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Abstract
Simulation is an engaging modality of medical education that leverages adult learning theory.
Since its inception, educators have used simulation to train clinicians in bedside procedures
and neurologic emergencies, as well as in communication, teamwork, and leadership skills. Many
applications of simulation in neurology are yet to be fully adopted or explored. However,
challenges to traditional educational paradigms, such as the shift to competency-based assess-
ments and the need for remote or hybrid platforms, have created an impetus for neurologists to
embrace simulation. In this article, we explore how simulation might be adapted to meet these
current challenges in neurologic education by reviewing the existing literature in simulation from
the field of neurology and beyond.We discuss how simulation can engage neurology trainees who
seek interactive, contextualized, on-demand education. We consider how educators can in-
corporate simulation for competency-based evaluations and procedural training. We foresee a
growing role of simulation initiatives that assess bias and promote equity. We also provide
tangible solutions thatmake simulation an educational tool that is within reach for any educator in
both high-resource and low-resource settings.
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Medical simulation was first pioneered by Barrows, a neurologist,
in the 1960s building on rich simulation traditions in the military
and aviation industry.1,2 Early healthcare simulation focused on
diagnosis and clinical reasoning through the use of standardized
patients,1 but quickly gained prominence in the fields of re-
suscitation and anesthesiology through the advancement of
manikin technology.3 Incorporating developments in adult learn-
ing theory, including foundational work on experiential learning
from Dewey and Kolb,4 medical educators have embraced simu-
lation for teaching, assessment, and as a form of translational
science to improve patient outcomes.5 Notable patient care suc-
cesses attributable to simulation training include improved oper-
ating performance in laparoscopic surgeries,6 improved adherence
to advanced cardiac life support during in-hospital cardiac arrest
events,7 and cost-effective reductions in central line–associated
bloodstream infections.8 Increasing appreciation of the role of
cognitive and interpersonal skills (sometimes referred to as

nontechnical skills) in patient safety events has expanded the focus
of simulation training beyond procedural learning.9 There is a
growing appreciation for simulation as a method to train clinical
teams in the principles of “crisis resource management” (CRM)
which is, in brief, the deliberate practice of communication,
teamwork, leadership, and situational awareness with an emphasis
on streamlining care and preventing errors.10

Within neurology, simulation has already been studied as a tool
to sharpen clinical performance and improve team performance.
It has been implemented to shorten door-to-needle time for
ischemic stroke,11 promote adherence to status epilepticus al-
gorithms,12 improve success rates for lumbar punctures (LPs),13

and improve trainees’ comfort with EEG interpretation,14 while
also being leveraged to teach multidisciplinary collaboration,15

leadership, professionalism,16 and empathetic communication in
sensitive topics such as brain death and colleague burnout.17,18

Table Education Goals and How Simulation Can be Used to Address Them

Education goal Challenge for neurologists Advances in simulation that facilitate addressing these challenge

Competency based
evaluations

Establish trainee competency in the era of
pass/fail USMLE steps

Development of simulation scenarios that measure clinical acumen and behavior,
perhaps with more validity than multiple choice tests
Development of simulation curriculum that establishes mastery learning
Establishment of validity data in neurologic emergencies
More realistic patient simulators

Engaging teaching that
requires active
learning

Establish curricula that require students to
translate knowledge and apply principles

Computer-based simulations
Remote simulations that can be accessed anywhere with high-speed Internet
Web conference platforms that support hybrid simulation plans that require only a
select number of in-person learners

Exposure to rare
pathology

Designing more realistic encounters for rare
pathology

Advanced patient simulators that incorporate haptics to mimic the “feel” of an
examination finding (such as cogwheel rigidity)
Augmented reality technology that facilitates displaying rare findings (such as eye
movements) on a standard manikin

Onboarding for
teleneurology

Develop “webside manner”
Attain competency in tele-assessments

Platforms that enable remote simulation
Virtual simulation scenarios and evidence that supports their use and trainee
improvement

Team training using
principles of crisis
resource management

Onboarding and training of the many
providers who care for patients with
neurologic emergencies

High-fidelity and immersive simulation environments
Computer-based simulations
Platforms that enable remote simulation

Evaluation of bias Facilitate the recognition of bias
Provide culturally sensitive care

More racially and ethnically diverse simulation manikins
New simulation body adaptions and engineered masks that allow representation
of community diversity

Procedural training Establish trainee competency without harm
to patients

Low-cost 3D-printed lumbar puncture models
Augmented reality–enhanced lumbar puncture and mechanical thrombectomy
trainers
Simulators that teach learners evaluate other neuropathology (optic nerve sheath
diameter and transcranial doppler trainers)

Globalization of
neurology training

Establish Neurology curricula and
educational initiatives in lower-resource
areas while still ensuring high performance

Lower-cost manikins and low-cost 3D-printed simulators for task training models
Virtual conferencing platforms
Virtual simulation scenarios

Abbreviations: 3D = 3-dimensional; USMLE = United States Medical Licensing Examination.

Glossary
3D = 3-dimensional;ACGME = Accreditation Council for GraduateMedical Education;AR = augmented reality;COVID-19 =
coronavirus disease 2019; CRM = crisis resource management; DEI = diversity, equity, and inclusion; LP = lumbar puncture;
NCS = nerve conduction study; OSCE = objective structured clinical examination; VR = virtual reality.
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We believe that with adaptations, simulation is poised to become
an even more powerful teaching strategy for both local and global
education, as well as a cornerstone for competency-based assess-
ment. Many Neurology® Education readers are likely familiar with
simulation through participation or even development of simu-
lation scenarios. While we review some of the current and historic
applications of simulation in neurology, our focus is also on the
innovative ways that simulation might be adapted to the unique
challenges and opportunities created by the increasing complexity
of healthcare systems, the shift to virtual or hybrid learning, and
the transition to competency-based assessment. We also highlight
the vast potential for simulation in procedural training, teaching
rare pathology, and training future neurologists in the ever-
expanding arsenal of neurologic procedures (Table; Figure 1).

Simulation for Neurologic
Emergencies and Principles of CRM
Systems of clinical care are becoming increasingly complex. No-
where has this been more evident than in the care of neurologic
emergencies. At every juncture of care, the teams who triage and
manage neurologic emergencies must act expediently. Essentially,
these teams must excel at the fundamental principles of CRM.

CRM is the framework for the nontechnical skills necessary to
manage a crisis safely and effectively. Principles of CRM in-
clude situational awareness, triage and prioritization, cognitive
load reduction, role clarity, communication, and debriefing.10

The framework was piloted by the aviation industry, initially
under the moniker “crew resource management,” but has

been adapted to medical emergencies, particularly within the
field of anesthesia and emergency medicine.19,20 Recently, the
application of CRM principles has been suggested as a way to
expedite care and reducemedical errors during stroke codes.21

Given the rich history of using simulation for CRM and team
training, neurology educators have already demonstrated suc-
cesses in the application of these principles to neurologic emer-
gencies. For example, the Simulation-based Training of Rapid
Evaluation and Management of Acute Stroke (STREAM) in-
tervention in Germany recognized that a well-organized stroke
team was crucial to swift administration of thrombolysis.11 The
researchers’ introduced principles of CRM and simulation during
2 full-day trainings at multiple sites. After this intervention, door-
to-needle time improved by 5minutes in theCRM-trained teams
compared with that in controls. Similar gains were reported by a
Norwegian stroke center.22 However, a study using CRM sim-
ulation training to improve care of patients in the Epilepsy
Monitoring Unit did not find any benefit among physician-
nursing dyads perhaps because of skill decay between training
and assessment.23 For low frequency, high acuity of events such
as status epilepticus, some authors suggest embracing a “seizure
code” model and use CRM training for these teams to reduce
inaccurate detection and inappropriate medication dosing.24

Debriefing is a crucial component of CRM and can be lev-
eraged to expose latent safety threats. For example, a New
York City multihospital system used an in situ “code stroke”
to capture several latent safety events that were discovered
during the debrief. Discoveries included how difficult it was to
obtain an accurate patient weight as well as provider confusion
regarding how best to re-evaluate a patient after treatment.
These difficulties were brought to hospital leadership for
rectification before activation of the site collaboration.15

Principles of CRM and deliberate practice through simulation have
other potential applications to be explored in neurology. To date,
few studies include any family members in simulation training, but
future work could incorporate these caregivers into training for
neurologic emergencies that occur as exacerbations of chronic
disease—such as the care of patient with poorly controlled epilepsy
or myasthenic gravis. Alternatively, focusing on process and
equipment evaluation, CRM principles could also help in
onboarding providers to newmodels of care such as mobile stroke
units, ideally prior to launching these services. Finally, simulation
andCRMprinciples have been less well studied in other neurologic
emergencies that require teams to rapidly recognize, triage, and
treat thepatient toprevent neurologic injury. For example, although
simulations have been used to train providers to manage neuro-
muscular emergencies25 and cerebral herniation,26 these simula-
tions have focused only on 1 provider, not interdisciplinary teams.

Simulation and Remote Learning
Althoughmany emergency teams continued to work and train
in person during coronavirus disease 2019 (COVID-19)

Figure 1 The Future of Simulation in Neurology

An overview of the many areas in neurology training where simulation may
be applied. AR = augmented reality; CRM = crisis resource management;
VR = virtual reality.
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surges, the pandemic forced many medical training programs
across the globe to adapt education curricula to remote
models. Simulation training activities were also disrupted,
forcing educators to experiment with different strategies for
engaging learners and equipping them with the skills that had
previously been taught through simulation. Although most
restrictions to in-person learning have lifted at this time, time
constraints remain, and hybrid or virtual training may still be
preferable in some cases. Creative solutions to increase sim-
ulation’s accessibility remain relevant. Examples of simulation
adaptations include the development of online, computer-
based simulations, the engineering of “telesimulations” or
“remote simulations,” and the creation of hybrid (in person
plus distanced) simulations.

An example of a fully online simulation comes from the Neu-
rocritical Care Society, which recently developed computer-
based simulation cases as an interactive adjunct to its Emergency
Neurologic Life Support course. These 6 simulation modules
extricate interactive learning of neurologic emergencies from

high-resourced simulation centers, making them available to any
global learner with computer access (Figure 2A). Virtualized
team simulations have also been tested by pediatric emergency
medicine providers using a free, open-access platform, the
“American College of Emergency Physicians SimBox” (emer-
gencysimbox.com). Some of these scenarios include caring for
neurologic emergencies such as seizures or altered mental sta-
tus.27 In addition to providing seizure simulations, the site also
curates open-access webinars, podcasts, and decision algorithms,
thus promoting asynchronous learning. Following implementa-
tion in 36 states, participants reported an increased readiness for
pediatric emergencies.28

Online, screen-based simulation cases have also been developed
to help teach novice EEG readers to recognize commonly en-
countered findings. Critical care provider participants without a
background in electrophysiology felt that simulated cases aided
EEG interpretation and treatment decisions.14 We envision sim-
ilar screen-based cases for EMG/nerve conduction study (NCS)
practice, woven into existing self-paced learning curricula.29

Figure 2 Advances in Simulation Technology and Applications

(A) The Neurocritical Care Society’s Emergency Neurologic Life Support now offers computer-based simulation of 6 neurologic emergencies, including
refractory status epilepticus. (B) A neurointerventionalist oversees a resident practicing catheter manipulation using a thrombectomy simulator. (C) A
resident practices botulinum toxin injection formigraine relief on a trainingmanikin. (D, E)Masks can transform existingmanikins to better represent diverse
patient populations and promote health equity and inclusion.
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Beyond screen-based initiatives, the model in which the
learner cares for a simulated patient or completes a simulated
training in an environment remote from the teacher has been
termed “telesimulation” or “remote simulation.” During the
COVID-19 pandemic, telesimulation was first used to teach
proper PPE and critical care techniques; it was found to be
both feasible and well received.30 In 1 study, learners logged
onto a virtual platform, practiced using personal protection
equipment, and demonstrated how to assist in airway man-
agement; the recording was submitted to a trainer for
feedback. For emergencies that required team training,
Emergency Medicine clinicians explored drastically reducing
the number of in-person learners and engaging remote
learners in the simulation by having these residents critique
the live participants and debrief after the assessment.31

Contrary to what was expected, all the learners who partic-
ipated in the remote “critique and debrief” believed that the
virtual experience was better or the same as an in-person
simulation. This study did not measure any learning out-
comes but at least suggests students’ openness to engaging in
remote simulation.

Given the success in critical care and emergency medicine,
some neurologists have also embraced this paradigm. One
institution piloted remote objective structured clinical exam-
inations (OSCEs) to allow students to practice delivering
sensitive information to patients.32 In this exercise, students
disclosed a diagnosis of nonepileptic events to a standardized
professional “patient” via a teleconferencing platform. The
remote simulation was perceived positively; every learner
believed that the simulation was useful and should be repeated
in future years.

Projects exploring remote and online simulation have noted
that the ease of scheduling this method allows for more
frequent observations. Many remote or fully virtual para-
digms also bypass the steepest costs associated with an in-
person simulation training. However, there are drawbacks to
using remote simulation. Fully online simulations require
high-speed Internet access, and the degree of hands-on
participation is limited. For remote observation simulation
and telesimulation, the technological requirements are sig-
nificant: high-quality webcams, available web-conferencing
platforms, high-speed Internet to support their use, screen-
sharing software, and high-quality microphones.33 These
technical requirements may be less for remote OSCEs and
higher for interprofessional education and manikin-based
simulations whenmultiple participants are working as a team
or when multiple angles are needed to fully assess the par-
ticipant(s). Another potential limitation of this design is that
these situations may still provoke anxiety among learners
without the same degree of support as in-person simulation.
It is critical that as more remote simulations are piloted
in neurology, educators explore learners’ acquisition of
knowledge as well as learners’ attitudes toward this novel
platform for simulation.

Simulation and Teleneurology
The COVID-19 pandemic not only introduced the need to
educate differently but also changed the way many neurologists
deliver care. There has been a dramatic increase in teleneurology,
and as such, it is imperative that residencies incorporate
teleneurology education into their curricula. The American
Academy of Neurology Telemedicine Work Group provides
a list of competencies, milestones, and resources and rec-
ommends simulation training.34 Despite this, before the
COVID-19 pandemic, training programs had scarcely
adopted telemedicine training for neurology trainees. Only 1
program had developed a formal curriculum for residents in
which they participated in didactics and rotated in a tele-
medicine clinic.35 Simulation in teleneurology offers an op-
portunity to hone skills in “webside” manner and practice
the teleneurology examination.36 Much of what is known
about simulation in this context is due to vascular neurol-
ogy’s early adaptation of simulation training for telestroke.
One telestroke education program used simulation training
and real-time clinical practice to prepare their residents to
conduct prehospital assessments of patients with potential
stroke.37 This preassessment resulted in shortened time to
treatment once patients arrived at the treatment center. In
a different program, education researchers discovered
that without any simulated practice of telestroke, vascular
neurology fellows would initially take 9 minutes longer from
receiving the stroke page to administering thrombolytics than
attendings. Over time, the fellows’ speed did improve—every
14 consults improved the door-to-needle time by 1 mi-
nute.38 Knowing that repetition and familiarity could im-
prove the page-to-needle time, some vascular neurology
programs have already piloted Simulation Learning, Edu-
cation and Research Network curricula, which allow their
providers to practice telestroke consultations with a stan-
dardized patient before triaging live cases.36 The study to
validate the effect of this intervention is ongoing.

Simulation for Training and
Development in Global Neurology
The potential benefit of simulation goes beyond regional care
team networks. Global disparities in neurology are significant.
In the last decade, an increasing number of neurology resi-
dency programs have facilitated global neurology experiences
for trainees; however, neurologic care in resource-limited
settings remains challenging partly due to the sporadic nature
of neurologist visits.

Studies about the role of simulation to disseminate neurologic
knowledge are sparse. However, 1 proposed solution has been
the use of blended learning curricula in countries where neu-
rology or subspecialty neurology training is lacking. In a model
developed in Pakistan, movement disorder training was directed
through an e-learning curricula with supervision and project
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facilitation remotely by a US board-certified movement disor-
ders neurologists and local physicians.39 In this model, the fel-
lows were evaluated by a knowledge assessment, but simulation
could potentially offer a more valid assessment of the fellows’
performances.

In a non-neurology context, global programs that focus on
skill training with low-fidelity manikins have also been highly
effective and have had measurable impact. The Neonatal
Resuscitation Program has arguably set the standard for a
globally transferrable simulation program aimed at reducing
infant and maternal mortality. Studies have shown that this
training improves provider knowledge and skill but, more
importantly, has correlated with the decrease in asphyxia-
specific mortality.40 Much of the success of the program has
been due to the strong collaboration between professional
associations and the ministry of health in the target nation.
Furthermore, these initiatives often begin with compre-
hensive training throughout the public health system, with a
trickle-down effect to other healthcare providers. This suc-
cess highlights the impact of partnering with and having buy-
in from local health authorities.41 This program provides a
blueprint for how neurologic simulations that are aimed at
improving stroke or status epilepticus management might be
adapted to the global stage. However, there is a danger to a
plug-and-play approach for using existing simulations. Ed-
ucators must be conscious of resource limitations, the cul-
tural context and norms of treatment, and the differences in
health systems.42

Simulation in Competency-
Based Assessment
Whether locally or globally, ensuring trainees are equipped to
manage neurologic emergencies and complicated cases is a
cornerstone of training. In 2015, the American Board of Psy-
chiatry and Neurology formed a joint initiative with the
Accreditation Council for Graduate Medical Education
(ACGME) to develop Milestones that provided a framework
for the assessment of neurology residents. This was recently
updated in July 2021 (Milestones 2.0).43 Despite guidance on
what needs to be assessed at each level, the Milestones initially
did not provide guidance on how milestones should be
assessed. Residency programs thus often relied on the end-of-
rotation evaluations and faculty feedback, which may be flawed
due to subjective faculty opinions44 and because they are
predicated on chance clinical encounters. These may be par-
ticularly inaccurate in assessing resident’s performance in
neurologic emergencies or in other situations when oversight is
provided remotely.45

Simulated clinical scenarios have already been developed to
evaluate trainee performance in some critical, high-stake
emergencies and provide evidence for areas of improvement.
For example, in a simulated acute stroke requiring tissue plas-
minogen activator administration, followed by hemorrhagic

conversion, trainees made frequent errors in managing
hemorrhagic transformation—a low-frequency, high-acuity
event.46 Similarly, in a study of graduating neurology resi-
dents from 3 academic centers, trainees performed poorly
in identifying and managing status epilepticus using a
simulation-based assessment.47 Their score in the simula-
tion was then compared with their assigned Milestones at
graduation. Despite poor performance in the simulation,
all residents had received a “Ready to Graduate” as their
Milestone level. There were no significant associations be-
tween simulation performance and the level of Milestone
assigned at graduation. This suggests that end-of-rotation
evaluations alone are inadequate for assigning Milestones
for low-frequency, high-acuity events.

Furthermore, management of complicated neurologic pa-
tients requires more than medical knowledge. Trainees
must also demonstrate communication skills, quick think-
ing, mental flexibility, and the ability to perform under
stress. Assessment of these subcompetencies can be difficult
in the clinical environment, but simulation offers an au-
thentic alternative for observation. Thus, simulations to
assess graduation readiness can be used to evaluate both
technical and nontechnical skills that would eliminate the
reliance on chance clinical scenarios and evaluator bias and
subjectivity. Given all these benefits, the Milestones 2.0
supplement material now lists simulation as a tool for
competency assessment.43

If simulation is to be used for competency assessment, then
establishing standards for minimum competence and vali-
dating simulation to measure competency will be important.
Work to validate simulation is ongoing; for example, a recent
study published validity evidence for a 10-case simulation-
based assessment addressing core neurocritical care emer-
gencies.48 This study used the Messick framework of validity
evidence to develop evaluative simulations for neurologic
emergencies. Similarly, the study of residents’ competency in
the management of status epilepticus emphasized the im-
portance of developing expert consensus for expected be-
havior using the Angoff method and Mastery Angoff
method.49 These methods allowed the authors to determine
a minimum passing score, a process that improved re-
producibility and the validity of findings.

Given the endorsement by the ACGME, simulation for sum-
mative evaluations may soon be the most widely adopted form
of simulation. It will be imperative for educators in neurology to
study the impact of these evaluations—describing the scenarios
that are trialed, how validity is established, and how residents
are remediated if they do not pass. These experiences should
continue to inform the teaching community on strengths and
challenges to simulated encounters. The future of simulation
will depend not just on the individual residents’ performance
but from our community’s understanding of what has been
trialed, how interventions translate into clinical changes, and
how obstacles are overcome.
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Emerging Technology for High-Fidelity
Simulation of Neurologic Pathology
A common challenge in neurology training is correctly iden-
tifying a physical examination finding that one has not en-
countered before in practice. Some neurologic pathologies,
such as palatal tremor and periodic alternating nystagmus, are
uncommon enough that they may be seen only a handful of
times in the course of residency training or not at all.49,50

Innovations in simulation, such as next-generation manikins
and augmented reality/virtual reality (AR/VR) simulation
may allow authentic mimicry of less common examination
findings and neurologic syndromes, allowing trainees to hone
their diagnostic acumen in a controlled setting.

Previously, clinical neuroscience instructors using simulation
teaching have had to work around manikins’ inability to im-
itate a focal neurologic deficit. However, next-generation
manikins such as the HAL S5301 multidisciplinary patient
simulator (Gaumard Scientific) are able to simulate motor
findings such as facial droop, extremity weakness, and the
reflex examination to recreate realistic presentations of stroke
and traumatic brain injury.51 Advances in computer language
enable manikins to engage in conversational speech with ex-
aminers and respond to their history-taking questions. We
envision future manikins with advanced robotics providing
haptic and programmed neurologic findings, so that residents
may experience cogwheel rigidity or “give-way” strength.

Similarly, AR and VR innovations are increasingly being ap-
plied to neurology training. Two related concepts, AR refers
to using smartphone or wearable visualization hardware such
as Google Glass (Google LLC, Mountain View, CA) to apply
a digital overlay to one’s view of the real world, while VR refers
to a fully simulated, dynamic 3-dimensional (3D) environ-
ment that the user can interact with in a way that seems real.
AR and VR have both been shown to enhance learning in
some areas of neurology, including preclinical neuroanatomy
in small, single-center studies.52 Future applications could
include more immersive simulation or the overlay of exami-
nation findings to a blank manikin. Such would allow
residents to practice rare maneuvers such as the Head
Impulse-Nystagmus-Test of Skew examination with real-time
“normal” and “abnormal” findings.

Outside of neurology, AR has been used to overlay a presentation
of respiratory distress on a manikin with high satisfaction among
learners.53 However, research thus far investigating the effects of
AR/VR implementations is limited by a dearth of robust studies
with rigorous methodologies. One systematic review and meta-
analysis of computerized virtual patients in healthcare provider
education showed improved knowledge outcomes and clinical
reasoning compared with no intervention.54 Interpretation was
limited by large variability in effect sizes, lack of randomization,
and paucity of key methodologic details in manuscripts. To ad-
dress the lack of consensus quality measures for assessing the

effectiveness of AR interventions, 1 group proposed an analytical
model that takes into account (1) resemblance to reality, (2)
content relevance, (3) validity of skill measurement, (4) con-
cordance with “gold standard” training method scoring, and (5)
correlation with actual performance.55 Notably, of the 36 studies
of AR applications in medical education identified in their sys-
tematic review, none of them provided sufficient validity assess-
ments to evaluate them on all 5 criteria. Thus, although advances
in technology have the potential to dramatically improve on
traditional limitations of manikin-based simulation, much work is
needed to study the application in neurology and validate the
application of this technology.

Simulation and the Future of
Procedural Training in Neurology
Procedural training comprises a large portion of simulation
training and research. In landmark studies of central venous
catheter insertion, multiple studies demonstrated cost-effective
reductions in central line–associated bloodstream infections in
real patients through simulation training.56 In neurology, the
use of LP trainers has improved the first LP success rate of
medical students who receive training compared with con-
trols.57 Historically, LP task trainers cost thousands of dollars, a
prohibitive expense to less-resourced educators, and few were
ultrasound compatible. Now, 3D printing technology permits
fabrication of ultrasound-capable LP simulators that can be
modified to represent specific pathologies or body habitus for
as little as $25–30 per simulator.58

At the opposite end of the cost spectrum, AR-enhanced LP
trainers allow practice on different anatomies, provide more
realistic haptic feedback, encourage appreciation of complex
3D anatomy, provide audiovisual feedback relaying patient
emotions, and track performance metrics (InSimo, Stras-
bourg, France). Realistic simulators that mimic fluoroscopy-
guided LPs have also been developed and may assist in
training budding interventional neuroradiologists.59

Besides LP task trainers, clinical neurology training has not
generally embraced simulation for procedural training. How-
ever, neurology-facing specialties have created do-it-yourself
(DIY) simulators that may be adaptable to neurology trainees
and educators. For example, fundoscopy simulators, first de-
veloped by ophthalmology educators, were recently described
as important adjuncts to fundoscopy training in neurology
residents.e1 Emergency medicine educators have developed a
simulator for ultrasound-based evaluation of optic nerve sheath
diameter, which could be especially valuable in low-resource
areas where traditional neuroimaging technologies may not be
present.e2 A recently engineered transcranial Doppler simulator
(Sheehan Medical LLC, Mercer County, WA) may similarly
allow learners to acquire skill in detecting large vessel occlusions
with point-of-care technology, useful in low-resource settings
where CT angiography is not available. Finally, interventional
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neuroradiologists have used advanced simulators to hasten the
learning curve in performing thrombectomy, an advancement
that may facilitate neurology residents’ entry into neuro-
interventional fellowships (Figure 2B).e3

More opportunities exist to engage trainees in simulation-based
learning in outpatient-focused subspecialities. A study of proce-
dures among neurologists from 2000 to 2010 found that the
fastest growing procedural volume was in headache medicine.e4

Unfortunately, most trainees stick to patients without first
practicing on a simulator.e5 Inexpensive and reproduciblemodels
that realistically model tissues, nerves, and fascial planes under
ultrasound, previously used to teach ultrasound-guided regional
anesthesia, are now being repurposed to teach botulinum toxin
injections or cranial nerve blocks (Figure 2C).e6 Botulinum toxin
has also become the primary treatment of focal or segmental
dystonia. Trainees likely would benefit from simulation-based
injection training, especially in sensitive areas such as the pre-
tarsal orbicularis oculi for blepharospasm. Finally, EMG/NCS
simulators could be easily developed to accelerate procedural
learning and attenuate patient discomfort. Such simulators
would allow for self-directed, on-demand procedural practice,
consistent with best practice in adult learning theory.

Simulation in the Assessment of Bias
and a Component of DEI Training
The educational objectives in medical simulation curricula
prioritize clinical (e.g., diagnosis and management of acute
stroke) or technical (e.g., intubation) skills, while ignoring the
responsibility to recognize biases that may be entwined with
the curricula itself. These biases may be self-reinforcing,
harmful to both trainees and patients, and may serve to
counteract diversity, equity, and inclusion (DEI) ideals.
Simulation curricula may be thoughtfully restructured to
promote DEI initiatives, to facilitate assessing one’s own
biases, and to provide culturally competent care that advances
everyday interpersonal interactions.

Simulation curricula may contain implicit biases from its cre-
ators, educational norms, the medical establishment, and the
broader culture within which all these operate. This can result
in cognitive biases for trainees that may affect performance
during real clinical scenarios.e7 For example, certain patient
populations may be excluded from simulation scenarios, such
as pregnant individuals, though they may require specialized
management by nonobstetricians during medical emergenci-
es.e8 Likewise, simulation models have traditionally lacked di-
versity in skin tone, age, and body type, favoring White, young,
muscular physiques.e9 Select companies now engineer masks,
skins, and body adaptations tomodify preexisting homogenous
mannequins into diverse simulated patients who better repre-
sent the patient community (Figure 2, D and E).

An underused benefit of simulation curriculum is the pro-
motion of DEI initiatives for medical staff. Training on

providing culturally sensitive care benefits future encounters
with patients who often experience healthcare inequities. For
example, healthcare providers can role-play clinical encounters
with sexual and gender minority individuals, including using
preferred pronouns, to prevent heteronormative micro-
aggressions.e10 Simulation can also provide medical trainees
with tools to navigate bias and discrimination directed toward
them by patients or colleagues in the workplace.e11 Previously
developed anti-bias communication curricula were demon-
strated to be feasible and beneficial for surgical residents.e12

Simulation provides a means for privately self-assessing per-
sonal bias as well. In 1 study, evaluations of medical staff per-
ceptions of a video-recorded lead surgeon in different operating
room scenarios revealed biases in sex, race, and age.e13 Insight
into these biases can then inform participation in subsequent
interprofessional workshops and provide personal benchmarks
for growth.

Educators should consider ways that simulation curricula can
advance DEI principles to benefit patients, trainees, and staff.
The creators of simulation curricula have a responsibility to be
cognizant of biases that may be promoted in their tools. Ef-
ficacy in training can be subsequently assessed using either
later simulations or by surveying participants about their ex-
periences during on-the-job encounters presimulation and
postsimulation.

Leveraging Advances to Overcome
Traditional Barriers
Despite the many ways simulation can address challenges in
training and assessment, educators in neurology have been
reluctant to embrace simulation.e14 Critics of simulation call
attention to the challenges in creating high-fidelity neurologic
simulations, learner anxiety, the cost associated with simula-
tion programs, as well as the need for expertise in planning
and debriefing. Fortunately, many of these barriers are being
addressed.

Manikins have obvious limitations when it comes to the
physical exam. However, advances in VR and AR are poised to
recreate neurologic exam findings more realistically and more
affordably. But not all simulations require high-fidelity tech-
nology. In a pilot study comparing 2 educational simulation
platforms for the diagnosis and management of neurologic
emergencies—one with a manikin and the other with a
standardized patient—residents in both groups grained
equivalent confidence and knowledge despite lower physical
examination fidelity in the manikin platform.e15 Results may
differ when the learning objective is development of physical
examination skills or localization because the primary objec-
tive of the pilot study was implementation of management
protocols for neurologic emergencies. Understanding when
and how fidelity affects knowledge acquisition will allow
proper resource allocation to high-fidelity models when there
is an expected benefit.
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Learner anxiety and the perception that simulation is an attempt
to deliberately expose trainee weakness has been described as a
limitation and drawback of simulation. Wijdicks et al. describe
the flawed comparison of simulation and “pimping”—noting
that simulation should instead be viewed as complementary to
the Socratic method to help learners draw parallels and connects
between didactic and clinical experiences.e16 Nevertheless,
learners do frequently describe feeling nervous and stressed by
simulation scenarios. This may be more pronounced if the
simulated patient dies, which is a controversial event in the
simulation literature and should be avoided with more novice
learners.e17 It is imperative that simulations occur in a culture of
safety in which feedback is not punitive. Establishing a safe
container or a “basic assumption”e18 that all learners are doing
their best and participating in the spirit to learn is crucial in
developing a positive experience for learners.

Cost and access to specialized simulation centers are other bar-
riers to adoption of simulation, but here too, technologic ad-
vances are expanding access. 3D-printedmodels can dramatically
lower the cost of a task trainer for LP,58 while partnering with
equipment vendors may offer trainees the ability to practice
EMG/NCS, neurotoxin injections, and other procedures with
little cost. For nonprocedure training, computer-based simula-
tions and “remote simulations” via a video conferencing platform
may offer more accessible price point by bypassing the cost of a
simulation center.When in-person events are deemed preferable,
new iOS and Android applications make replicating a simulation
center feasible at low cost. Applications such as Simpl allow vital
signs to be displayed on a tablet or smartphone and remote
controlled with a linked smartphone. These applications can
eliminate the need for access to a simulation center, and in non-
neurologic contexts, use of these applications has resulted in
similar student outcomes.e19

Creation and implementation of a simulation curriculum re-
quires expertise in case creation and production, as well as
familiarity with debriefing techniques that neurology depart-
ments may lack. New medical education–focused platforms,
such as MedEd Portal, publish neurology-focused simulation
cases. These published, peer-reviewed cases include resources
and checklists that can be adapted to meet educators’ objec-
tives. As more neurology educators embrace simulation, de-
velopment of a repository of curated, vetted cases will facilitate
simulation-based education and could allow educators to share
grading rubrics. Such collaboration will be needed to ade-
quately power studies that measure clinically important out-
comes after simulation training.

Finally, although simulation courses do require a higher faculty
to student ratio, faculty facilitators need not be content experts;
learner-centered approaches help students actively develop their
own knowledge and skills in lieu of passively receiving expert
didactic lectures.e20 Senior residents or fellows may substitute
for faculty as near-peer teachers in many roles, such as
implanted participant or checklist assessor. Simulation tech-
nologists with debriefing expertise can lead a discussion and

facilitate reflection even without a deep knowledge of the
content. In fact, they may do so better than faculty content
experts without skill in debriefing.e21 There are multiple free
resources for educators who want to improve their debriefing
skills including resources from the Center for Medical Simula-
tion and Debrief2learn.org. With technological advances and
online resources, even programs with smaller budgets, no access
to simulation facilities, and limited debriefing experience can
plan and implement an engaging experience for formative
training or a realistic environment for summative evaluation.

Conclusion
Simulation is poised to transformneurology training, assessment,
and care delivery. Leveraging the principles of CRM, team
training simulations can be used to streamline processes and
reduce cognitive errors in neurologic emergencies. Advances in
“remote simulation” and hybrid curriculums will enable training
in groups with limited ability to meet in person. Furthermore,
these virtual and hybrid models may promote the use of
healthcare simulation beyond highly resourced academic centers.
Simulation also holds great promise in the development of
competency-based assessment and should continue to be vali-
dated as a grading model. At the leading edge, advanced robotics
and VR or AR will expose trainees to life-like examination
findings and neurologic syndromes that they rarely encounter in
brief clinical rotations, but ought to experience firsthand. Lower
cost DIY models will improve procedural skill by facilitating
sustained, deliberate practice, even in remote, low-resourced
settings. Making just as much of an impact, simulation will ad-
dress critical DEI deficiencies to expose biases and provide cul-
turally competent care. Although not without some limitations,
by building on pioneering studies, simulation offers tomorrow’s
educators a dynamic range of formats to teach and assess both
virtually and at the bedside.
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