furthermore, a mini-
mum stock level can be set. If this is the case, an area can 
request devices from other areas, as long as they are por-
table and above the minimum stock level. The transfer 
of resources between different areas takes the transition 
time between the areas into account.

Different resource types categorize technical and 
medical devices: Devices are divided into portable and 
stationary devices. Stationary equipment includes, in 
particular, large-scale equipment such as a CT scanner 

Fig. 1 Subfigure (a) shows the real-world timings of a Computed Tomography Scan with every resource needed. In (b), a simplified time sequence is 
used
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or Magnetic Resonance Imaging (MRI) scanner. With 
portable devices, a further distinction is made between 
devices that become available when the patient moves 
on to the next process step and devices that remain with 
the patient until a certain process step has been com-
pleted (e.g., a mobile ventilator that stays with the patient 
from the intubation to the surgery). The portable devices 
remaining with the patient change the area with the 
patient and are returned to the original area as soon as 
the patient no longer requires them. The transition times 
between the areas are taken into account as well. Further 
examples of portable devices are infusion pumps and 
vital monitoring systems.

Employees are also counted as resources in the simula-
tion, as they behave in approximately the same way. The 
employees are grouped into categories using skill classes. 
For example, different skills are required to stop bleed-
ing than performing an MRI. Thus, similar to resources, 
employees of a certain skill level can be requested for a 
certain time for each process step. Each area has a stock 
of on-site employees and a minimum stock level that 
must not be undercut. If there is a shortage, employees 
can be brought in from other areas; again, the transi-
tion period between areas applies. Additionally, there is 
a special area for alerting physicians who are not on duty. 
Here, the hospital’s average travel time is used as the 
transition time to any other area.

Areas can be blocked or quarantined for medical rea-
sons and cannot perform any tasks while in this status. In 
case of a blocked area without a quarantine, for example, 
a local blackout, other areas can request resources. If an 
area gets quarantined, all resources are blocked inside the 
area and cannot be requested or used by other areas.
 
Redundancy Since the processes under consideration 
are critical for the outcome of patients, there often 
are redundant paths. This ensures a successful treat-
ment of patients even if the original path collapses or is 
overcrowded.

However, such alternative paths are often more inef-
ficient than the main ones, as additional transport and 
resources are required, and mistakes are more likely to 
happen [14]. Therefore, the model provides a possibil-
ity to mark paths as redundant. In this case, the shortest 
path in terms of time is selected for each patient depend-
ing on the estimated time until the completion of the 
redundant part.
 
Performance Indicators This model aims to measure pro-
cess performance under specific conditions focused on 
the patient’s outcome that may correlate with the delay 
[38]. The simplest way to specify the performance is the 
calculation of delays for each patient within the simula-
tion. Before a simulation starts, the expected processing 

time without any delay is calculated for each patient 
group, which is marked as “the best pathway”. At the end 
of the simulation, the difference between the calculated 
value and the actual duration within the situation is com-
puted. This delay is used as a general indicator of process 
performance.

A more complex and, therefore, more detailed way to 
measure the performance is using each patient’s TTD 
and TTR values. If these values are configured within the 
simulation, the number of damaged patients or patients 
requiring resuscitation due to process delays is the pro-
cess performance indicator.

Optimizations
Simulation results can be optimized by including real-
world data during process configuration. That data can 
be acquired using standards and default procedures. 
Furthermore, data sets, including real-world data, can 
be used. For example, for emergency processes, a Ger-
man data set called TR-DGU exists. The TR-DGU was 
founded in 1993. Nearly 700 German and international 
hospitals participate by providing their data of emer-
gency proceedings. In 2021 more than 35,000 patients 
were documented in this register, resulting in approxi-
mately 313,000 patients in the so-called base-collective 
over the last ten years (2012–2021) [39]. The collected 
data is acquired by a questionnaire that has to be filled 
by the leading doctor after each case within the trauma 
room. It includes pre-clinic, trauma room, subsequent 
initial surgery, intensive care unit, and discharge.

The data set offers two information categories that we 
can combine to optimize the simulation. The first cate-
gory describes the patient’s injuries using the Abbreviated 
Injury Scale (AIS). The AIS is a medical score to assess 
injuries introduced and maintained by the Association 
for the Advancement of Automotive Medicine (AAAM). 
The AIS defines nine body regions and an injury scale 
with six severity levels. The body regions are Head, Face, 
Neck, Thorax, Abdomen, Spine, Upper Extremity, Lower 
Extremity, and External or other Trauma. For each of 
these body regions, an injury severity score is applied. 
Possible scores in ascending criticality are Minor, Mod-
erate, Serious, Severe, Critical, and Maximum. The last 
means not treatable (yet). All patient records inside 
the TR-DGU have a rating according to this scale. This 
enables us to categorize patient populations with the 
same assigned injury group Gi, which defines equivalent 
AIS ratings.

The second information category documents the time-
stamps of many of the performed actions inside the ETR. 
It includes the time of arrival, X-Ray scans, CT scans, and 
initial surgeries until intensive care. Combining these 
timestamps with the categorized patients, we can gener-
ate an average time per action for each injury group Gi.
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The simulation of an emergency process can thus 
be configured with averaged real-world data for each 
patient group and enables realistic scenario creation. 
As the data is standardized and can be acquired for a 
single hospital or in total, it is even possible to custom-
ize the timing data for specific hospitals and compare 
them or simulate larger scenarios, such as mass casualty 
events with patients delivered to different departments of 
traumatology.

Results
Implementation
We implement this model to provide an easy-to-use 
application that can be deployed in hospitals to simulate 
medical processes. With that in mind, the application is 
designed so that non-technical users can use it intuitively.

The configuration of simulations should be kept as 
simple as possible. To ensure this, the configuration is 
divided into multiple steps that can be reused for differ-
ent simulations.

In the first step, the user defines global parameters 
that apply to all simulations. These values form the hos-
pital’s basic configuration, which consists of the hospi-
tal’s different areas, including the time needed to switch 
between them, and the types of resources used in simu-
lations. These types are then linked to different areas as 
templates for the automatic creation of resources later in 
the workflow. Resources can be configured to be static or 
portable so that they may not be available in other areas, 
such as CT scanners. Thus, the resource templates of an 
area form its inventory.

The second step consists of the process configuration. 
Our application supports the wide-used BPMNv2 [40] 
standard for process modeling, which allows an easy 
graphical configuration of processes. An example process 
is shown in Figure A.1 in Appendix A. After importing 
BPMNv2 process data, the user creates a task for every 
element in the process. This task binds an element to an 
area and defines which resource types are needed to per-
form the task and for how long. Alternatively, a resource 
type can be attached to or detached from a patient. Fur-
thermore, a task can increase a patient’s TTD and TTR, 
forming a therapy instead of a diagnostic task.

The path a patient takes through a process is defined 
regarding the patient’s injury group G. In addition to 
that, each group holds information about patient pri-
oritization and ranges for TTD and TTR to facilitate the 
automated creation of patients for a simulation. Every 
resource type duration defined for a task can be overrid-
den per injury group to improve the detail level further.

In the third step, the hospital and process configura-
tions are used to build scenarios. A scenario combines 
a defined process with a certain situation like a sudden 
change in the availability of key applications or systems. 

Changes in the number of patients in need of treatment 
are also considered as a situation. These scenarios act 
as templates for simulations. First, processes are linked 
to a scenario. The application automatically links all the 
related areas and their inventories. It is also possible to 
add additional areas to the scenario, e.g., an area from 
which additional personnel can be sourced. In the next 
step, patients are configured. The user can manually cre-
ate patients or generate them randomly using the TTD 
and TTR ranges defined in the injury groups. Finally, 
the linked objects can be modified to simulate different 
real-world scenarios. Areas can be deactivated or quar-
antined. Transition times between areas can be modi-
fied, and the efficiency of resources can be increased or 
decreased. All these modifications are linked to the time 
they occur in the simulation.

Simulations can be duplicated to create simulation 
variants fast and easily. This could be helpful in a post-
mortem analysis of past events, providing information on 
how an event could have been handled differently, e.g., by 
adding specific resources. A simulation provides a status, 
the functionality to test the configuration for complete-
ness, and the ability to start the simulation. At the start 
of a simulation, the results are calculated using the model 
described in Section Model definition.

The execution of simulations is decoupled from their 
configuration. This allows users to start a simulation 
and return to view the results later. After completing a 
simulation, these results can be retrieved dynamically 
for every time step of the simulation. Information about 
patients, resources, areas, and processes can be displayed 
as summarized graphs or detailed tables. For example, 
Fig.  2 shows the simulation results based on the ETR 
process with detailed patient’s information after 146 min-
utes. Each patient is shown with the actual process, with 
the current process element, its area, and the currently 
attached resources. The expected processing time can be 
compared to the actual processing time if a patient goes 
through the whole process. Further, the TTD and TTR of 
each patient are shown in percentage bars and their abso-
lute values in the background. If a patient took damage 
during the process, the status is labeled in red. This User 
Interface (UI) design facilitates the evaluation of results 
and enables the comparability of the simulated scenarios.

All configuration options are determined when a sim-
ulation is initiated. This results in the repeatability of 
simulations as two identically configured simulations will 
yield identical results.

Use case demonstration
The process of patients being treated at an ETR is highly 
standardized and well documented [41]. We use such a 
process to demonstrate the functionality of our model 
and simulation tool in three different applications.
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Preparation
The process, the corresponding hospital configuration, 
and the patient groups must be defined before the simu-
lation can be performed.
 
Process of an ETR Our ETR process is modeled from a 
real process at the UKM in Germany. It consists of 26 
tasks in five areas: Emergency Trauma Room (ETR), 
ambulance, Operation Room (OR), Intensive Care Unit 
(ICU), and Computed Tomography (CT). It covers 
patient care starting from registration by the rescue ser-
vice and ending with surgery or a stable situation in the 
intensive care unit.

In the following, we provide an overview of the pro-
cess. The full description is listed in Appendix A.

As soon as the patient arrives at the prepared ETR, a 
trauma surgeon, a general surgeon, an anesthetist, and a 
radiologist are ready for the patient’s treatment. Depend-
ing on the patient’s condition further physicians and 
nurses are called in. The patient will be treated in three 
phases, starting with a first survey to stabilize the two 
most critical body functions, breathing and circulation. 
In the second survey, intravenous accesses are deployed, 
and medication and volume therapy are started. Further-
more, x-ray scans of the most important body parts are 
done. In the last step, a catheter is applied, and the radio-
logic images are analyzed before the patient is transferred 
to the CT scanner. The process ends with the transport 
either to the Intensive Care Unit (ICU) or to the surgery.
 
Patient groups We had access to an anonymized data set 
from the TR-DGU (see Section  Optimizations) of the 
UKM, including 3044 patients from 2009 to 2018. Using 
this data set, we generated six patient groups with an 
equivalent AIS score, which have an average number of 

47 data sets per group. This real-world data enables us 
to configure the duration and the specific path for each 
patient group using real-life data.
 
Simulation parameters An emergency room setting con-
tains standardized and well-defined resources [42]. These 
types can be grouped into three categories: Active diag-
nostic devices, active therapeutic devices, active moni-
toring devices and consumable supplies (1), premises (2), 
and human resources (3).

(1) Emergency patients within a trauma room have to 
be diagnosed as accurately and as fast as possible 
because they often suffer from internal bleeding and 
fractures that could cause a terminal condition. For 
this procedure, radiological and sonographic imaging 
availability are critical key factors. A conventional, 
portable X-Ray scanner is used to perform the thorax 
survey to check. This system needs to be portable 
to enable the staff to perform the imaging and then 
exclude the system from the limited space to create 
higher usability.

To perform perfusion scans, the staff needs access to an 
ultrasonic scanner that supports Doppler sonography. 
Further, a CT scanner should be available within the 
trauma section, where the patient can be diagnosed. Con-
trolling the patient’s vital parameters and recognizing any 
anomaly, every ETR needs to be equipped with moni-
toring devices capable of measuring ECG, blood pres-
sure, oxygen saturation, and temperature. Additionally, a 
blood analysis system is required to control the patient’s 
blood parameters. A medical ventilator and an aspiration 
device must be available for any breathing problem. For 
any form of anesthetic procedure, an anesthesia machine 

Fig. 2 Screenshot of the implemented tool with the results after simulating the ETR process showing the detailed patient information after 146 minutes
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is required. Additional essential therapeutic devices are: 
Infusion pumps are key to stabilizing the patient and 
applying essential medication like adrenaline. Further, an 
external defibrillator is required to terminate a potential 
arrhythmia. Several digital services are required to pro-
vide all medical data for the staff. For example, a Picture 
Archiving and Communication System (PACS) stores 
all radiological image data and ensures this image data’s 
availability on every workstation throughout the hospital, 
whereby a Laboratory information system (LIS) stores all 
patient laboratory data.

(2) The ETR itself should provide sufficient room for all 
actions taken. The ER should be near a CT and MRI 
scanner system, a helipad, and a surgery room for 
further measures to reduce transport time from one 
place to another.

(3) The standard ETR team consists of staff from 
different departments. The base team consists of a 
trauma leader, a junior surgeon, a senior anesthetist, 
three members of the nursing staff (two surgical and 
one anesthetic), and one radiographer. Additionally, 
this team should be extended by a radiologist 
and further physicians (ideally 2–3 surgeons). In 
dependence on the patient’s injuries further senior 
members of other departments (e.g., neurosurgery or 
cardiology).

Scenario evaluation
To demonstrate the described model’s capabilities, we 
looked at two different cybersecurity scenarios and one 
MCI scenario to demonstrate the generic applicability. 
Each includes a couple of different simulations changing 
the process and hospital configuration. These simulations 
show the difference between the standard process dura-
tion (baseline) and the simulated scenario.
 
Baseline Each simulation is conducted using twelve 
patients of the six patient groups derived from the TR-
DGU, two for each group. To get a baseline for compari-
son, a base simulation is created. Within this simulation, 
one patient from each group is sent through the pro-
cess one at a time. This ensures that every patient has all 
resources directly accessible and gives us the treatment 
duration under optimal conditions. The resulting base 
duration can be seen in Fig. 5 as Baseline. If not defined 
in the scenario itself, we provide a realistic pattern for the 
arrival of patients in the hospital based on the measured 
times of the past.
 
Scenario 1: The impact of an acute ransomware attack 
on the medical imaging system In the recent past, attacks 
on the imaging infrastructure of healthcare facilities 
were discovered [43–45]. The most popular example is 

the WannaCry ransomware attack that infected and dis-
rupted services of one-third of all trusts of the National 
Health System in the UK [43]. Once the hospital’s medi-
cal imaging system is out of order due to a cyberattack, 
many processes inside the hospital begin to stall. We 
apply this global scenario to the specific ETR-process. 
Without the ability to access medical imaging data of 
the patient, the staff cannot verify their hypothesis of the 
patient’s injuries, leading to a decrease in the patient’s 
chance of survival [46, 47]. As a result, restoring the sys-
tem’s availability as fast as possible is very important. 
There are two ways to achieve this after a ransomware 
attack: Restoring a backup to your systems or paying the 
demanding ransom to the attackers hoping that they will 
provide the keys for decrypting the data. Although the 
first way is preferred, some hospitals paid the ransom as 
the restoration process would have taken too long or due 
to faulty or incomplete data backups [44].

The following results show that such a scenario simula-
tion for a fully configured real-life process of a hospital 
enables decision-making to find critical outage duration 
to improve their business continuity management. For 
example, it provides the ability to gather information on 
tolerable downtimes for business continuity management 
in addition to holding large-scale emergency exercises. 
This enables the management to make informed deci-
sions during cybersecurity incidents like ransomware 
attacks regarding acceptable recovery times.

For planning and decision-making, it may be inter-
esting to find a time frame in which a medical imaging 
system like a CT has to be restored or have emergency 
patients driven to other hospitals to minimize the effects 
of such an attack on the patient. Sometimes, after a ran-
somware attack, parts of the hospital network are pre-
sumable still functional and imaging systems are available 
in stand-alone mode. For our simulation, we predict the 
worst case with a total loss of function in these devices. 
E. g. some imaging system were vulnerable to the infa-
mous CVE-2017-0143 Windows SMB RCE Vulnerability 
(WannaCry) [48]. Therefore, a series of simulations are 
conducted with an outage of the CT scanner for a ris-
ing duration. The results can be seen in Fig. 3 and show 
that an outage of up to 30  minutes within our scenario 
does not affect the average patient flow notably (less than 
a 10% process duration increase). After 120  minutes of 
an outage, the process is already 47% less efficient. After 
230 minutes, the duration of the process has increased by 
up to 128%, a value that most probably results in negative 
effects on the patients’ health.
 
Scenario 2: Implementation of security measures In the 
past years, the number of cyberattacks has increased con-
tinuously [49]. As a result, more and more security mea-
sures are implemented by companies [50]. Since medical 
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devices are often designed to work on hardware that is 
just about sufficient for the task they are built for [51], any 
software update of such systems might decrease the per-
formance. However, even on powerful devices, security 
measures often introduce usability problems by restrict-
ing features and enforcing security policies [2]. Therefore 
any security update or security measure can decrease 
device performance or a prolonged and counterintuitive 
device handling. Especially in emergency treatment, it is 
essential that the staff can use those systems as fast and 
intuitively as possible to treat the patient without any 
delay that might reduce the hospital care quality and the 
patient’s well-being [2, 47]. As a result, security measures 
in emergency treatment must be assessed regarding their 
cost-benefit factor. For example, measures that do not 
affect performance, such as network security measures 
like network separation or implementing SIEM applica-
tions, should be preferred.

Within this scenario, the CT scanner described above 
loses efficiency due to a security measure that prolongs 
the time required for a CT scan. The process’s perfor-
mance is measured using four simulations with 100%, 
80%, 60%, and 40% efficiency of the CT scanner. As 
seen in the results visualized in Fig.  4, an efficiency as 
low as 80% does not affect the overall process efficiency 
notably. However, efficiencies lower than 80% result in 

significantly worse process performance compared to 
the baseline. The ability to simulate the impact of a secu-
rity measure within a process helps risk management to 
assess the cost-benefit factor of specific security mea-
sures. This enables informed decision-making and may 
positively affect patient safety.
 
Scenario 3: Emergency plans for a Mass Casualty Incident 
During a MCI, emergency plans are activated to improve 
the performance of the ETR and maximize patient safety 
[52]. In this non-security related scenario, we assume 
an emergency plan capable of increasing the efficiency 
of available ETR by adding additional resources such as 
medical devices and staff.

For simulating a MCI, the twelve patients arrive 
within two batches of six patients each. The first batch of 
patients arrives between minute three and 15, the second 
between minute 39 and 89. This scenario leads to an over-
load situation within the simulated hospital visualized 
in Fig.  5. This figure shows how every arriving patient 
increases the stress on the available resources resulting 
in a maximum delay between a normal ETR-processed 
patient and one in a MCI of 141 minutes. Comparing the 
MCI and the baseline data shows an average process time 
of tMCI = 158.7min for the MCI scenario, compared to 
tBase = 69.3min for the baseline.

Based on this overload situation, it is possible to simu-
late emergency plans and compare their effectiveness. 
We simulate an emergency plan capable of increasing 
the effectiveness of all actions within the trauma room 
by providing more resources and areas for patient treat-
ment. However, the effectiveness of the CT cannot 
be improved as only one CT is available that is already 
working at its highest capacity. Finally, we repeated the 
simulation for the emergency plan but now with a second 
CT scanner.

Our simulation results are visualized in Fig.  6. They 
show that an increase of the trauma room efficiency of up 
to 25% significantly improves the overall process perfor-
mance, up to nearly 50% less additional patient treatment 
duration than the normal ETR process plan. However, 
above that value, not much improvement can be seen 
as there is only one CT scanner in the process. Using a 
second CT scanner, an overall efficiency increase of up 
to 200% reduces the patient treatment duration by up 
to 150%, which means that the patients are treated even 
faster than in a non-MCI situation. The graph shows that 
this 200% is the limit of the improved efficiency due to 
the maximum workload of both available CT scanners.

This sample simulation shows the model’s ability to 
compare different emergency plans to identify compo-
nents that highly influence the overall process perfor-
mance in overload situations. Additionally, it is possible 
to compare ETR of different hospitals with each other for 

Fig. 4 A decreasing CT efficiency results in a process duration increase. 
We see a small linear growth until 80% followed by a stronger not constant 
growth until 50%, ending with a strong growth of 1,4 % additional process 
duration per % decreasing CT efficiency

 

Fig. 3 The process duration increases with an increasing CT outage dura-
tion. We see a small increase in the process duration from 0–50 min; After 
this we see a stronger linear growth 0,6 % per minute outage
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better capacity planning or optimizing patient routing 
during MCI events.

Discussion
From the authors’ point of view, our simulation can 
never replace practical and past experience. It is, there-
fore, only possible for us to calculate a possible outcome 
on the basis of past events and the measured values 
obtained from them. The real applicability of our mod-
eling remains to be determined since, in our paper, we 
have only examined one particularly standardized and 
widespread process, which is also historically very pre-
cisely surveyed and trained. Therefore, a limitation of our 
publication is the requirement that clinical processes are 
both noted and run in the same way. The latter, in par-
ticular, is often not the case in reality. One can often find 
process notations of varying quality and depth. During 
our mining processes, we were able to access extensive 
data sets and conduct expert interviews. We assume this 
would not be possible for lesser standardized processes. 
These conditions are only available to a limited extent for 
other processes. Another limiting factor is the problem of 

subsequent documentation. In our interviews, it became 
clear that even with our measured values, the members 
of the process often only come together to document the 
process after it has been completed. There is a risk that 
times and processes cannot be recorded accurately due to 
the time difference. Reviewing our results and discussing 
them with the clinical staff, we encountered some dis-
crepancies due to individual dependencies based on local 
circumstances like micro changes in the clinical pathway 
in order to adapt to the individual patient condition. As 
we used a Python-based scripted approach in combina-
tion with elastic search, there are limitations in the form 
of performance. We tried to overcome this issue with 
parallelism. For a more capable version of our tool, this 
could be improved. Furthermore, a cyber attack is only 
one possible reason for a disruption of healthcare pro-
cesses in a hospital. When reviewing our data, we also 
consulted the hazard catalogs of the usual standards and 
the B3S [1]. When planning incident response, our publi-
cation and the underlying tool would also provide added 
value here.

Conclusions
Within this work, we present a hybrid model of DES and 
ABS capable of performing patient-focused simulations 
of processes inside a hospital environment to support 
risk management. The model can be used for simula-
tions with different levels of detail. While a low level of 
detail gives basic results, adding more information into 
the model enables simulations close to reality. It further 
includes the ability to add historical data to adapt the 
simulation to a specific hospital and for retrospective 
analysis of incidents. To explore the model’s accuracy we 
were able to pilot the analysis model. We performed dif-
ferent scenario simulations for a sample hospital with a 

Fig. 6 An increase of the ETR efficiency with one and two CT scanners

 

Fig. 5 The normal process duration (baseline) is compared to the process duration times of the twelve patients in the MCI scenario
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focus on an ETR: The short-term consequences of a ran-
somware cyberattack on the medical imaging system, 
negative impacts due to the implementation of cyberse-
curity measures, and emergency plans for a mass casualty 
incident.

The results of the first scenario enable decision-makers 
to estimate the maximum tolerable downtime of an imag-
ing system during a cyberattack and the recovery phase. 
Such information allows estimations about countermea-
sures and recovery strategies, which are essential for 
expensive and serious decisions, e.g., the deregistration 
from trauma care due to the simulated possible outcomes 
of patients. The second scenario provides information 
about possible negative effects of cybersecurity measures 
that lead to prolonged processes. The simulation of the 
last scenario provides insight into the impact of emer-
gency plans during an MCI and shows the generic appli-
cability of our model.

The model introduced in this work serves as a basis for 
informed decision-making within hospitals. It is ready to 
get further improvements by assessing it in real-world 
environments, including realistic TTD and TTR data for 
the generated patients as well as the data of the TR-DGU. 
Different ETR can be compared to each other. Simulating 
of real-world events can be performed as a retrospective 
analysis to get further adjustments to increase the real-
ity level even more. With this further development, the 
model may improve emergency planning for exceptional 
situations and reduce patient safety risks in the future.

Abbreviations
AAAM  Association for the Advancement of Automotive Medicine
ABS  Agend-Based Simulation
AIS  Abbreviated Injury Scale
BCM  Business Continuity Management
CT  Computed Tomography
DES  Discrete Event Simulation
ETR  Emergency Trauma Room
FDA  U.S. Food and Drug Administration
ICU  Intensive Care Unit
LIS  Laboratory information system
MCI  Mass Casualty Incident
MRI  Magnetic Resonance Imaging
PACS  Picture Archiving and Communication System
TR-DGU  TraumaRegister DGU
TTD  Time till Damage
TTR  Time to Reanimate
UI  User Interface
UKM  Muenster University Hospital

Supplementary Information
The online version contains supplementary material available at  h t t p  s : /  / d o i  . o  r 
g /  1 0 .  1 1 8 6  / s  1 2 9 1 1 - 0 2 5 - 0 2 9 8 8 - 8.

Supplementary Material 1

Acknowledgements
We thank the Muenster University Hospital (UKM) for the support and 
contributions to the project.

Author contributions
The research team consisted of a team with a multidisciplinary approach. 
There were researchers with a strong IT security background (cryptology, 
automotive security, forensics, etc.) but also usability and healthcare process 
experts. SE and MW led the process of research and ensured a constant 
improvement of the model as well as a constant return to the real hospital 
process, therefore the first authorship is shared between them. SE and 
MC took over the implementation and creation of the software under the 
moderation of MW and CD. CS reviewed the documentation and evaluation of 
the simulation tooling and results, and co-wrote the academic research paper. 
SSC was leading the research team.

Funding
Open Access funding enabled and organized by Projekt DEAL.
CS was partly supported by the postgraduate research training group North 
Rhine-Westphalian Experts on Research in Digitalization (NERD.NRW), funded 
by the Ministry of Culture and Science of North Rhine Westphalia (MKW NRW), 
Grand ID: 005-2201-0014.The funding bodies played no role in the design of 
the study and collection, analysis, and interpretation of data and in writing the 
manuscript.

Data availability
Raw anonymous data are not publicly available under the TR-DGU and UKM 
approval terms. Access to the TR-DGU data for research projects is subject to 
the requirements of the TR-DGU. The developed simulation tool is not openly 
available for license reasons and is available from the corresponding author 
upon request.

Declarations

Ethics approval and consent to participate
All methods were carried out in accordance with relevant guidelines and 
regulations. For this study, only anonymized and untraceable data from the 
trauma registry of the UKM was used. This usage was granted by the executive 
department of quality management of the UKM. The original collection of the 
raw data was done by the UKM with the patients’ informed consent.

Consent for publication
The study does not contain any personal data.

Competing interests
The authors declare no competing interests.

Received: 8 August 2023 / Accepted: 26 March 2025

References
1. Deutsche Krankenhaus Gesellschaft. Branchenspezifischer Sicherheitsstan-

dard “Medizinische Versorgung”. 2022.  h t t p  s : /  / w w w  . d  k g e  v . d  e / t h  e m  e n /  d i g  i t a l  i 
s  i e r  u n g  - d a t  e n  / i n  f o r  m a t i  o n  s s i  c h e  r h e i  t -  u n d  - t e  c h n i  s c  h e r  - d a  t e n s  c h  u t z  / i n  f o r m  a 
t  i o n s s i c h e r h e i t - i m - k r a n k e n h a u s /

2. Choi SJ, Johnson ME, Lehmann CU. Data breach remediation efforts and their 
implications for hospital quality. Health Serv Res. 2019;54(5):971–80.  h t t p  s : /  / d 
o i  . o  r g /  1 0 .  1 1 1 1  / 1  4 7 5 - 6 7 7 3 . 1 3 2 0 3.

3. European Union Agency for Cybersecurity (ENISA). ENISA THREATLAND-
SCAPE: HEALTH SECTOR. 2023.  h t t p  s : /  / w w w  . e  n i s  a . e  u r o p  a .  e u /  p u b  l i c a  t i  o n s  / h e  
a l t h  - t  h r e a t - l a n d s c a p e. 27 Jul 2023.

4. SoSafe GmbH. Cybercrime trends 2024. 2024.  h t t p  s : /  / s o s  a f  e - a  w a r  e n e s  s .  c o m  / 
d e  / r e s  s o  u r c  e n /  r e p o  r t  s / c y b e r c r i m e - t r e n d s /

5. Heise. Cyber-Angriffe: Lahmgelegte IT bei Uni, Presseagentur und Klinikum. 
2022.  h t t p  s : /  / w w w  . h  e i s  e . d  e / / n  e w  s / C  y b e  r - A n  g r  i ff   e - L  a h m g  e l  e g t  e - I  T - b e  i -  U n i  - P 
r  e s s e  a g  e n t  u r -  u n d -  K l  i n i k u m - 7 3 5 9 8 6 2 . h t m l

6. Alemzadeh H, Iyer RK, Kalbarczyk Z, Raman J. Analysis of safety-critical com-
puter failures in medical devices. IEEE Secur Privacy. 2013;11(4):14–26.

7. Spence N, Paul III DP, Coustasse A. Ransomware in healthcare facilities: the 
future is now. In: Proceedings for the Academy of Business Research, Fall 2017 
Conference. 2017.

https://doi.org/10.1186/s12911-025-02988-8
https://doi.org/10.1186/s12911-025-02988-8
https://www.dkgev.de/themen/digitalisierung-daten/informationssicherheit-und-technischer-datenschutz/informationssicherheit-im-krankenhaus/
https://www.dkgev.de/themen/digitalisierung-daten/informationssicherheit-und-technischer-datenschutz/informationssicherheit-im-krankenhaus/
https://www.dkgev.de/themen/digitalisierung-daten/informationssicherheit-und-technischer-datenschutz/informationssicherheit-im-krankenhaus/
https://doi.org/10.1111/1475-6773.13203
https://doi.org/10.1111/1475-6773.13203
https://www.enisa.europa.eu/publications/health-threat-landscape
https://www.enisa.europa.eu/publications/health-threat-landscape
https://sosafe-awareness.com/de/ressourcen/reports/cybercrime-trends/
https://sosafe-awareness.com/de/ressourcen/reports/cybercrime-trends/
https://www.heise.de//news/Cyber-Angriffe-Lahmgelegte-IT-bei-Uni-Presseagentur-und-Klinikum-7359862.html
https://www.heise.de//news/Cyber-Angriffe-Lahmgelegte-IT-bei-Uni-Presseagentur-und-Klinikum-7359862.html


Page 13 of 13Willing et al. BMC Medical Informatics and Decision Making          (2025) 25:174 

8. Salmela H. 2008. Analysing business losses caused by information systems 
risk: a business process analysis approach. J Inf Technol. 23(3):185–202.  h t t p  s : /  
/ d o i  . o  r g /  1 0 .  1 0 5 7  / p  a l g  r a v  e . j i  t .  2 0 0 0 1 2 2.

9. Baskerville RL, Wood-Harper AT. A critical perspective on action research as a 
method for information systems research. J Inf Technol. 1996;11(3):235–46.  h t 
t p  s : /  / d o i  . o  r g /  1 0 .  1 1 7 7  / 0  2 6 8 3 9 6 2 9 6 0 1 1 0 0 3 0 5.

10. Aspland E, Gartner D, Harper P. Clinical pathway modelling: a literature 
review. Health Syst. 2021;10(1):1–23.

11. Yang W, Su Q Process mining for clinical pathway: literature review and future 
directions. In: 2014 11th International Conference on Service Systems and 
Service Management (ICSSSM). IEEE; 2014. p. 1–5.

12. Rimler SB, Gale BD, Reede DL. Diagnosis-related groups and hospital inpa-
tient federal reimbursement. Radiographics. 2015;35(6):1825–34.

13. Bauer J, Kahlmeyer A, Stredele R, Volkmer B. Inpatient therapy of urinary 
stones in germany: development of the g-drg system. Der Urologe Ausg A. 
2014;53(12):1764–71.

14. Sarcevic A, Marsic I, Burd RS. Teamwork errors in trauma resuscitation. ACM 
Trans Comput -Hum Interact. 2012;19(2).  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 4 5  / 2  2 4 0 1 5 6 . 2 2 
4 0 1 6 1.

15. Weigl M, Müller A, Vincent C, Angerer P, Sevdalis N. The association of work-
flow interruptions and hospital doctors’ workload: a prospective observa-
tional study. BMJ Qual Saf. 2012;21(5):399–407.

16. Recker J. Bpmn modeling-who, where, how and why. BPTrends. 2008;1–8.
17. White SA, Miers D. BPMN Modeling and Reference Guide: understanding and 

Using BPMN. 2008. p. 9–11.
18. Rolón E, Aguilar E, Garcia F, Ruiz F, Piattini M, Calahorra L, et al. Process model-

ing of the health sector using bpmn: a case study. In: Proc First International 
Conference on Health Informatics. HEALTHINF 2008. Funchal, Portugal; 2008. 
p. 173–78.

19. Braun R, Burwitz M, Schlieter H, Benedict M Clinical processes from various 
angles-amplifying bpmn for integrated hospital management. In: 2015 IEEE 
International Conference on Bioinformatics and Biomedicine (BIBM). IEEE; 
2015. p. 837–45.

20. Di Leva A, Sulis E. Process analysis for a hospital emergency department. Int J 
Econ Manage Syst. 2017;2.

21. Musman S, Tanner M, Temin A, Elsaesser E, Loren L Computing the impact 
of cyber attacks on complex missions. In: 2011 IEEE International Systems 
Conference. 2011. p. 46–51.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 0 9  / S  Y S C  O N .  2 0 1 1  . 5  9 2 9 0 5 5

22. Cohen F. Simulating cyber attacks, defences, and consequences. Comput 
Secur. 1999;18(6):479–518.

23. Howard JD An analysis of security incidents on the internet 1989-1995. PhD 
thesis, USA: Carnegie Mellon University. 1998. UMI Order No. GAX98-02539.

24. Amoroso EG. Fundamentals of Computer Security Technology. 1994.
25. Kuhl ME, Sudit M, Kistner J, Costantini K Cyber attack modeling and simula-

tion for network security analysis. In: 2007 Winter Simulation Conference. 
2007. p. 1180–88.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 0 9  / W  S C . 2 0 0 7 . 4 4 1 9 7 2 0

26. Kelton WD, Sadowski RP, Sadowski DA. Simulation with ARENA. McGraw-Hill, 
Inc.; 2002.

27. Forbus JJ, Berleant D. Discrete-event simulation in healthcare settings: a 
review. Modelling. 2022;3(4):417–33.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 9 0  / m  o d e l l i n g 3 0 4 0 0 
2 7.

28. Allen TT. Introduction to Discrete Event Simulation and Agent-based Model-
ing: voting Systems, Health Care, Military, and Manufacturing. Springer; 2011.

29. Knight VA, Williams JE, Reynolds I. Modelling patient choice in healthcare 
systems: development and application of a discrete event simulation with 
agent-based decision making. J Simul. 2012;6(2):92–102.

30. Python Software Foundation. The Python language reference.  h t t p  s : /  / d o c  s .  p y 
t  h o n  . o r g  / 3  / r e f e r e n c e /. 20 May 2024.

31. Django Software Foundation. Django. https://djangoproject.com. 20 May 
2024.

32. Harband J, Smith K Ecma-262 - ecmascript 2023 language specification. 
Standard, Ecma International.  h t t p  s : /  / e c m  a -  i n t  e r n  a t i o  n a  l . o  r g /  p u b l  i c  a t i  o n s  - a n 
d  - s  t a n  d a r  d s / s  t a  n d a r d s / e c m a - 2 6 2 /. 20 May 2024.

33. MariaDB Foundation. MariaDB server: the innovative open source database. 
https://mariadb.org. 20 May 2024.

34. Elasticsearch B.V. Elasticsearch.  h t t p  s : /  / w w w  . e  l a s  t i c  . c o /  d e  / e l a s t i c s e a r c h. 20 
May 2024.

35. Analytica, O.. German Cyberattack-linked Death Sends Wider Warning. Oxford 
Analytica; 2020.

36. Niehues C. Notfallversorgung in Deutschland: analyse Des Status Quo Und 
Empfehlungen Für Ein Patientenorientiertes Und Effizientes Notfallmanage-
ment. Kohlhammer Verlag; 2012.

37. Baier N, Geissler A, Bech M, Bernstein D, Cowling TE, Jackson T, van Manen J, 
Rudkjøbing A, Quentin W. Emergency and urgent care systems in australia, 
denmark, england, france, germany and the netherlands–analyzing organiza-
tion, payment and reforms. Health Policy. 2019;123(1):1–10.

38. Jahn F, Winter A. A kpi framework for process-based benchmarking of hospi-
tal information systems. 2011. p. 542–46.

39. AUC - Akademie der Unfallchirurgie GmbH, S. Jahresbericht 2022 - Trau-
maRegister DGU. 2022.  h t t p  s : /  / w w w  . t  r a u  m a r  e g i s  t e  r - d  g u .  d e / fi   l  e a d  m i n  / u s e  r _  u 
p l  o a d  / T R -  D G  U - J  a h r  e s b e  r i  c h t _ 2 0 2 2 . p d f

40. Object Management Group. Business process model and notation. Standard, 
Object Management Group. 2014.  h t t p  s : /  / w w w  . o  m g .  o r g  / s p e  c /  B P M N. 28 Jul 
2023.

41. Søreide K. Three decades (1978–2008) of Advanced Trauma Life Support 
(ATLS) practice revised and evidence revisited. Scand J Trauma Resuscitation 
Emerg Med. 2009;16.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 8 6  / 1  7 5 7 - 7 2 4 1 - 1 6 - 1 9.

42. Bouillon B, Pieper D, Flohé S, Eikermann M, Ober P, Ruchholtz S, Stürmer K, 
Waydhas C, Trentzsch H, Lendemans S, Huber-Wagner S, Rixen D, Hildebrand 
F, Mosch C, Nienaber U, Sauerland S, Schenkel M, Walgenbach M, Becker M, 
Group, P.. Level 3 guideline on the treatment of patients with severe/multiple 
injuries: AWMF register-Nr. 012/019. Eur J Trauma Emerg Surg. 2018.

43. Department of Health and Social Care (UK). Securing cyber resilience in 
health and care - progress update October 2018. 2018.  h t t p  s : /  / w w w  . g  o v .  u k /  g 
o v e  r n  m e n  t / p  u b l i  c a  t i o  n s /  s e c u  r i  n g -  c y b  e r - r  e s  i l i  e n c  e - i n  - h  e a l  t h -  a n d -  c a  r e - o c t o b 
e r - 2 0 1 8 - u p d a t e. 27 Jul 2023.

44. CBS. Hospital explains decision to pay ransom to hackers. 2016.  h t t p  s : /  / w w w  
. c  b s n  e w s  . c o m  / n  e w s  / h o  s p i t  a l  - e x  p l a  i n s -  d e  c i s  i o n  - t o -  p a  y - r a n s o m - t o - h a c k e r s /. 
27 Jul 2023.

45. Dr. Sean Kitson. Cyber attacks on medical imaging systems.  h t t p  s : /  / o p e  n m  e d 
s  c i e  n c e .  c o  m / m  e d i  c a l -  d e  v i c e - c y b e r - s e c u r i t y /. 27 Jul 2023.

46. Thornton E, Brook OR, Mendiratta-Lala M, Hallett DT, Kruskal JB. Application 
of failure mode and effect analysis in a radiology department. Radiographics. 
2011;31(1):281–93.

47. Pinto A, Reginelli A, Pinto F, Lo Re G, Midiri F, Muzj C, Romano L, Brunese 
L. Errors in imaging patients in the emergency setting. Br. J. Radiol. 
2016;89(1061):20150914.

48. Greer B, Capstone A Cybersecurity for healthcare medical devices. PhD thesis. 
2018.

49. LLC, P.I. The impact of ransomware on patient safety and the value of cyber-
security benchmarking. 2023.  h t t p  s : /  / w w w  . c  e n s  i n e  t . c o  m /  i m p  a c t  - o f -  r a  n s o  
m w a  r e - o  n -  p a t  i e n  t - s a  f e  t y -  a n d  - v a l  u e  - o f  - c y  b e r s  e c  u r i t y - b e n c h m a r k i n g. 28 Jul 
2023.

50. Canalys. Cybersecurity investment to grow by 13% in 2023. 2023.  h t t p  s : /  / w w 
w  . c  a n a  l y s  . c o m  / n  e w s  r o o  m / c y  b e  r s e  c u r  i t y -  f o  r e c a s t - 2 0 2 3. 27 Jul 2023.

51. Lee I, Pappas GJ, Cleaveland R, Hatcliff J, Krogh BH, Lee P, Rubin H, Sha 
L. High-confidence medical device software and systems. Computer. 
2006;39(4):33–38.  h t t p s :   /  / d o  i .  o r  g  /  1 0  . 1 1   0 9   / M C . 2  0 0 6 . 1 2 7.

52. Halpern P, Arnold J, Stok E, Ersoy G. Mass-casualty, terrorist bombings: impli-
cations for emergency department and hospital emergency response (part 
ii). Prehospital Disaster Med. 2003;18(3):235–41.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1057/palgrave.jit.2000122
https://doi.org/10.1057/palgrave.jit.2000122
https://doi.org/10.1177/026839629601100305
https://doi.org/10.1177/026839629601100305
https://doi.org/10.1145/2240156.2240161
https://doi.org/10.1145/2240156.2240161
https://doi.org/10.1109/SYSCON.2011.5929055
https://doi.org/10.1109/WSC.2007.4419720
https://doi.org/10.3390/modelling3040027
https://doi.org/10.3390/modelling3040027
https://docs.python.org/3/reference/
https://docs.python.org/3/reference/
https://djangoproject.com
https://ecma-international.org/publications-and-standards/standards/ecma-262/
https://ecma-international.org/publications-and-standards/standards/ecma-262/
https://mariadb.org
https://www.elastic.co/de/elasticsearch
https://www.traumaregister-dgu.de/fileadmin/user_upload/TR-DGU-Jahresbericht_2022.pdf
https://www.traumaregister-dgu.de/fileadmin/user_upload/TR-DGU-Jahresbericht_2022.pdf
https://www.omg.org/spec/BPMN
https://doi.org/10.1186/1757-7241-16-19
https://www.gov.uk/government/publications/securing-cyber-resilience-in-health-and-care-october-2018-update
https://www.gov.uk/government/publications/securing-cyber-resilience-in-health-and-care-october-2018-update
https://www.gov.uk/government/publications/securing-cyber-resilience-in-health-and-care-october-2018-update
https://www.cbsnews.com/news/hospital-explains-decision-to-pay-ransom-to-hackers/
https://www.cbsnews.com/news/hospital-explains-decision-to-pay-ransom-to-hackers/
https://openmedscience.com/medical-device-cyber-security/
https://openmedscience.com/medical-device-cyber-security/
https://www.censinet.com/impact-of-ransomware-on-patient-safety-and-value-of-cybersecurity-benchmarking
https://www.censinet.com/impact-of-ransomware-on-patient-safety-and-value-of-cybersecurity-benchmarking
https://www.canalys.com/newsroom/cybersecurity-forecast-2023
https://www.canalys.com/newsroom/cybersecurity-forecast-2023
https://doi.org/10.1109/MC.2006.127

	Simulating the overload of medical processes due to system failures during a cyberattack
	Abstract
	Background
	Related work
	Contributions

	Methods
	Classification of the applied principles
	Technical details
	Model definition
	Optimizations

	Results
	Implementation
	Use case demonstration
	Preparation
	Scenario evaluation


	Discussion
	Conclusions
	References


