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Abstract 

Simulation-based medical education is a technique that leverages adult learning theory to train healthcare pro-
fessionals by recreating real-world scenarios in an interactive way. It allows learners to emotionally engage in the 
assessment and management of critically ill patients without putting patients at risk. Learners are encouraged to 
work at the edge of their expertise to promote growth and are provided with feedback to nurture development. Thus, 
the training is targeted to the learner, not the patient. Despite its origins as a teaching tool for neurological diseases, 
simulation-based medical education has been historically abandoned by neurocritical care educators. In contrast, 
other critical care educators have embraced the technique and built an impressive foundation of literature support-
ing its use. Slowly, neurocritical care educators have started experimenting with simulation-based medical education 
and sharing their results. In this review, we will investigate the historical origins of simulation in the neurosciences, the 
conceptual framework supporting the technique, current applications, and future directions.
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Introduction
In 1999, The Institute of Medicine’s To Err is Human 
exposed the astonishing volume and consequences of 
medical errors in the USA, spurring a revolution in 
patient safety investigation and innovation. Taking a cue 
from other industries with high-profile safety concerns, 
including aviation and nuclear energy, medical educators 
and safety officers alike recognized the potential for sim-
ulation to augment traditional medical curricula.

Simulation is defined “as a technique—not a technol-
ogy—to replace or amplify real experiences with guided 
experiences that evoke or replicate substantial aspects 
of the real world in a fully interactive manner [1].” While 
simulation modalities were first described in medicine 
over 60  years ago, only recently has simulation been 
adopted as a critical component of healthcare education. 

Over the last two decades, simulation-based medical 
education has established itself as an important tool for 
knowledge and skill acquisition and maintenance [2]. 
However, neurologists and neurocritical care educators 
have been slow to adopt, and have even actively rejected 
simulation [3]. Nonetheless, recent interest has surged 
due to emerging therapeutic paradigms in neurosciences 
necessitating modalities like simulation to teach high-
stakes clinical decision making [4].

Neurological complaints account for a considerable 
proportion of all emergency room visits and comprise 
a disproportionately high number of intensive care unit 
admissions [5, 6]. Given the time-sensitivity of neurologi-
cal diseases such as acute stroke and status epilepticus, 
the first hours of care are crucial in determining out-
come. The goals of simulation-based medical education 
in emergency neurology are to reduce misdiagnosis, opti-
mize resource allocation, hasten decisive interventions, 
and foster multidisciplinary collaboration [7].

In this review, we will explore the historical origins 
of simulation-based medical education, its conceptual 
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framework, current applications, and future directions 
especially as pertinent to neurosciences.

Historical Origins of Simulation‑Based Medical 
Education in Neurology/Neurocritical Care
Neurology continues to be considered one of the most 
difficult specialties and the one which provokes the 
most discomfort in trainees and practitioners [8]. Half 
a century ago, Howard S. Barrows—a neurologist and 
luminary in medical education—denounced clini-
cal neurology teaching methods for their “seed catalog 
approach” divorced from complex patient care [9]. He 
argued that only the actual experience and pressures of 
practice seemed capable of forcing students to become 
practical, accurate and efficient. Failure to integrate 
basic science with pragmatic bedside clinical neurology 
hampered performance and led to a syndrome among 
students that Ralph Jozefowicz would later call “neuro-
phobia” [10].

Barrows proposed a two-fold solution. First, he sug-
gested a student centered pedagogy called “Problem-
Based Learning.” This featured graded problems in 
neurological dysfunction, working back from the prob-
lem to a knowledge and understanding of the underly-
ing anatomical, physiological, and pathophysiological 
aspects of the case. The problems become increasingly 
complex and obtuse, and competence and overall knowl-
edge built as a result [11]. Secondly, he pioneered the use 
of simulated patients, which he later called standard-
ized patients. Barrows’ standardized patients simulated 
important physical findings in neurocritical care such 
as asterixis, Cheyne-Stokes and Kussmaul respirations, 
coma, decerebrate posturing, dilated pupils, dysarthria, 
facial paralysis, lid lag, ptosis, hemiparesis, seizures, and 
vomiting [12]. Barrows’ work, embraced by medical edu-
cators nationwide and crystallized in the USMLE Step 2 
Clinical Skills Examination, was largely eschewed by neu-
rologists who questioned the verisimilitude of simulated 
neurological findings [3].

Barrows’ critiques of clinical neurology training ring 
true today and may be amplified by the exponential 
increase in scientific knowledge, decreased learning 
opportunities due to duty hour restrictions, and expan-
sion of rote clerical duties due to high patient turnover 
[13]. Medical students and neurology residents alike are 
expected to learn the general principles for recognizing, 
evaluating, and managing neurological emergencies such 
as acute stroke, subarachnoid hemorrhage, status epilep-
ticus, and brain trauma [14, 15]. The identification and 
management of neurological emergencies are built into 
the Accreditation Council for Graduate Medical Edu-
cation (ACGME) neurology milestones and important 
components of clinical encounters necessitated by the 

Liaison Committee of Medical Education [16]. Despite 
that, many medical students graduate without compe-
tence or confidence in basic neurological or critical care 
skills [17, 18].

One notable factor in medical education is the lack of 
clinical exposure to neurology and especially neurologi-
cal emergencies. In the USA, clinical neurology training 
is not required in medical school nor in specialty resi-
dency training such as emergency medicine and internal 
medicine that often serve as the frontline for critically ill 
neurology patients. In Canada, even in internal medicine 
residency programs that incorporate clinical neurology 
training, graduating residents do not rate themselves 
as competent in neurology [19]. A survey administered 
through the American Academy of Neurology Graduate 
Education Subcommittee reported only 56% of neurology 
residency programs rotate through a dedicated neuro-
intensive care unit and that many patients with founda-
tional diagnoses, such as subarachnoid hemorrhage, are 
cared for primarily by other services [20]. As such, neu-
rology resident education in critical care neurology is 
mostly accomplished through didactic lecture sessions 
[20]. Among trainees that spend time in a dedicated neu-
rointensive care unit, education ranks as their number 
one concern about the rotation, regardless of their expo-
sure time or senior clinical staff interaction [21]. It seems 
that exposure alone is not enough to ameliorate educa-
tional deficiencies. This highlights the need for exploring 
modalities like simulation-based medical education to 
help address the deficiencies.

Conceptual Framework
Barrows’ critiques can be explained by education theory. 
Based on work from Kurt Lewin, John Dewey, and Jean 
Piaget, David Kolb developed the experiential learn-
ing theory [22]. Per Kolb, learning is a continuous pro-
cess grounded in experience. Effective learning requires 
a four-stage cycle (Fig.  1). In the first stage, the learner 
actively experiences an activity such as managing a 
patient in status epilepticus. The second stage is a space 
for the learner to reflect back on that experience and 
question what worked and what failed. For instance, were 
there delays in halting the seizure? Were the antiepileptic 
drugs appropriately dosed? Busy clinical rotations rob the 
learner of time for this critical stage. In the third stage, 
the learner uses resources to understand what they could 
have done differently. In this example, published guide-
lines could suggest appropriate doses and ameliorate 
concerns related to higher doses of antiepileptic drugs 
with regards to respiratory compromise. Finally, in the 
active experimentation stage the learner takes the reflec-
tions and thoughts to their next case. Simulation offers 
the opportunity to prescribe experiential learning in a 
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controlled fashion with ample time for reflection during 
each stage of clinical decision making.

Adult learners have educational needs unique from 
children that must be heeded (Table 1) [23]. Andragogy, 
the method and practice of teaching adult learners, sug-
gests that Kolb’s formulation is particularly applicable to 
healthcare professionals. Per Kolb, rote memorization 
of medical facts alienated from experiential learning is 
unlikely to effect lasting change in the learner. Benjamin 
Bloom described a taxonomy of educational objectives 
whereby remembering facts serves as the basest form of 
cognition. Understanding, applying, analyzing, evaluat-
ing, and creating are increasingly higher-order cognitive 
functions that loosely parallel the ACGME’s milestone 
levels [24]. Simulation, through incorporation of major 
learning theories including behaviorism, constructivism, 
social constructivism, reflective practice, situated learn-
ing, and activity theory, provides a framework for helping 
learners to achieve Bloom’s higher cognitive functions 
[25].

Traditional lecture-based didactics fall short, in part, 
because they fail to engage learners. Simulation-based 
education, on the other hand, enhances engagement 
both through the inherent emotional aspects of the case 
and through the act of being observed. Highly activated 
states, even when including negative emotions, motivate 
learning and boost retention [26, 27]. Anxiety-provoking 
risk-taking is a critical aspect of engagement in simula-
tion. Learners are encouraged to work at the edge of 
expertise where instructor assistance is needed to aid 
the learner’s advancement [28]. Conversely, lack of psy-
chological safety may undermine educational efforts, 
especially when professional or social identity is threat-
ened. Creating a setting where learners feel safe enough 
to embrace being uncomfortable and free to practice new 
skills is what Jenny Rudolph describes as “establishing a 
safe container for learning in simulation [29].” Educators 
must create psychological safety for learners to improve 
the effectiveness of simulation-based education (see 
Table 2).

At least four decades of simulation education research 
have demonstrated its effectiveness in improving knowl-
edge, skills, behaviors, and patient-related outcomes 
[30]. The Best Evidence Medical Education Executive 
Committee commissioned a review in 2001 to highlight 
the aspects of high-fidelity medical simulation that lead 
to the most effective learning. Results from their review 
reside in Table  3 [31]. While a complete description of 
each feature is beyond the scope of this review, a brief 
exploration of the most studied feature, feedback, is 
warranted.

Feedback is historically the most vaunted tool to pro-
mote effective learning [31]. Feedback sources in sim-
ulation include video recordings, peer observers or 
co-participants, the simulation device (e.g. the mani-
kin/monitor or standardized patient), or facilitator-
led debriefing. Necessity of debriefing depends on the 
learning objective and learner group likely to benefit 
[32]. Debriefing usually takes place after the simulation, 
but other methods such as on-demand learner-initiated 
debriefing or facilitator-initiated time-outs for debrief-
ing can be utilized [33]. While a host of debriefing mod-
els exist [34–36], most contain four key steps: (1) noting 
performance gaps related to predetermined objectives, 

1) Concrete 
Experience

2) Reflective 
Observation

3) Abstract 
Conceptualization

4) Active 
Experimentation

Fig. 1 Kolb’s Experiential Learning Theory. Per Kolb, effective learning 
requires progression through four critical stages. Adapted from: Kolb 
[22].

Table 1 The educational needs of  adult learners. From: 
Bryan et al. [23]

Adults need to know why they are learning

Adults are motived by the need to solve problems

Adults’ previous experience must be respected and built upon

The learning approach must match their background and diversity

Adults need to be actively involved in the learning process

Table 2 How to  create psychological safety in  simulation. 
From: Rudolph et al. [29]

Clarify objectives, roles, confidentiality, and expectations

Establish a “fiction contract” with participants

Attend to logistical details

Convey a commitment to respecting learners and understanding their 
perspective
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(2) providing feedback describing the gap, (3) investigat-
ing the basis for the gap by exploring the frames of the 
learner, and (4) helping to close the performance gap 
through discussion or instruction [37]. A meta-analy-
sis of 46 studies found that team- and individual-level 
debriefing improves educational effectiveness by approxi-
mately 25% [38].

The success of the debriefing may rest on the skill of the 
facilitator or instructor. The effect of instructor training 
has been relatively understudied. Learners indicate that 
debriefer skill is the strongest contributor to the overall 
quality of simulation [39]. Despite that finding, less than 
half of all facilitators have had any debriefing training 
and less than 20% have had their competence as debrief-
ers assessed [40]. Validated assessment tools for debrief-
ing have been developed but remain underutilized [41, 
42]. Due to costs associated with training and employing 
expert debriefers, self-assessment has gained in popular-
ity following simulation. Unfortunately, evidence sug-
gests that medical professionals are quite limited in their 
ability to self-assess [43]. The Society for Simulation in 
Healthcare and the International Nursing Association for 
Clinical Simulation both recommend specific instructor 
training for simulation debriefing [44, 45].

Current Applications
The current applications of simulation training in neu-
rocritical care can be divided by simulator modality. The 
primary simulator modalities in use are task trainers, 
manikin-based simulators, standardized patients, and 
computer-based simulators.

Task Trainers
Task trainers are limited models of body parts designed 
to aid in the acquisition of technical or procedural skills. 

They can be constructed as three-dimensional models 
of relevant anatomy or they can employ high-definition 
computer-based virtual modeling to build a hyper-realis-
tic learning environment. High cost has been a limitation, 
but do-it-yourself task trainers provide an inexpensive 
option that may be valid for the task at hand [46, 47], 
while three-dimensional printers are expanding the mod-
eling possibilities and increasing accessibility [48]. Delib-
erate practice is a pivotal feature of procedural learning 
on task trainers. Deliberate practice requires a well-
defined goal, immediate feedback on performance, ample 
opportunities for practice, and sustained concentra-
tion [49]. Task trainers have been successfully employed 
to train learners in a variety of critical care procedures 
including: point-of-care ultrasound [50], airway manage-
ment/intubation [51], bronchoscopy [52], thoracentesis 
[53], and paracentesis [54]. One of the real triumphs of 
simulation-based medical education research has been 
the demonstration of a reduction in central line associ-
ated blood stream infections in simulation-trained resi-
dents [55]. A meta-analysis found that simulation-based 
medical education with deliberate practice is superior to 
traditional clinical education for the acquisition of pro-
cedural skills [56]. By reducing the number of compli-
cations, simulation-based procedural training has been 
shown to be cost-effective as well [57, 58].

Among neurological skills, an optic nerve sheath diam-
eter trainer has been validated [59], while fundoscopic 
exam and lumbar puncture task trainers have both 
exhibited benefit [60, 61]. A study comparing the lum-
bar puncture skills of simulation-trained internal medi-
cine residents to traditionally trained neurology residents 
found that the simulation-trained residents showed supe-
rior performance despite significantly less clinical experi-
ence with the procedure. Furthermore, few traditionally 

Table 3 Features of high‑fidelity simulators that lead to effective learning. From: Issenberg et al. [31]

Feature Comment

Feedback Immediate assessment of performance and discussion of educational material

Repetitive practice Skill repetition that allows for the student to correct errors and improve overall performance

Curriculum integration Simulation-based medical education that is part of a standard curriculum, not an extracurricular activity

Range of difficulty levels Flexibility for the difficulty level to adjust based on the student’s level of education

Multiple learning strategies Learning in multiple environments including large groups, small groups, and small group or independent learning 
without an instructor

Capture clinical variation Engaging the student in a wide variety of scenarios to which they may otherwise not be exposed

Controlled environment An environment in which there are no adverse outcomes to patients, which allows for the focus to be on the student 
and not on the patient

Individualized learning Active participation in a series of complex tasks that can be broken down into component parts, which allows for the 
mastery of each part at variable rates unique to each student

Defined outcomes/benchmarks Goals with tangible and objective measures

Simulator validity Degree of realism of the simulation
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trained neurology residents were competent to perform 
the procedure, highlighting the inadequacies of the cur-
rent standard training methodologies [62].

Manikin‑Based Simulators
Manikin-based simulators are life-sized, programma-
ble manikins capable of producing neurological and 
systemic physiological signs and responses. The Sim-
Man 3G (Laerdal Medical, Wappingers Falls, New York), 
HAL S3201 (Gaumard Scientific, Miami, Florida), and 
The Human Patient Simulator (CAE, Sarasota, Florida) 
are examples of such devices. With some variation from 
manikin to manikin, they are capable of multiple air-
way and circulatory features and complications such as 
bilateral or unilateral chest rise and fall, variable lung 
compliance and resistance, carbon dioxide exhalation, 
normal or abnormal breath sounds, cyanosis, variable 
pulse strength, variable urine output, bleeding (both arte-
rial and venous), secretions, diaphoresis, bowel sounds, 
and automatic drug recognition systems that identify 
the drug and dose and provide appropriate physiological 
responses to drug administration. Telemetry, oxygen sat-
uration, end-tidal carbon dioxide, hemodynamic param-
eters, intracerebral pressure, and temperature can all be 
obtained and monitored. One can perform procedures 
such as insertion of peripheral or central intravenous 
lines, bag-mask ventilation, intubation (with or without 
airway complications), chest tube insertion, defibrillation 
and cardioversion, and cardiopulmonary resuscitation 
(with feedback regarding depth, frequency, and fraction 
of compressions).

Unfortunately, neurological responses are decidedly 
limited. As such, manikin-based simulation in its current 
iteration is a poor forum for teaching subtleties of the 
physical exam. The manikins can “speak” through inte-
grated microphones that allow an instructor to speak as 
if they were the patient. The level of arousal is indicated 
by eye opening (open, partially open, or closed). Pupillary 
size and responsiveness can be manipulated, but other 
cranial nerve reflexes or motor functions are not possi-
ble. Seizures are simulated by a high frequency shaking 
action that lacks realism. Pediatric HAL (Gaumard Sci-
entific, Miami, Florida), a recently developed pediat-
ric patient simulator, is capable of more including head, 
facial, jaw, and eye movements (nystagmus) at great cost. 
Indeed, high cost is a major limitation of high-fidelity 
manikin-based simulators.

High-fidelity manikin-based simulation is also lim-
ited by their high labor costs. In most cases, simulations 
require at least two or three staff members to operate 
the simulator, aid the learners (often in the guise of a 
nurse confederate), and perform the debriefing. Several 
solutions can mitigate the labor costs. First, simulation 

scenarios can be pre-programmed to minimize the work 
of the operator. Second, although the number of hands-
on learners is limited by the practical aspects of deliver-
ing care to a single patient, it can be expanded through 
the use of multidisciplinary teams. While four physicians 
may seem redundant, a team comprised of a physician, 
advanced practice provider, nurse, and respiratory thera-
pist allows each to train in their specific role while facili-
tating teamwork and communication skill development. 
A final solution is to incorporate video technology or 
viewing stations through a one-way mirror to allow a sec-
ond group of learners to observe and engage in debrief-
ing. Many learners find being “on the other side of the 
glass” to be a rewarding educational experience.

Manikin-based simulators have been utilized in critical 
care to train teamwork skills [63], crisis resource man-
agement [64], evaluation and management skills [65], 
and for summative assessment [66, 67]. Scenarios have 
been developed for most aspects of critical care manage-
ment including blunt and penetrating traumatic injuries, 
small bowel obstruction, ruptured ectopic pregnancy, 
hemorrhagic shock, hyperkalemia, low urine output, 
heart block, post-operative atrial fibrillation, cardiogenic 
shock, myocardial infarction, endotracheal tube cuff leak, 
mucus plug, right main stem intubation, pneumothorax, 
asthma or COPD exacerbations, hypoxemic respiratory 
failure, narcotics overdose, malignant hyperthermia, sep-
tic shock, anaphylaxis, unstable ventricular tachycardia, 
and cardiac arrest [65, 66, 68–71].

High-fidelity manikin-based simulation has been dem-
onstrated to be an effective learning tool in critical care 
and can be integrated into a longitudinal residency cur-
riculum [72]. Medical students and residents learn more 
and perform better after simulation than after traditional 
training or problem-based learning without simulation 
[65, 73]. In fact, first-year medicine residents who com-
pleted a simulation-based critical care educational inter-
vention have demonstrated improved competency at the 
bedside of actual patients as compared to third-year resi-
dents who did not receive the intervention [74]. Learning 
retention may be enhanced as well. In a study of medi-
cal students in a tutorial of cardiovascular physiology, a 
single simulator session following the tutorial boosted 
immediate performance and performance one year later 
compared to students who only took part in a case dis-
cussion [75].

Perhaps the best studied area of simulation-based med-
ical education is resuscitation. Simulation-based resus-
citation training is considered valuable by learners and 
improves performance both in simulator-based codes 
and during actual codes in patients [76–78]. Advanced 
Cardiac Life Support (ACLS) skills learned through sim-
ulation resist decay. In a study of residents who received 
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four two-hour simulator-based education sessions, 
ACLS skills significantly improved and were maintained 
14 months following the intervention [79]. A meta-anal-
ysis of 182 studies involving 16,636 participants found 
that simulation-based training of resuscitation improved 
knowledge, skills, and patient outcomes when compared 
to no intervention regardless of level of learner [80]. The 
meta-analysis also found that simulation-based training 
improved learner satisfaction and skills when compared 
to non-simulation-based intervention. Simulation-based 
interventions were particularly effective when employed 
as “booster” practice, when focused on team/group 
dynamics, and when integrated with feedback.

The published experience in neurocritical care is more 
limited. In 2010, Musacchio et al. published their experi-
ence in using high-fidelity manikin–based simulation to 
train neurology and neurosurgery residents in the evalua-
tion and management of spinal shock, closed head injury, 
and cerebral vasospasm. They found improvement on a 
multiple-choice exam following the simulation exercises 
and the resident’s post-simulation impressions of the 
experience were overwhelmingly positive [81]. Simula-
tions of brain death determination have demonstrated 
improved clinical performance and trainee confidence 
[82–84]. Brain death determination simulations have also 
raised awareness regarding the incompetence of many 
physicians who perform the determination. As a corol-
lary, a study investigating mastery of status epilepticus 
management for pediatric residents found that prior to 
the intervention, none of the residents achieved satis-
factory performance as measured by an observational 
checklist of required action items, but all met mastery 
standards following the intervention [85].

Acute stroke simulations have recently been described 
as a component of neurology residency training programs 
[86]. An approach that combined high-fidelity manikins 
with real patient videos to demonstrate neurological 
signs beyond the limits of the manikin yielded impres-
sive gains in learner self-confidence for stroke assess-
ment [87]. A similar approach with video augmented 
manikin training has been used to train spoke hospitals 
in a tele-stroke system resulting in significant improve-
ments in knowledge in physicians, paramedics, nurses, 
and radiological technicians [88]. In a separate regional 
stroke network, high-fidelity manikin-based simulation 
in conjunction with crew resource management train-
ing reduced door-to-needle time and increased the por-
tion of patients receiving thrombolysis within 30 min of 
hospital arrival [89]. Unfortunately, the vast majority of 
simulation-based education research in neurocritical 
care falls short of optimal methodological standards for 
educational research due to lack of controls and objective 
measures of performance.

Standardized Patients
Standardized patients are actors who have been trained 
to portray patients in a specific medical simulation in a 
consistent manner. These actors often excel in represent-
ing a variety of medical complaints and receive training 
in how to deliver feedback from the patient perspective. 
Unfortunately, trained standardized patients can be pro-
hibitively expensive. In lieu of trained actors, many cent-
ers use volunteers (medical students, physicians, nurses, 
etc.) familiar with the disease of interest. Standardized 
patients have not featured in critical care simulation, 
but standardized family members have been successfully 
utilized to teach communication skills and ethical prin-
ciples [90–92]. A modest literature describes the use of 
standardized patients in neurocritical care. In a recent 
study, trained actors were used to portray scenarios of 
myasthenic crisis and status epilepticus resulting in gains 
in knowledge and confidence in management [83]. In an 
interprofessional simulation in an epilepsy monitoring 
unit using both manikins and live actors, knowledge in 
seizure management was improved but confidence and 
performance were not [93]. Standardized patients have 
been used to train pre-hospital providers as well. Para-
medics gained knowledge, clinical skill, and communica-
tion skill following a simulation-based intervention with 
actors portraying patients suffering acute strokes [94]. 
In general, standardized patients are preferred in two 
situations. First, standardized patients should be used 
when they are able to mimic exam findings that mani-
kins cannot. For instance, many actors can authentically 
reproduce the hallmarks of a myasthenic crisis including 
fatigable weakness, nasal flaring, and paradoxical abdom-
inal breathing. Second, standardized patients should 
be used when empathy and communication skills are 
emphasized.

Computer‑Based Simulation
Computer-based simulation in which a computer inter-
face replaces a physical immersive environment is an 
emerging simulation modality. Advantages include 
potentially lower cost to the learner, ease of distribu-
tion, and overall increased accessibility. Disadvantages 
include high upfront costs required to program simula-
tions, limitations in the ability to modify simulations 
once programmed, and a relatively less immersive learn-
ing environment. While utilization of computerized vir-
tual patients remains marginal, they hold promise for 
improving learning outcomes [95]. Much of the efforts in 
computer-based simulation have been focused on ACLS. 
One early study found that learners who used computer-
based code simulators perform better in mock codes than 
those who used textbooks only to review [96]. This result 
was replicated in a more recent study in which access 
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to a computer-based simulator as an adjunct to course-
work was associated with reduction in time to defibril-
late ventricular fibrillation and to pace symptomatic 
bradycardia [97]. The American Heart Association now 
offers computer-based simulation as part of its ACLS 
online course [98]. Other commercial packages for ACLS 
and critical care are available from Mad Scientist (Lehi, 
Utah), Laerdal Medical (Wappingers Falls, New York), 
and Anesoft (Laguna Niguel, California). More focused 
computer-based programs are also available, such as 
ultrasound or mechanical ventilator simulators [99, 100]. 
Evolving research is testing the hypothesis that  high-
fidelity manikin-based simulation is superior to a com-
puter-based simulation for improving clinical skills. In a 
study comparing these two modalities in Acute Respira-
tory Distress Syndrome management, high-fidelity simu-
lation yielded better results though the manikin-trained 
group may have had a test–retest advantage as the final 
assessment was performed using a manikin [101].

Neurological computer-based simulators are available 
as well. The Neurological Exam Rehearsal Virtual Envi-
ronment is a free software suite of interactive virtual 
patients with cranial nerve pathology [102]. NewroSim™ 
is a computer-based mathematical modeling of cerebral 
perfusion simulating transcranial Doppler cerebral blood 
flow velocities that can mimic various pathological con-
ditions. It can be run alone or in conjunction with a 
manikin-based simulator to simulate stroke or traumatic 
brain injury [103].

Fully immersive computer-based virtual reality envi-
ronments have also been developed for medical simula-
tion. They may be particularly useful for procedural skill 
training as advancing haptic feedback technology pro-
vides the learner with realistic tactile sensations. Pioneers 
in interventional neuroradiology have utilized a high-
fidelity endovascular virtual reality simulator to train 
physicians in mechanical thrombectomy for stroke [104]. 
Neurosurgeons have integrated virtual reality into surgi-
cal training with increasing success [105], but the tech-
nology remains an untapped resource in critical care and 
neurocritical care training. Manikins enhanced by virtual 
reality technology are feasible and may enhance the per-
ception of realism during critical care management [106]. 
Virtual reality provides the opportunity for learners to 
practice in environments that are not easily recreated in 
a simulation laboratory, such as in the setting of a natural 
disaster or biochemical terror attack [107].

Hybrid Simulators
Simulator modalities can also be mixed to take advantage 
of individual features. For instance, a lumbar puncture 
task trainer could be used in conjunction with an anx-
ious or confused standardized patient through careful 

draping. In this scenario, a gown and sterile towels could 
be placed to give the impression the lumbar puncture 
task trainer is actually part of the actor. This set-up could 
facilitate co-development of procedural and interper-
sonal skills.

Future Directions
Technological Developments
Exciting technological developments may hasten the 
integration of simulation into neurocritical care. Current 
low or high-fidelity manikin-based simulation is unable 
to faithfully recreate the complexities of the neurologi-
cal exam. Advances are slowly becoming available to 
address the shortcomings. Manikins with eye movements 
and pupillary reaction are now commercially available 
for the first time. Improved haptic feedback mechanisms 
offer the very real possibility of future manikins capable 
of reproducing realistic motor exams. Virtual reality and 
augmented reality offer alternative solutions. Augmented 
reality layers computer-generated enhancements atop a 
physical space. A current example of this system is the 
collaboration between CAE Healthcare and the Micro-
soft Corporation (Redmond, Washington). CAE Health-
care’s Vimedix AR ultrasound simulator combines a 
manikin-based ultrasound simulator with the Microsoft 
Hololens visor to allow learners in real time to view and 
manipulate anatomical structures in 3D space and appre-
ciate how an ultrasound beam displays those structures. 
This technology has the potential of expanding the use of 
simulation in neurocritical care where current technol-
ogy limits the creation of realistic neurological scenarios.

Expanded Uses
The technique of simulation can be applied far beyond 
trainee education. Simulation can be used for continuing 
medical education of physicians and allied health pro-
fessionals as well as  improving interprofessional educa-
tion. The American Board of Anesthesiology endorses 
simulator-based education to fulfill their maintenance 
of certification requirement [108]. Simulation can also 
be utilized for performance assessment and high-stakes 
examinations [109]. As mentioned, the USMLE Step 2 
Clinical Skills exam utilizes encounters with standard-
ized patients. So too do the Medical Council of Canada 
Qualifying Examination Part II and the United King-
dom’s General Medical Council Professional and Lin-
guistic Assessments Boards Part 2. The Israeli Board of 
Anesthesiology incorporates simulation fully into its cre-
dentialing and certification examination [110]. The use of 
simulation as a high-stakes assessment tool requires an 
especially rigorous validation process of its anticipated 
measures, and proof of sufficient reliability [111]. This 
process has been carried out in various medical, surgical 
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and critical care settings [66, 67, 112, 113], but remains to 
be undertaken in neurocritical care.

Simulation can be used as rehearsal for the purpose of 
practicing acute or complicated care, fostering interdis-
ciplinary and interprofessional relationships and team-
work, or orienting staff to a new procedure, device, or 
locale. Simulators can also be used for research of organi-
zational practices. Perhaps the highest profile simulation 
research did not evaluate simulation as an educational 
tool, but rather used simulation to evaluate the utility 
of surgical checklists in crisis scenarios [114]. Simula-
tion can and should be used to probe organizational and 
human factors that affect performance [1, 115]. Finally, 
simulation can test the usability of clinical devices in 
order to troubleshoot potential pitfalls prior to imple-
mentation into high-risk settings [116]. As new neuro-
critical care units are engineered, simulation could play 
an important role in testing unit design and functionality 
prior to opening the unit for actual patient care [117].

Simulation may have important medical-legal applica-
tions as well. The Consolidated Risk Insurance Company 
offers insurance premium incentives to select providers 
who participate in simulation-based crisis resource man-
agement as they have found the training to be effective 
in reducing malpractice claims associated costs [118]. 
Simulation has also been proposed as form of evidence 
in malpractice claims cases in order to prove or refute 
maleficence by the provider in question [118]. The 
future role of simulation in the courtroom remains to be 
determined.

Translational Outcomes
Translational outcomes can be described in terms 
of improved performance in the educational arena, 
improvements in performance in patient care, improved 
patient outcomes, and collateral outcomes such as cost 
savings or skill retention [119]. Literature supporting 
simulation-based medical education for improvement 
in translational outcomes is accumulating [2]. Current 
neurocritical care simulation-based education literature 
outcomes are limited to performance measures on edu-
cational metrics such as multiple-choice question testing 
or self-assessed knowledge. High methodological stand-
ards, such as the use of controls, are lacking. We need 
to push beyond these assessment methods to analyze 
performance-based measures both in simulated settings 
and, more importantly, at the bedside of real patients. We 
need to push even further to demonstrate real impact on 
patient outcomes.

Neurocritical care, as a relatively new field, has rightly 
maintained focus on conducting biomedical research 
with the aim of developing efficacious therapies to 
patients. There has been a dearth of interest and evidence 

in how to optimally educate clinicians to deliver the 
best care to patients. Simulation-based medical educa-
tion is well suited to this task, but requires more rigor-
ous study. Our colleagues in other critical care specialties 
have provided us the road map. For instance, through a 
series of experiments spanning several years, Barsuk and 
colleagues have shown that simulation-based central 
venous catheter insertion training improves learner per-
formance in a sustained fashion, decreases complications 
in patients, saves money, and trickles down to learners 
who have not had the opportunity to participate in the 
simulation [55, 57, 120–122]. Per the authors, such an 
endeavor requires: “(1) highly motivated health profes-
sions learners; (2) curricula grounded in education sci-
ence with learning goals and objectives that promote 
deliberate practice, rigorous measurement, feedback, 
mastery learning, and follow-up assessments; (3) edu-
cational resources including simulators, trained faculty, 
space, and training time; (4) intent to evaluate mean-
ingful downstream results measured in different ways; 
(5) a research team that shares a variety of attributes 
that contribute to its productivity and morale; (6) reli-
ance on rigorous quantitative, qualitative, and mixed 
research methods that produce reliable data that permit 
valid inferences and decisions; (7) sufficient research 
resources; and (8) a healthcare system that accepts sim-
ulation-based medical education trainees, values and 
reinforces translational outcomes, and implements the 
program scientifically [119].”

Conclusion
Despite Howard Barrow’s role as a founding father of 
simulation, the neurology and neurocritical care com-
munity has lagged behind our colleagues in implementa-
tion of this pedagogy. While a growing body of literature 
supports simulation-based medical education in general 
critical care, more work needs to be done to include the 
application of simulation to neurocritical care education 
due to the unique complexities of neurological patients 
and the perceived primacy of the neurological exam 
which is challenging to recreate by current simulation 
technology. Further research is needed to validate neu-
rocritical care simulation and establish its role in educa-
tional curricula. As medical simulation leader William 
C. McGaghie stated, improvement in performance and 
patient outcomes is “more likely to be achieved through 
educational and health services research programs that 
are thematic, sustained and cumulative rather than in 
single, one-shot studies [2].”

Barriers to simulation implementation include educa-
tional inertia, cost, and lack of trained faculty. The “see 
one, do one, teach one” apprenticeship model of medical 
education is deeply ingrained in healthcare culture, but 
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needs to evolve given modern safety concerns and the 
educational theory recognizing adult learning issues.

Costs, though substantial, may be defrayed by sharing 
resources across academic departments. Many medical 
schools and hospital centers have already invested in the 
technology due to demand from other specialties that 
have embraced it. Without the initial outlays to establish 
simulation centers, new educators or researchers inter-
ested in simulation can explore their interest more fru-
gally. One business model is to fund intramural projects 
using courses open to outsiders at a fee such as Basic and 
Advanced Cardiac Life Support, Advanced Trauma Life 
Support, Pediatric Advanced Life Support, or potentially 
Emergency Neurological Life Support.

A lack of trained faculty and opportunities for train-
ing in running simulations and debriefing remains a real 
hurdle. Simulation technology is a tool for excellent edu-
cators, not a replacement. Simulation fellowships are 
available and growing in number. Academic institutions 
must prioritize implementation science and reward edu-
cators through promotion and protected time to ensure 
that expensive simulation technology fulfills its promise 
in achieving optimal educational results [118].

Decades passed between acceptance and requirement 
for ACLS courses and evidence reporting improved out-
comes [123]. This is a call to arms for neurocritical care 
educators and researchers to do better in establishing 
simulation-based education as a viable tool of healthcare 
delivery. We should engage in thoughtful and meticulous 
study to validate simulation, explore its potential, develop 
it as a learning platform, and learn its limitations in neu-
rocritical care. We can and we must for our patients’ sake.
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