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Best Practices Using Ex Vivo Animal Brain Models in Neurosurgical Education to Assess

Surgical Expertise
Ahmad Alsayegh1,2, Mohamad Bakhaidar1,2, Alexander Winkler-Schwartz1, Recai Yilmaz1, Rolando F. Del Maestro1
-BACKGROUND: Ex vivo animal brain simulation models
are being increasingly used for neurosurgical training
because these models can replicate human brain condi-
tions. The goal of the present report is to provide the
neurosurgical community interested in using ex vivo ani-
mal brain simulation models with guidelines for compre-
hensively and rigorously conducting, documenting, and
assessing this type of research.

-METHODS: In consultation with an interdisciplinary
group of physicians and researchers involved in ex vivo
models and a review of the literature on the best practices
guidelines for simulation research, we developed the
“ex vivo brain model to assess surgical expertise” (EVB-
MASE) checklist. The EVBMASE checklist provides a
comprehensive quantitative framework for analyzing and
reporting studies involving these models. We applied The
EVBMASE checklist to the studies reported of ex vivo an-
imal brain models to document how current ex vivo brain
simulation models are used to train surgical expertise.

-RESULTS: The EVBMASE checklist includes defined
subsections and a total score of 20, which can help in-
vestigators improve studies and provide readers with tech-
niques to better assess the quality and any deficiencies of
the research. We classified 18 published ex vivo brain
models into modified (group 1) and nonmodified (group 2)
models. The mean total EVBMASE score was 11 (55%) for
group 1 and 4.8 (24.2%) for group 2, a statistically significant
difference (P [ 0.006) mainly attributed to differences in
the simulation study design section (P [ 0.003).
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-CONCLUSIONS: The present findings should help
contribute to more rigorous application, documentation,
and assessment of ex vivo brain simulation research.
INTRODUCTION
urgical simulation is an educational technique that places
learners in an interactive physical or virtual learning envi-
Sronment that recreates or replicates different scenarios to

teach defined techniques or skills. This immersive learning
method has the potential to completely envelop an individual in an
active and dynamic learning process. Surgical simulation has
several advantages, including the following: 1) learners can be
placed in comprehensive real-world clinical scenarios without risk
to patient safety; 2) it allows self-directed learning, including
unlimited rehearsal and opportunities to fail; 3) it can provide
quantitative feedback on surgical performance not available in the
operating room environment; and 4) it decreases the need for the
presence of instructors. The time-focused apprenticeship para-
digm of neurosurgical bimanual psychomotor training is evolving
to one based on quantifiable competency.1 Technical skills
performance competency in surgery is achieved when the
learner, using the appropriate surgical techniques, can safely
and efficiently perform a variety of procedures common to that
specialty.2

Various neurosurgical training models have been created to
develop microsurgical skills and improve control of microsurgical
instruments. These models can be synthetic, virtual, or biological
in nature, the latter is obtained from human and animal ca-
davers.3-5 Although virtual reality simulation is continuously
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evolving and can be used to train surgical techniques, organic
materials provide high tissue fidelity to enhance technical skills
instruction. A common microsurgical training method uses in vivo
rat vessels. Examples of this model include dissection and anas-
tomosis of cervical and femoral vessels,6 microdissection of
abdominal arteriovenous structures,7 clipping of microsurgically
induced aneurysms,8 side-to-side anastomosis between the inter-
nal and external carotid arteries,9 and between the femoral artery
and vein.10 The advantage of these models is the similarity of rat
vessels to human cerebral arteries in texture, pulsation, and
coagulability.11 The disadvantages include the ethical
considerations when using live animals for experimentation,
limited animal housing capabilities, and high cost.11 Other
models have used tissues harvested from animal cadavers. The
vessels from chicken wings have been used to train
microvascular anastomotic techniques and aneurysm clipping.12

The suitability of biological tissues acquired from other animal
cadavers for microvascular anastomosis was also demonstrated
using turkey carotid arteries,4 porcine coronary arteries,13 and
bovine hearts.14 Brain tumor simulation scenarios have been
reported less often. Oliveira et al.15 proposed a human placenta
brain tumor model for neurosurgical training.
Human cadavers have been used for centuries to teach anatomy

and surgical techniques.16 These platforms allow learners the
ability to navigate through the various bodily layers and
structures in 3-dimensional space, especially when the simula-
tion scenario involves complex anatomy such as temporal bone
surgery.17 The major disadvantages of using human cadavers
include their high cost, ethical controversies, low availability,
and poor tissue compliance.17 Ex vivo animal brain simulations
have been increasingly used for neurosurgical training. As these
models are not an exact anatomical replica of the human brain,
they should not be used to study detailed human cerebral
anatomy. However, they can be used to mimic human brain
conditions such as cerebral tumors and are useful for developing
microsurgical techniques used in operative procedures
performed commonly by neurosurgeons. Although challenging,
the goal of these simulation scenarios and models is to improve
neurosurgical trainee psychomotor bimanual skill performance
and to assess whether the training enhances resident skills in
the operating room.
A need exists to develop ex vivo models that can accurately

quantitate technical psychomotor skills and operative results in
realistic simulated operative settings. These models must possess
both visual and tactile reality coupled with advanced quantitation.
Although different exvivo animal platforms are available and
various methods are available to assess these frameworks, the
documentation and, therefore, the reproducibility of these plat-
forms has been inconsistent. Thus, a need exists to develop
standardized best practices criteria for objective reporting of sur-
gical simulation studies.
In the present report, we aimed to provide the neurosurgical

investigative community interested in using ex vivo animal brain
simulation models with guidelines for comprehensively and rigor-
ously conducting and documenting this type of research. First, in
consultation with an interdisciplinary group of investigators and
physicians involved in ex vivomodels and a review of the literature on
the best practices guidelines for simulation research, we developed
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the ex vivo brain model to assess surgical expertise (EVBMASE)
checklist. Second, we applied the EVBMASE checklist to reported
studies to score andcompare between ex vivo animalbrain simulation
models used in surgical expertise training. The framework comple-
ments the existing guidelines for best practices in reporting experi-
mental designs in medical education.18-21 To the best of our
knowledge, ours is thefirst attempt to create a conceptual structure to
ensure the quality of ex vivo animal brain simulation studies that
assess surgical skills. The present report will help to contribute to a
more rigorous application and thorough documentation of this
research field.

METHODS

EVBMASE Checklist
In consultation with an interdisciplinary group of physicians and
researchers involved in ex vivo models and a review of the literature
on best practices guidelines for simulation research,19-21 we devel-
oped the EVBMASE checklist composed of 20 key elements for
reporting studies of ex vivo brain simulation models to assess
technical skills. The definitions of the relevant terms outlined in the
present section are listed in Table 1.22 The key elements of this
checklist were divided into 3 sections: simulation study design,
data structure, and discussion quality (Table 2).

Simulation Study Design
The simulation study design section contains 10 elements: liter-
ature review, comprehensive research platform, operative realism,
ex vivo animal simulation model description, simulation proper-
ties of the model described, validation of the model, simulated
tasks description, purpose of assessment tools used, expertise
definition, and definition of level of expertise in each group.

Literature Review. A current and relevant literature review on the
previous use of similar ex vivo animal brain simulation models
should be available to the reader. An attempt should be made to
situate the current study in the context of any previous reports.

Comprehensive Research Platform. The neuro-oncological patient
clinical model consists of 3 distinct phases. First, the preoperative
assessment phase should include the evaluation of the various
locations and intrinsic properties attributed to the tumor using
preoperative computed tomography and magnetic resonance im-
aging (MRI). The findings will result in subsequent surgical
planning. The second phase is the operative phase in which the
actual intervention occurs. Finally, the third phase is the post-
operative assessment phase in which the outcomes of the opera-
tive procedure are determined using postoperative computed
tomography and MRI. An attempt should be made to replicate all
3 components of this arc in the ex vivo simulation with the goal of
obtaining quantifiable data from each step (Figure 1). This will
enhance the ability of the model, not only to provide training
opportunities for formative and summative assessments of the
learners, but also to provide new insights into the composites of
surgical expertise.

Operative Realism. One step in developing a comprehensive ex vivo
research platform is to place the learner in realistic operating
room environments involving the use of appropriate surgical
UROSURGERY, https://doi.org/10.1016/j.wneu.2021.08.061
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Table 1. Definitions in the Context of Ex Vivo Animal Model Simulation

Keyword Definition

Simulation A technique to replace or amplify real experiences with guided experiences, often immersive in nature, that evoke or replicate substantial aspects of
the real world task in a fully interactive manner

Ex vivo Experimentation performed on tissue derived from an organism in an external environment with minimal alteration of its natural conditions

Metric A standard set of measurements by which a plan or process can be assessed and that quantifies these elements of performance

Validity The extent to which a test measures what it claims to measure or the extent that a platform simulates a real world task

Face validity The extent to which a test is subjectively viewed to mimic that what it intends to measure or the extent of a simulator’s realism and appropriateness
when compared with the actual task

Content validity The extent to which items on a test such as skills are representative to the entire domain the test aims to measure or the extent to which a simulator’s
content is representative of the knowledge or skills that must be learned in the real environment

Construct
validity

The extent to which a testing instrument identifies the quality, ability, or trait it was designed to measure or the ability of the simulator to differentiate
experienced from inexperienced surgeons

Concurrent
validity

The extent to which the test scores correspond to the scores on the benchmark test that measures the same construct

Predictive
validity

The extent to which the scores on a test are predictive of the actual performance

Sensitivity
P

True Positive
P

True PositiveþP
False Negative

; a measure of how many positive condition predictions are actually true-positive results

Specificity
P

True Negative
P

True NegativeþP
False Positive

; a measure of how many negative condition predictions are actually true-negative results

Some definitions were modified from Gallagher and O’Sullivan.22
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instruments and an operating microscope. An ex vivo brain
simulation encased in a realistic skull replica that has been draped
appropriately will help immerse the student in a dynamic learning
process.

Ex Vivo Animal Simulation Model Description. Several ex vivo animal
simulation models using bovine, ovine, and porcine platforms are
available. Significant differences exist in the brain size of the 3
common ex vivo brains used, with the average bovine brain weight
double that of ovine and porcine brains yet less than one half the
weight of the adult human brain.23 These differences in brain size
can influence the model’s utility and the ability to obtain face and
content validity. The reason that one model over another is used
should be documented. Where available, previous reports
outlining these items can be cited instead.

Simulation Properties of the Model Described. The simulation prop-
erties of the ex vivo animal simulation model used should be
carefully outlined. If a specific human pathology is being simu-
lated, whether attempts had been made to replicate the human
condition should be documented. If a particular human tumor or
tumor site is being simulated, whether efforts had been made to
best approximate the color, tactile properties, and location of that
type of human tumor should be determined.

Model Validation. The educational utility of any simulation platform
is enhanced by the subjective and objective validity assessments of
the platform. Questionnaires are used to assess subjective validity,
WORLD NEUROSURGERY 155: e369-e381, NOVEMBER 2021
which includes face and content validity. Subjective validity as-
sessments are assessed using 5- or 7-point Likert scales. However,
the number that constitutes sufficient validity when using these
scales has not been defined. It might be reasonable to consider
standardizing the 7-point Likert scale in the use of ex vivo simu-
lations to improve documentation and reproducibility. Thus, suf-
ficient validity for the overall procedure and specific tasks would be
deemed valid if a median score of �4.0 on a 7-point Likert scale
were achieved.24 Objective validity includes construct, concurrent,
and predictive validity. Construct validity is assessed by
comparing the surgical performance between the “expert” and
“less skilled” groups. Concurrent validity assesses the degree that
the simulation model results correlate with the reference standard
for that procedure. Predictive validity assesses the question of
whether the simulation predicts the future performance for an
equivalent human operation. Objective validity can be assessed
using a priori metrics established independently for each step and
using statistical methods based on these data.

Simulated Tasks Description. A variety of simulated scenarios are
available on any ex vivo simulation platform. Therefore, an
adequate description of the surgical tasks to be performed should
be provided.

Purpose of Assessment Tools Utilized. A variety of assessment tools
are available to assess any metric the investigator might want to
measure using an ex vivo simulation. The assessment tools should
www.journals.elsevier.com/world-neurosurgery e371
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Table 2. Ex Vivo Brain Model to Assess Surgical Expertise (EVBMASE) Checklist*

Component No. Description

Simulation study design (10 points possible)

1 Is relevant literature on the use of ex vivo animal brain simulation models provided?

2 Is the simulation comprehensive?

3 Does the simulation occur in a realistic operative environment?

4 Is the ex vivo brain simulation model described?

5 Are the simulation properties of the model adequately described?

6 Are efforts made to validate the ex vivo brain simulation model?

7 Are the simulation tasks to be performed outlined?

8 Are the purposes of assessment tools to be use outlined?

9 Is a definition of expertise in the simulation provided?

10 Is a definition of each group of expertise provided?

Data structure (5 points possible)

11 Are the metrics used as assessment tools defined?

12 Are the purposes of each metric outlined (i.e., are these to assess performance, efficiency and/or progress)?

13 Is the sample size clearly stated (including the number of groups and the number of participants in each group)?

14 Are the correct statistical methods used?

15 Is the sensitivity and specificity mentioned?

Discussion quality (5 points possible)

16 Is the educational application of simulation model in the context of surgical simulation outlined?

17 Are efforts made to explain the educational rationale of the simulation model used?

18 Is the use of this simulation model discussed as a formative and summative assessment tool?

19 Are methodological limitations discussed, including those pertaining to any of the above points?

20 Are the future directions discussed?

*One point given for each positive answer.

ORIGINAL ARTICLE

AHMAD ALSAYEGH ET AL. BEST PRACTICES FOR SURGICAL SIMULATION
be outlined such that other investigators can reproduce these tools
in their studies.

Expertise Definition. When using ex vivo brain simulation to assess
technical skills, determining what constitutes “expert” perfor-
mance is critical to interpreting the results of the study. If a
neurosurgical participant is considered an “expert,” their patient
practice should either focus on the area that the simulation
measures or data should be provided that indicates that this
“expert” is very knowledgeable concerning the procedure and
performs the operation frequently.

Definition of Level of Expertise in Each Group. A clear definition of
the abilities of each group is critically important. Specifically, the
definitions should include which participants constitute the
“expert” group as described in the previous section and, in
particular, the reasons the specific individuals were chosen for the
“less skilled” group. Care should be taken to identify the partici-
pant learner group according to the year of neurosurgical training
(i.e., junior, senior resident, fellow) or skill level using other
defined criteria.
e372 www.SCIENCEDIRECT.com WORLD NE
Data Structure
The data structure section contains 5 elements: metrics used,
purpose of the metrics, sample size, statistical methods, and
sensitivity and specificity.

Metrics Used. The metrics used as assessment tools should be
clearly outlined. The origin of these metrics should be described,
including whether these metrics were the result of a consensus of
“experts” derived from the literature or from virtual reality and
artificial intelligence technology.

Purpose of the Metrics. The metrics can be used to assess perfor-
mance expertise, efficiency, and progress of the technical psy-
chomotor task being measured during the simulation. The
purpose for the choice of a particular metric should be outlined so
that the reader understands why that metric and not another was
used to assess that particular skill. The time required to complete
a procedure on a simulation platform is frequently used to assess
expertise. However, studies of virtual reality neurosurgical per-
formance have highlighted that metrics of safety and efficiency are
essential to expertise performance.25 More focus on the technical
UROSURGERY, https://doi.org/10.1016/j.wneu.2021.08.061
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Figure 1. Creation of a comprehensive research platform for ex vivo brain simulation. EEG, electroencephalography.
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skills needed to perform the procedure safely rather than the
procedure length seems prudent in simulations.

Sample Size. The number of groups and participants per group
should be clearly stated. In ex vivo brain simulation studies, it is
often easier to recruit “less skilled” or “novices” (medical stu-
dents) than to recruit “experts” (practicing neurosurgeons with a
defined level of expertise). Finally, the number in each group
should be sufficient to determine whether the results are
significant.

Statistical Methods. Several statistical tests are available to assess
metrics data. Care should be taken to explain why a particular
statistical method was chosen and which values would be
considered significant. Certain statistical tests and artificial
intelligent algorithms will function poorly if the input data are
few. Thus, the sample size must be appropriate for the statistical
test or algorithm used.

Sensitivity and Specificity. The simulation literature differs on the
reporting of test success.18,19 The engineering community reports
test success in terms of accuracy and equal error rates. However,
these might be less intuitive to medical readers, who might be
more familiar with the use of sensitivity and specificity. It is
important to discuss sensitivity and specificity when reporting
studies.

Discussion Quality
The discussion quality section contains 5 elements: educational
application of ex vivo brain simulation, educational rationale of
simulation model, the use of the simulation model as an assess-
ment tool, methodological limitations, and future directions.

Educational Application of Ex Vivo Brain Simulation. The in-
vestigators should clearly state the educational aim for the use of
their model. Some simulation models, such as those involving
brain tumor resection, have the capability of generating large
datasets capable of use by artificial intelligence machine learning
classifier algorithms, artificial neural networks, and deep learning
methods.19,25-27 This ability to classify participants allows for the
use of these technologies in summative assessments. The
WORLD NEUROSURGERY 155: e369-e381, NOVEMBER 2021
potential of these systems to be used in formative assessments is
increasing with the application of intelligent tutoring systems.26,27

Ex vivo simulation models that do not generate large datasets will
have limited utility in artificial intelligence technologies.
Summative assessments can have a significant impact on learner
success, hence, they require high accuracy and reproducibility.
Formative assessments require the learner to understand the
specific metrics that must be mastered in order to improve
technical skills.

Educational Rationale of the Simulation Model in the Context of Sur-
gical Simulation. The investigators should outline why specific
metrics were chosen and how they relate to the educational goals
of the simulation. The questions include whether the metrics used
demonstrate construct validity; and whether the metrics assessed
can be used to classify the level of participant’s performance. The
use of metrics that do not demonstrate construct validity will
lessen the ability of other investigators to reproduce the results.

Use of the Ex Vivo Simulation as an Assessment Tool. A clear
description should be provided by the investigators of why the
ex vivo simulation model is important in an educational context.
Some metrics of technical skills performance such as instrument
movement could be teachable and, thus, useful in both formative
and summative evaluation. However, other metrics (e.g., electro-
encephalography [EEG] and eye movement) can be difficult to
teach and, thus, limited in these evaluations.

Methodological Limitations. The limitations of the study should be
addressed. Specifically, the shortcomings of the use of the ex vivo
simulation in surgical skill assessment should be outlined.

Future Directions. The future directions should be outlined. This
information will help the reader and the medical education
community by providing a better understanding of how the field of
ex vivo simulation in the assessment of surgical expertise might
continue to evolve.

Literature Review
We structured our review in accordance with the PRISMA
(preferred reporting items for systematic reviews and meta-
www.journals.elsevier.com/world-neurosurgery e373

www.journals.elsevier.com/world-neurosurgery


ORIGINAL ARTICLE

AHMAD ALSAYEGH ET AL. BEST PRACTICES FOR SURGICAL SIMULATION
analyses) guidelines, and the results were imported to EndNote X9
(The EndNote Team, Philadelphia, Pa; Clarivate Analytics, Lon-
don, United Kingdom; 2013).28 We performed a literature search
using the PubMed Medline database to analyze ex vivo brain
models used for neurosurgical simulation with an appointed
Figure 2. PRISMA (preferred reporting items for systematic re

e374 www.SCIENCEDIRECT.com WORLD NE
duration from January 2000 to January 2021. The search terms
used included a combination of “neurosurgery” and “training”
and “simulation” and “animal” and “brain.” Only English-
language reports were included in our review. The eligible
studies included ex vivo brain models derived from animal
views and meta-analyses) flowchart for study selection.
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cadavers. Live animals, nonebrain models, human cadavers,
synthetic models, virtual simulators, publication of an abstract
only, or models that were used for purposes other than neuro-
surgical training were excluded.
Two of us (A.A., M.B.) individually reviewed and scored each

report using the EVBMASE checklist. One point was awarded for
each element of the checklist for every report outlined in our review.
If the scores were not consistent, the 2 reviewers attempted to reach
a consensus. If no consensus was achieved for a specific score, the
remaining author’s input was used to provide a final score.

Statistical Analysis
The R software, version 4.0.2 (The R Foundation for Statistical
Computing, Vienna, Austria; available at: http://www.r-project.
org/), was used for descriptive and inferential statistical analysis.
The Welch t test was used for intergroup comparisons. The
interrater agreement was evaluated using Cohen’s kappa. The level
of statistical significance was determined at P < 0.05.

RESULTS

The initial search resulted in 1357 reports. The abstracts of these
reports were screened, and 40 fit the criteria previously outlined.
After assessing the full text and applying the review criteria, 18
reports were included in our review (Figure 2). The reasons for
excluding the reports were the use of tissues other than brain or
brain coverings (n ¼ 6), synthetic models (n ¼ 4), human
cadavers (n ¼ 4), live animals (n ¼ 2), review articles (n ¼ 5),
and only having a published abstract (n ¼ 1). When only 1
ex vivo brain model was used, bovine models were used in 8 of
17 studies (47%), ovine models in 5 of 17 (29%), and porcine
models in 4 of 17 studies (24%). In 1 study, both ovine and
porcine models were used (6%).

Classification
The ex vivo animal brain models identified were classified into 2
groups. In group 1, ex vivo animal brain simulation models were
Table 3. Modified Ex Vivo Animal Brain Models

Investigator Animal Task

Kamp et al.,29 2015 Ovine Solid tumor resection; infiltra

Altun et al.,30 2019 Bovine Intra-axial tumor resection; extr
cerebellopontine angle tumor resec

resection

Valli et al.,31 2019 Ovine and
porcine

Brain tumor re

Grosch et al.,32 2020 Bovine Solid tumor resection; infiltra
stereotactic navigated biop

tumor resec

Winkler-Schwartz et al.,33

2020
Bovine Brain tumor re

Tran et al.,34 2021 Bovine Brain tumor re
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modified to mimic a human brain pathology with the goal of
producing a re-creation of human disease on which the learner
surgical technical skills could be assessed (Table 3).29-34 In group
2, ex vivo animal brain simulation models were used without
modification for microsurgical dissection training (Table 4),23,35-41

and studies that provided learners with an anatomical replica of
the human brain and coverings were used to assess the technical
skills involved in defined human neurosurgical procedures
(Table 5).42-45

Group 1 included 6 reports (33%). In all these investigations, the
human pathologies re-created were a wide variety of human intra-
and extra-axial tumors.29-34 Several advantages exist for using
animal models that replicate human tumors. These include the
ability to create comprehensive research platforms for the
assessment of surgical techniques and operative outcomes.33

These platforms will further enhance learner face and content
validity if these procedures are performed on ex vivo brains
encased in human skull replicas in realistic operating room
environments involving tumors with human characteristics.
Although multiple different types of materials have been used to
develop these artificial tumors, recent studies have focused on
creating tumors with human tumor stiffness and color
properties to create a more realistic visual and tactile experience
for the learner.31,33,34,46 The stiffness of alginate hydrogel-based
tumors can be modified using different concentrations of cal-
cium sulfate, a cross-linking agent, until similar biomechanical
properties to human primary tumors are achieved.33,34 Other
investigators have used haptic tuning, which involves having
expert neurosurgeons to use their haptic expertise to adjust the
stiffness of artificial tumors to approximate those they
experience when operating on human tumors.31,46 A number of
technologies that can quantitate tumor removal have been used.
The presence of gadolinium in the artificial tumor allows for the
use of pre- and postoperative 7T MRI investigations, not only to
quantitate the grams of tumor resected, but also the grams of
normal gray and white matter removed.34 These artificial tumors
can also incorporate a variety of fluorescein solutions, allowing
Artificial Tumor

tive tumor resection Agar-agar and ink

a-axial tumor resection;
tion; fourth ventricle tumor

Polyurethane foam

section Agar, gelatin, and 5 various fluorescent dyes

tive tumor resection;
sy; cerebellopontine
tion

Aspic powder and fluorescein

section Alginate, calcium sulfate, gadolinium, and
fluorescein

section Alginate, calcium sulfate, gadolinium, and
fluorescein

www.journals.elsevier.com/world-neurosurgery e375
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Table 4. Nonmodified Ex Vivo Animal Brain Models

Investigator Animal Task

Hicdonmez et al.,23 2006 Bovine Optic nerve and circle of Willis dissection; aneurysm clip application

Hicdonmez et al.,35 2006 Bovine Interhemispheric transcallosal approach

Hamamcioglu et al.,36 2008 Ovine Cranial nerve dissection; microvascular decompression of nerve V

Turan Suslu et al.,37 2013 Bovine Cranial nerve dissection

Altunrende et al.,38 2014 Ovine Intraorbital dissection; optic nerve dissection; optic canal exposure

Aurich et al.,39 2014 Porcine Interhemispheric transcallosal approach; Sylvian fissure dissection;
cerebellopontine angle dissection; internal auditory canal exposure

Gokyar et al.,40 2018 Bovine Interhemispheric dissection; Sylvian fissure dissection; sulcal dissection

Elsayed et al.,41 2019 Porcine Cerebellopontine angle dissection; cranial nerve dissection; internal auditory canal exposure
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for the use of ultraviolet fluorescence to monitor surgical
performance.31,33,34 The potential exists for the use of a wide
variety of wearables during resection procedures to monitor
expert performance. These systems include EEG, eye motion,
tremor, and instrument tracing technologies.33,47,48 Functional
neuroimaging, a portable, low-cost technology that detects
changes in the trainee’s brain activity and cerebral blood flow by
measuring changes in oxyhemoglobin and deoxyhemoglobin
concentration, can be used.49 The results of studies incorporating
artificial tumors in ex vivo models have suggested that more
rigorous and comprehensive research platforms for assessment
and quantitation of technical skills performance using ex vivo
models have the potential to significantly advance the formative
and summative assessments of learners.
Group 2 included 12 studies (66%), which were divided into 2

subgroups. In the first subgroup, we assessed their usefulness in
developing microsurgical techniques.23,35-41 In the second, we
focused on the defined neurosurgical operative procedures per-
formed.42-45 In 8 studies, ovine, bovine, and porcine ex vivo
models were used to train learners in microsurgical techniques
involving interhemispheric transcallosal approaches, Sylvian
fissure, cerebellopontine angle dissection, and dissection of cra-
nial nerves and their foramen (Table 4). The other 4 studies
included using ex vivo brain models to train cranioplasty and
fronto-orbital advancement techniques, placement of intracranial
pressure monitors, suturing of the dura, and the use of intra-
operative ultrasound (Table 5). In these studies, only a small part
Table 5. Nonmodified Procedure Using Ex Vivo Animal Brain
Models

Investigator Animal Task

Hicdonmez et al.,42 2006 Ovine Cranioplasty and fronto-orbital
advancement

Vavruska et al.,43 2014 Ovine Intraoperative ultrasound

Hanrahan et al.,44 2018 Porcine Intracranial pressure
monitor insertion

Hanrahan et al.,45 2018 Porcine Dura mater suturing
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of the investigation had focused on model validation and
quantitation, the use of wearable systems, and other methods to
monitor performance. These issues have limited the
reproducibility and usefulness of these models for trainee
formative and summative assessment in competency-based
training programs.
The goal of the development of a best practice guidelines

checklist that includes defined subsections and a total score is to
provide investigators with suggestions to help improve their
studies and to provide readers with methods to assess the
quality of the research. The studies identified in our review were
scored using the EVBMASE checklist. The interrater reliability
between reviewers was calculated and resulted in an observed
agreement of 87.2% (Cohen’s kappa, 0.71). The results of
assessing the group 1 and 2 studies using the EVBMASE
checklist are summarized in Table 6. The overall average score of
a possible total of 20 for all 18 studies was 6.9 (34.4%). We
further divided the scores according to each EVBMASE
section. The score for the simulation study design, data
structure, and discussion quality sections was 4.2 (42.2%), 1.1
(22.2%), and 1.6 (31.1%), respectively, for all 18 studies. The
mean overall score for group 1 was 11 (55%) and 4.8 (24.2%)
for group 2, a statistically significant difference (P ¼ 0.006).
The mean scores for each EVBMASE section were compared
between the 2 groups. A statistically significant difference was
found for the simulation study design section (P ¼ 0.003).
However, the mean scores were not significantly different for
the data structure (P ¼ 0.075) and discussion quality (P ¼
0.066) sections. The individual EVBMASE checklist scores for
the simulation study design, data structure, and discussion
quality section for each study are shown in Figure 3. The
largest differences between groups 1 and 2 were found for
element 3, the operative realism of the model (50% vs. 0%),
element 5, a description of simulation properties (100% vs.
16.7%), and element 6, model validity (100% vs. 0%; Figure 4).

DISCUSSION

Numerous ex vivo animal brain simulation models have been re-
ported. However, these have used inconsistent reporting methods,
limiting the ability to accurately assess and replicate these
UROSURGERY, https://doi.org/10.1016/j.wneu.2021.08.061
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Table 6. Results of Study Assessment Using the EVBMASE Checklist

EVBMASE Section All Studies (n [ 18) Group 1 (n [ 6) Group 2 (n [ 12)
Mean Difference
(95% CI; P Value)

Simulation study design 4.2 (2e8); 42.2 (20e80) 6.8 (4e8); 68.3 (40e80) 2.9 (2e4); 29.2 (20e40) 3.9 (2e5.8; 0.003)

Data structure 1.1 (0e3); 22.2 (0e60) 1.8 (1e3); 36.7 (20e60) 0.8 (0e3); 15 (0e60) 1 (�0.1 to 2.3; 0.075)

Discussion 1.6 (0e4); 31.1 (0e80) 2.3 (1e4); 46.7 (20e80) 1.2 (0e2); 23.3 (0e40) 1.1 (�0.1 to 2.4; 0.066)

Overall 6.9 (3e15); 34.4 (15e75) 11 (7e15); 55 (35e75) 4.8 (3e9); 24.2 (15e45) 6.2 (2.5e9.9; 0.006)

Data presented as mean score (range); percentage (range), unless noted otherwise.
EVBMASE, ex vivo brain model to assess surgical expertise; CI, confidence interval.
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platforms. Our results have indicated that a comprehensive con-
ceptual framework has the potential to improve future studies
using ex vivo brain animal models for neurosurgical simulation
and to serve as a guide for the neurosurgical research community
to rigorously document the conduction of these studies. The
EVBMASE checklist is also applicable to ex vivo animal simulation
platforms used for training in other surgical disciplines.
For the present investigation, we divided the ex vivo animal

brain models into 2 groups. In group 1, modifications to mimic
human brain tumor pathology were evident in all the studies. In
contrast, in group 2, no attempt had been made to modify the
ex vivo models, and these systems were used to teach dissection or
other neurosurgical techniques. The average score for all the
studies in our review has indicated that these studies adhered
poorly to the elements included in the EVBMASE checklist. The
group 1 studies had a significantly higher EVBMASE average score
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Figure 3. Individual ex vivo brain model to assess
surgical expertise (EVBMASE) checklist scores for the
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compared with the group 2 studies, which was attributed to the
simulation study design, although no statistically significant dif-
ferences were found in the data structure and discussion quality
sections. When we examined how each group performed
regarding each of the EVBMASE checklist elements, the 3 highest
differentiating elements between the 2 groups were the extent of
operative realism, description of simulation properties, and model
validation. The ability of the group 1 studies in their attempt to
replicate the color, location, and haptic qualities of human brain
tumors and model validation gave these simulation models an
advantage over group 2 in these elements of the checklist. Despite
the lack of a statistically significant difference between the 2
groups in the data structure and discussion quality sections, we
found that group 2 studies were deficient in many elements of the
checklist, including the ability to quantitate the performance
metrics and provide participant data, which led to poor data
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Figure 4. We applied the ex vivo brain model to assess
surgical expertise (EVBMASE) checklist to the 18
studies included in the systematic review and

calculated the percentage score for the 6 studies in
group 1 and 12 studies in group 2 for each of the 20
elements assessed.
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structures scores for this group (Figures 3 and 4). We found that
the developing microsurgical techniques subgroup was
particularly deficient in all sections of the checklist (Figure 3).
These weaknesses limited the reproducibility and usefulness of
the developing microsurgical technique subgroup models for
trainee formative and summative assessments in competency-
based training programs.
The members of the surgical education community have iden-

tified a need to increase the quality and standardization of the
reporting of simulation studies.19-21 Samaratunga et al.20 focused
their assessment on simulation validation studies in the
orthopedic surgery literature and proposed a novel umbrella
approach when reporting participant recruitment criteria. They
also introduced an approach to classify simulation validity
studies into 1 of 3 categories, depending on the skill level of the
prioritized participants.20 The first category encompassed face
and content validity. These studies should aim to recruit experts
rather than novices because the opinion of an expert surgeon is
more useful in judging the realism and pedagogical value of the
simulator. The second category included construct, concurrent,
and predictive validity. These studies should recruit participants
with differing skill levels to differentiate the performance levels
and to accurately project the participant’s skill level. The third
category incorporated studies that aimed to evaluate simulator
skill acquisition or skill transfer to an established training
model. When recruiting participants for studies within the third
category, it will be most useful to prioritize novice learners to
effectively demonstrate high learning curves and improved
performance.
The proposed best practices criteria in our report considered

simulation validity as one of the elements under the simulation
study design section. In the simulation study design section, we
also identified other factors that improve reproducibility and
e378 www.SCIENCEDIRECT.com WORLD NE
replicate the operative room experience. These include simulation
comprehensiveness and operative realism (Figure 1), along with
the description of the simulation model and properties, task
performed, assessment tools used, and expertise levels
definitions. Our framework also considered the data structure an
important component to help facilitate data interpretations
when analyzing ex vivo animal brain study results. The
discussion quality section is intended to assess ex vivo animal
brain reports by considering their benefit to surgical educators
and their applicability as assessment tools. Furthermore, the
discussion quality section allows for the analysis of deficiencies
and possible future evolution of the field. Using the EVBMASE
checklist will lead to the scoring of reports, which will result in
a quantitative numerical value. This provides an opportunity for
investigators to perform quantitative data analysis and permits
for the improved replication of results and the use of statistical
methods to interpret the pedagogical strength of the studies.
The development of improved ex vivo animal brain models

using the EVBMASE checklist will allow for randomized controlled
trials to focus on demonstrating the predictive validity of these
platforms. Ideally, the conduction of these studies will demon-
strate that training on ex vivo animal brain models improves
neurosurgical trainee performance and that these enhanced skills
are transferable to the operating room, resulting in less operative
error and improved patient outcomes.50

Study Limitations
The objective of the EVBMASE checklist is to provide a general
framework when reporting or analyzing ex vivo animal brain
studies. However, the present study had several limitations. First,
the checklist was developed and tested using information from a
limited number of studies. The EVBMASE checklist will need to be
modified as studies using newer methods to assess surgical
UROSURGERY, https://doi.org/10.1016/j.wneu.2021.08.061
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performance such as EEG, eye tracking, tremor assessment, force
sensors, and instrument tracing technologies are per-
formed.47,48,51-53 Second, we awarded a point if any type of vali-
dation was considered in the study reviewed. A more robust point
assessment of the validation methods used would seem appro-
priate as validation studies become more common. Third, artifi-
cial intelligence systems have been developed that not only classify
participants according to surgical expertise but can also coach
trainees to attain defined surgical standards.26,54-56 These intelli-
gent tutoring systems are being explored to outline the optimal
approach to integrate these technologies in psychomotor skills
teaching, and these data will need to be incorporated into any
future checklists. Finally, as an increasingly holistic understanding
of surgical expertise continues to evolve (i.e., one not determined
solely by the number of procedures completed or years of prac-
tice), care will be required to incorporate this information into
future checklists. A clear understanding of expert surgical per-
formance, artificial intelligence methods, and educational best
practices will be crucial to the ultimate success of these checklist
systems.

Suggestions for Future Authors
We identified new elements that could further enhance the quality
of future reports, because the quantitative assessment of these
elements will allow investigators to improve and reviewers to
better evaluate the quality of the study (Table 2). The EVBMASE
checklist point assessment system provides a single point for
each element present. However, as more quantitative data on
the usefulness of this system in the evaluation of ex vivo animal
models becomes available, a more accurate point allocation
system will evolve and will be implemented and tested. This
could be especially critical related to the further refinement of
the validation methods used in ex vivo brain models. More
effort is required to create comprehensive research platforms for
ex vivo brain simulation (Figure 1). Simulation studies should
strive to mimic the specific patient disease processes under
investigation and the arc of patient preoperative, operative, and
postoperative procedures involved. For some human disease
states involving the control of bleeding, for example, ex vivo
WORLD NEUROSURGERY 155: e369-e381, NOVEMBER 2021
animal models might not be appropriate, unless modifications
are used, which can limit the use of the checklist. It has been
suggested that investigators give special attention to each of the
20 elements in the 3 sections of the checklist (simulation study
design, data structure, discussion quality components) in their
studies. Increasing the sample size in all studies involving these
models will increase the ability to use statistical methods to
improve the quality of the results. It is crucial to explain how
each simulation trial has been used in the analysis. Often, the
explanations of the simulation were vague and the exact purpose
of the simulation was unclear. More research is needed on how
to use the components of this EVBMASE checklist for other
types of animal models and surgical education platforms.
CONCLUSIONS

The EVBMASE checklist is a framework to help researchers and
surgical educators ensure quality when producing and reviewing
reports involving the use of ex vivo animal brain models to assess
surgical expertise. We believe the EVBMASE checklist will facili-
tate the field of simulation and improve surgical education.
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