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Abstract: Extracorporeal membrane oxygenation (ECMO) education, in particular with regards to crisis
management during the provision of venoarterial extracorporeal membrane oxygenation (VA ECMO), is
challenging due to its intrinsic characteristics—a complex, high risk, low volume clinical activity which
requires dynamic decision making, interdisciplinary teamwork and communication, and rapid response.
Simulation training that focuses on crisis resource management and interprofessional communication is well-
suited to address these training needs. Institutional commitment to provide both capital and human resources
is instrumental to the success of ECMO training programs. Future multicenter studies with standardized

training curricula are required to investigate the impact of ECMO simulation training on patient outcome.
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Introduction

With advancement in medical technology, the use of
extracorporeal membrane oxygenation (ECMO) for
patients with refractory respiratory and cardiac failure
has experienced a resurgence in the last decade. In
particular, the global caseload and indications for the
use of venoarterial (VA) ECMO is rapidly expanding.
The spectrum of disease conditions suitable for VA
ECMO ranges from cardiogenic shock due to myocardial
infarction, fulminant myocarditis, and refractory ventricular
arrhythmia, to the use of ECMO during resuscitation
of patients with refractory cardiac arrest, i.e., “ECMO-
cardiopulmonary resuscitation” (E-CPR) (1),

Despite frequent efforts to ensure the appropriateness
and safety of ECMO delivery, it remains a high-risk clinical
activity due to its intrinsic complexity and low volume
nature (2). As a result, continuing education is essential to
ensure the quality, efficiency, sustainability, and outcomes of
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an ECMO program (3).

Traditional ECMO education curricula and teaching
modalities include reading materials, didactic lectures,
water drills, and animal laboratory practice (4). These
methods often focus on cognitive and technical knowledge,
with little emphasis on behavioural skills. Simulation
training in ECMO has gained popularity as a supplement
to current training modalities by providing a standardized,
controlled, safe, and confidential learning environment, and
is particularly aligned to cover stressful clinical scenarios
and complex topics.

In this article, we will describe the pre-requisites of
an ECMO simulation program, followed by an in-depth
discussion of simulation training for crises in VA ECMO.

Setup of a high-fidelity ECMO simulation program

A common misconception of simulation training is that
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Figure 1 Basic setup of a high-fidelity extracorporeal membrane oxygenation (ECMO) simulation environment. (A) ECMO simulation is in

progress with a functioning ECMO machine (blood pump and oxygenator). Physiological parameters are displayed and modified according

to the action of the learners. (B) Debriefing after simulation activity (adopted from Asia-Pacific Adult ECMO Course, Queen Mary

Hospital).

it is a casual exercise where learners perform actions in a
simulated medical environment followed by an informal
discussion or a question and answer session. In reality, well-
structured simulation training is stringently designed and
backed by human learning theories. The most important
learning theory is Kolb’s theory of experiential learning,
which describes learning as a cyclic process of “concrete
experience”, “reflection”, “abstract conceptualization”,
and active experimentation (5). Learning starts off with
experiencing an event (concrete experience), followed by
self-reflection or reflection assisted by facilitator (reflection),
after which a new insight of the experience is developed
(abstract conceptualization). Finally, this new insight is
applied to another situation (active experimentation) and
another learning cycle begins.

There are several key components in simulation training.
Firstly, the learning environment is set up to provide an
immersive experience and to create contextual reality.
Secondly, details in simulation scenarios are purposefully
designed according to clearly pre-defined learning goals and
objectives. Thirdly, debriefing, the post experience analytic
process, should be facilitated by trained and experienced
debriefers to achieve effective learning.

Simulation environment and equipment

The first step in ECMO simulation is to provide a

© Journal of Thoracic Disease. All rights reserved.

contextual reality for the simulation activity. Standard
simulation centres can usually stage the clinical settings
where ECMO is commonly used, e.g., intensive care
unit (ICU), operating theatre, and emergency room.
Occasionally, special settings such as the cardiac
catheterization laboratory may be more suited to achieve
certain learning objectives in VA ECMO scenarios. In
these situations, special arrangement and support from the
relevant stakeholders or even the hospital administration
may be necessary.

Equipment that is universal for ECMO simulation
include an intubated manikin connected to a mechanical
ventilator. Arterial lines, drug infusion devices, Foley
catheters, and resuscitation equipment may be added as
necessary. Essential physiological parameters, e.g., arterial
blood pressure, pulse rate, ECG rhythm, oxygen saturation,
and central venous pressure should be clearly displayed
(Figure 1) and controlled remotely by a compatible
computer program (e.g., Laerdal SimMan®). Additional
clinical information such as laboratory results, chest
radiographs, and echocardiography findings should be
readily available upon request by the participants.

During ECMO simulation training, learners are
expected to react to and work on the ECMO console in
response to simulated clinical events. A commonly-used
method to integrate an ECMO circuit to the manikin
involves the connection of the access and return cannulae
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Figure 2 Basic setup of a high fidelity extracorporeal membrane oxygenation (ECMO) simulation. (A,B) Hidden volume reservoir and

tubings inside a paediatric manikin; and the setup of a volume reservoir (photos courtesy of Dr. Mark Ogino); (C) Closeup of the ECMO

circuit setup with additional pressure transducers (in red) for display of circuit pressure.

to a “bladder reservoir” hidden inside the manikin
(Figure 2A). The presence of access ports on this volume
reservoir (Figure 2B) allows injection or withdrawal of
volume, and hence manipulation of pressure and volume
status within the ECMO circuit. For example, access
insufficiency is simulated by withdrawal of fluid, causing
collapse of the reservoir, decreased ECMO flow, and
negative access pressure. Circuit air entrainment may be
simulated by the controlled introduction of air into the
circuit. Depending on the specifications of the ECMO
machine used, additional pressure transducers may be
necessary to display the pressure measurements at different
sites along the ECMO circuit (Figure 2C). This setup is
simple and highly mobile, and allows simulation activities
to be run even in institutions without dedicated simulation
facilities.

However, there are both cost and technical considerations
in using this model. In terms of budgetary estimation,
expenses for the maintenance of ECMO machines and
replacement of consumables (blood pump and membrane
oxygenator) should be factored in. This poses economical
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concerns, especially for newly developed ECMO centers,
or recurring simulation activities. The advancement of
3-D printing technologies for the construct of simulated
oxygenators holds promise to curtail these costs (6).

Certain technical barriers limit the realism of this
simulation model. First, it is difficult to demonstrate
the difference in color of oxygenated and deoxygenated
blood, which is an important visual cue in scenarios like
oxygen supply failure. Other technical challenges include
simulating blood clots in the blood pump and oxygenator.
There is ongoing research to explore new possibilities, such
as the use of thermochromic fluid to manipulate the ‘blood’
color in different parts of the circuit (6).

Scenario design

Scenario design is the “soul” of simulation training. Scenarios
are designed with specific learning goals and objectives.
The goal refers to the overall educational mission of the
scenario, whereas objectives refer to the specific cognitive,
psychomotor, behavioural, or affective skills the learners are
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Table 1 Examples of scenarios in adult extracorporeal membrane
oxygenation (ECMO) simulation training (adopted from Asia-
Pacific ELSO (APELSO) Adult ECMO Training Course, Queen
Mary Hospital)

Scenario topic Examples

Routine ECMO circuit External compression on return
management tubing

Heater failure with hypothermia

Oxygenator failure
Emergencies in ECMO care Blood pump failure

Oxygen supply failure

Circuit air embolism
Patient management Venous insufficiency
Hypertensive patient

Cardiac tamponade

Ventricular fibrillation in venoarterial
(VA) ECMO

Differential hypoxaemia in VA ECMO

Unvented left ventricle in peripheral
VA ECMO

VA ECMO weaning trial

expected to acquire after the training (7).

It is worthwhile to mention an important vision that
the Extracorporeal Life Support Organization (ELSO) has
about ECMO simulation training. All learners are trained
to become ECMO specialists and hence are expected to
adapt and take up the role of the ECMO specialist during
simulation learning, regardless of their existing job positions
as senior consultants, junior doctors, nurses, or perfusionists.
For instance, nurses are encouraged to adjust the settings on
the ECMO console independently as clinically appropriate,
and doctors are expected to be “hands-on” in activities such
as changing the ECMO circuit to the hand crank. Although
contrary to routine role divisions, this is to ensure basic
competency in troubleshooting and responding to ECMO
emergencies. This training concept also reflects the reality
that many ECMO centers nowadays adopt a “mixed ECMO
care” model, with the ECMO team consisting of physicians,
nurses, perfusionists, and respiratory therapists (8,9).

An important principle in scenario design is to take into
account the background and experience of the learners. The
same scenario can be modified according to the competency
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of the participants, and the goals and objectives should
be clearly specified. For instance, in a scenario of ECMO
blood pump failure, the goal for bedside nurses may be
“to switch to a standby machine in emergency setting”,
with objectives including “recognize the manifestation of
blood pump failure and its related physiological changes”
(cognitive), “acquire the technical skill of using hand crank
or backup blood pump” (psychomotor) and “call for help
immediately after problem identified” (behavioural). On the
contrary, the goal for a group of experienced learners would
be “demonstration of teamwork in managing blood pump
failure crisis”, achieved through the objective of “exercising
effective communication and leadership skills” (behavioural).
Table 1 lists examples of basic scenarios used in an Asia-
Pacific ELSO (APELSO) Adult ECMO Training Course.

Facilitators and debriefers

Apart from hardware considerations, well-trained
simulation facilitators are instrumental to the success of a
simulation program. ECMO simulation facilitators have to
fulfill multiple roles. Firstly, they have to ensure the smooth
running of simulation scenarios, provide necessary cues
and information to the participants, and react appropriately
to the learners actions. A thorough understanding of
ECMO physiology and ECMO-patient interaction is a
prerequisite for accurate and timely manipulation of the
ECMO and physiological parameters. For example, in the
scenario of hypovolemia in VA ECMO, facilitators have to
withdraw volume from the reservoir to decrease the ECMO
circuit flow, and simultaneously change the physiological
parameters by dropping the SpO,, SvO,, mean arterial
pressure and creating tachycardia. Normal parameters
should be reinstated after the learners demonstrate
appropriate response. The acquisition of these skills would
imply additional training and resources at the starting
phase of an ECMO simulation program, in the form of
training the trainers, such as by attending advanced training
programs provided by ELSO.

During the running of simulation activities, facilitators
have to denote key actions and behaviours for discussion
in the subsequent debriefing session. Special skills are
required to conduct an effective debriefing. Debriefers
should stimulate a conversation amongst learners and
to guide them in discovering the “frame” behind their
actions—the assumptions, knowledge, and feelings that
drive their actions. Only when participants gain insight
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of their own frames would a simulation exercise lead to
behavioural change (10).

Detailed discussion on the techniques in debriefing
is beyond the scope of this article. The principles of
confidentiality and mutual respect have to be strictly
observed in order to create a safe environment for free
communication, especially after difficult, stressful, or
poorly-performed scenarios (11). There are established
frameworks for the debriefing process. The most widely
used tools include the three-step model (reaction,
understanding, and summary) created by the Center for
Medical Simulation at Harvard Medical School, and the
“gather, analyze, and summarize” (GAS) model advocated
by the Winter Institute for Simulation Education and
Research (WISER) of University of Pittsburgh. Debriefers
should familiarize themselves with different tools and adopt
a systematic approach during debriefing.

Simulation training for crises in VA ECMO

A crisis is a time of intense difficulty or danger. Several
characteristics intrinsic to the provision of VA ECMO
continuously expose the service providers to such challenges.

(I VA ECMO is often deployed under emergency and
unplanned situations.

(II) The time to ECMO initiation is directly related to
patient outcome (12).

(III) Providers often have to multi-task, especially
in the initiation phase of VA ECMO—taking
care of equally important issues such as airway
management, emergency medications, and
diagnostic workup.

(IV) Patients supported by VA ECMO are usually
critically ill and ECMO dependent, any
complications related to equipment failure or
human error have significant adverse effects on
patient outcome.

(V) Many etiologies of circulatory failure require
timely intervention by liaising with specialists not
in the ECMO team, e.g., emergency percutaneous
coronary intervention (PCI) or coronary artery
bypass grafting (CABG) (13).

(VI) Robust data or guidelines on the use of VA ECMO
in cardiac failure is lacking, which renders decision
making dynamic. Many a time, critical decisions
have to be made expeditiously, e.g., ECMO
initiation for a borderline E-CPR candidate.

As a result of all these factors, VA ECMO providers

© Journal of Thoracic Disease. All rights reserved.

Sin et al. Simulation training for VA ECMO

are required to organize ECMO support, make clinical
decisions, troubleshoot, demonstrate leadership, and
communicate efficiently with healthcare professionals under
high tension and time-pressured situations. Such situation
may be made even more stressful and complex when the
ECMO providers have to perform ECMO cannulation
simultaneously. Simulation-based training with the goal
of addressing interprofessional education (IPE) and crisis
resources management (CRM) is especially suited to
improve team performance, prevent error, and enhance
patient safety.

The World Health Organisation (WHO) defines IPE as
“when students from two or more professions learn about,
from, and with each other to enable effective collaboration
and improve health outcomes (14). Four major domains
described as core interprofessional competencies are as
follows (15):

(I) Values/ethics for interprofessional practice -
healthcare professions are expected to work with
other professions to maintain a climate of mutual
respect and shared values;

(II) Roles/responsibilities—able to use the knowledge
of own and other professions to address healthcare
needs;

(III) Interprofessional communication—responsive
and responsible communication to support team
approach to treatment; and

(IV) Teams and teamwork.

CRM is the articulation of principles of individual and
crew behaviour in ordinary and crisis situations that focus
on the skills of dynamic decision making, interpersonal
behaviour and team management, in order to make use of
all available resources to deliver safe and quality care (16).

It was first introduced in 1970s in aviation industry
(flight-simulator-based curriculum named crew resources
management) and subsequently adopted by David Gaba
in 1980s into the field of anaesthetic care [Anaesthesia
Crisis Resources Management (ACRM)] (17). Since then,
the concept of CRM has been incorporated into training
curricula in high risk clinical areas (obstetrics, emergency
medicine, critical care etc.) and various medical disciplines
(18,19). While multiple standardized teamwork training
curricula other than ACRM have since been developed,
they all share a common focus on non-technical skills of the
individual and team (7able 2).

The principles of IPE and CRM are of paramount
importance in ECMO emergencies. In these situations,
healthcare professions with different background including
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Table 2 Key crisis management principles and behaviours in
commonly used team training curricula

ACRM
Anticipation/planning
Communication
Leadership/assertiveness
Awareness and utilization of all available resources
Distribution of workload and mobilization of help
Routine re-evaluation of all available information
Awareness and utilization of all available information
TeamStepps®
Team structure
Communication
Leadership
Situation monitoring

Mutual support

ACRM, Anaesthesia Crisis Resources Management; TeamStepps®,
Team Strategies and Tools to Enhance Performance and Patient
Safety.
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ECMO specialists, perfusionists, paramedics, doctors
from various specialities (e.g., emergency physicians,
cardiologists, intensivists and cardiothoracic surgeons),
nurses, paramedics, and social workers are required to
work cohesively to handle the emergency (Figure 3).
Table 3 illustrates some of the scenarios designed to address
crisis management in an ECMO simulation training
program.

Current status and the future of simulation in
ECMO education

The importance of simulation training in ECMO education
curriculum is increasing. Surveys conducted in the United
States reported that 46% of the ECMO centres have an
ECMO simulation program and 73% of the centres have
adopted simulation as part of the institutional ECMO
credentialing program (21,22). In 2017, ELSO included
high-fidelity simulation into the training and continuing
education guideline for ECMO physicians. In particular, the
guideline highlighted the role of simulation in evaluating

Figure 3 Simulation training for ECMO-cardiopulmonary resuscitation (E-CPR). Inter-professional collaboration between different

healthcare professions from the point of activation of E-CPR, resuscitation in the emergency room, ECMO cannulation, to ICU transfer is

emphasized. ECMO, extracorporeal membrane oxygenation; ICU, intensive care unit.
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Table 3 Example of scenarios in VA ECMO crisis (adopted from APELSO Adult ECMO Training Course, Queen Mary Hospital)

Scenario description

Goal

Objectives

A candidate of borderline eligibility
for ECPR generates a vigorous
discussion among different
specialities within the ECPR team in
resuscitation setting

Difficulty in establishing vascular
access during ECPR (executed with
a silicone cannulation model) (20)

The consultant cardiologist insists
to finish PCI before initiating ECMO
during an “on-table” refractory
cardiac arrest situation due to
ischaemic heart disease

ECMO circuit air entrainment

To understand the process
of decision making in ECPR
candidacy

To be able to identify
difficulty during cannulation;
recognize, and mobilize
resources during
cannulation crisis

Prioritization in a refractory
cardiac arrest crisis and
communication of the
decision to the team

Diagnose and manage
circuit air entrainment

Identify the favourable and unfavourable prognostic factors of
ECPR. Demonstrate communication skills in:

()  Obtaining accurate history in emergency setting;
(I) Disseminating the information to the ECPR team;
(Il Re-evaluation of all information;

(IV) Communicating with other professions in a mutually
respectful manner when there is difference in opinion;

(V) Facilitating conflict resolution

< Demonstrate the principles of ultrasound-guided Seldinger
technique for cannulation safety;

< Monitoring of the process of cannulation and demonstrating
ability to identify cannulation crisis;

< Monitoring of team members’ action during crisis to prevent
complications (e.g., poor vascular puncture and dilatation
technique, loss of guidewire during cannulation);

+ Recognize and mobilize available resources including
equipment and personnel (e.g., fluoroscopy, vascular/
cardiothoracic surgeon);

< Demonstrate communication skills during interprofessional
consultation, e.g., SBAR technique

< Anticipate the need for ECMO;

RS

< Ability to reevaluate the situation and activate ECMO
appropriately;

< Communication with the consultant cardiologist in an assertive
and respectful manner the need to set up ECMO first

< Recognize clinical presentation of circuit air entrainment;
< ldentify potential source of air entrainment;

% Complete circuit check to identify source of air and stop further
entrainment;

% Technical skills for circuit de-airing or changing to new circuit;

% Teamwork and communication skills during circuit de-airing,
changing ECMO circuit, and patient resuscitation

VA ECMO, venoarterial extracorporeal membrane oxygenation; ECPR, ECMO-cardiopulmonary resuscitation; SBAR, Situation,
Background, Assessment, Recommendation and Request; PCI, percutaneous coronary intervention.

the knowledge and competency of the ECMO physician
in managing ECMO related interventions in routine and
emergency situations. It also recognized simulation training
as an effective tool to train teamwork and communication
skills (4).

There is ongoing research to investigate the impact of
simulation training on ECMO outcomes. Studies have
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shown an improvement in confidence and performance in
managing ECMO patient after simulation training. Allan
et al. reported a shorter cannulation time in paediatric
ECPR performed by cardiac surgical trainees. Su et al.
reported a faster ECPR initiation time and Whitmore
et al. reported a shorter time to achieve a full ECPR
support simulation scenario after simulation training
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(23-25). Recently, Zakhary ez /. published the first
randomized controlled trial in ECMO simulation,
comparing simulation training with water drill. The
simulation group had a superior performance, gauged
by achieving a higher scenario score and a shorter time
to critical action. Notably, the superior performance was
sustained at a 1-year evaluation (26).

At this juncture, the main criticism of simulation training
is the lack of evidence that it translates to better patient
outcomes. Only a multicentre trial with a standardized
training curriculum and evaluated over an extended period
will provide the answer. However, considering the long
history and successful outcome of simulation training in the
aviation industry, where running a randomized controlled
trial is impossible, simulation training is very likely the
most efficient and appropriate training tool for crises
management in provision of ECMO care (27).

Conclusions

ECMO is a complex, high risk yet low volume clinical
activity. VA ECMO, in particular, often a multidisciplinary
collaboration in a stressful, dynamic and time-pressured
environment, has imposed extra challenges to ECMO
providers in terms of teamwork and interprofessional
communication. In this aspect, simulation training is
rapidly evolving as a probably superior training modality
than traditional ECMO education methodologies. Further
research is required to establish the effect of ECMO
simulation training on patient outcomes.
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