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Abstract
Background: A host of factors have contributed to the increasing use of simulation 
in neurosurgical resident education. Although the number of simulation‑related 
publications has increased exponentially over the past two decades, no studies 
have specifically examined the role of simulation in resident education in spinal 
neurosurgery.
Methods: We performed a structured search of several databases to identify articles 
detailing the use of simulation in spinal neurosurgery education in an attempt to 
catalogue potential applications for its use.
Results: A brief history of simulation in medicine is given, followed by current 
trends of spinal simulation utilization in residency programs. General themes 
from the literature are identified that are integral for implementing simulation into 
neurosurgical residency curriculum. Finally, various applications are reported. 
Conclusion: The use of simulation in spinal neurosurgery education is not as 
ubiquitous in comparison to other neurosurgical subspecialties, but many promising 
methods of simulation are available for augmenting resident education.
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INTRODUCTION

The use of simulation in training surgical residents 
is an area of rapidly growing popularity and research. 
Several factors have favored the increasing use of surgical 
simulation, including mandated resident work‑hour 
restrictions, growing demand for hospital efficiency, 
and a greater emphasis on patient‑centered care with 
closer supervision by attending physicians. Additionally, 
there are concerns that the traditional Halstedian 
model of surgical mentorship may limit the efficiency 
of surgical skill acquisition in an era that residents 
are expected to master an unprecedented amount of 
knowledge.[6,12,40,67,68,83] Simulation allows residents to 
gain skills in a risk‑free environment, which is especially 
germane in the field of neurosurgery.

The neurosurgical community recognized the 
potential benefits of simulation in education and 
has become a leader in research of this learning tool. 
Numerous studies have reported novel methods of 
simulation, and recent reviews have summarized 
much of this information.[2,9,34,49,75] However, the rapid 
development of technology and the near‑exponential 
growth of simulation‑related studies warrant current 
review of the literature. Furthermore, there are no 
studies in the current literature regarding the use of 
simulation for resident education specifically in spinal 
neurosurgery.

The purpose of this review is to provide a current 
overview of the use, benefits, and various applications of 
simulation in spinal neurosurgery.
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METHODS

We performed a structured search of MEDLINE, 
PsycINFO, and ERIC to identify relevant literature. 
Various search terms were used in combination for each 
query, including “Spine”[Mesh], “Education”[Mesh], 
“Neurosurgery”[Mesh], and “Simulation.” All results were 
screened by title and evaluated further when needed for 
their relation to the subject. We specifically performed 
some searches without specifying “Neurosurgery” 
in attempt to include studies from the orthopedic 
literature. Additionally, the PubMed “Related Citations” 
search capability and the reference sections of relevant 
articles were utilized. These searches were current as of 
September 2014.

History
The evolution of simulation and its eventual adoption by 
the medical field has a rich history and has been explored 
extensively elsewhere.[68,73,83] Briefly, simulation has 
been used for centuries in various capacities, including 
cadaveric dissection by early physicians (such as Galen) 
and military training (war games).[18,54,76] Modern 
simulation, however, is based on advances made in the 
aviation industry, with reports of flight simulation as early 
as 1909.[83] Simulation training continued to expand in 
the military and commercial industry, with applications 
ranging from aircraft to nuclear submarines.[5,62] Whereas 
the use of cadavers and animal models had long 
been used in surgical education, virtual reality (VR) 
simulation was first used in surgical education in 1987 
and popularized in the early 1990s.[74,90] At that time, 
simulation in surgery became a field of great innovation 
and burgeoning research. This technology was embraced 
by many members of the neurosurgical community, 
who recognized the vast potential of simulation to 
revolutionize this field, where intraoperative mistakes 
may have dire consequences.[4,19,33,89]

Over the past 20 years, simulation has gained 
widespread acceptance as a tool for surgical education. 
Many novel modalities have been described, and the 
number of publications regarding simulation has grown 
exponentially [Figure 1]. There are three broad categories 
of simulation currently used in neurosurgical education: 
Human and animal cadaveric models, synthetic (physical) 
models, and VR (haptic/computerized) applications. 
Additionally, simulations may use a combination of these 
methods. Each has distinct characteristics with unique 
advantages and disadvantages[20,28,41,51] [Table 1]. In the field 
of neurosurgery, physical models and VR applications are 
currently available for simulation in nearly every subspecialty, 
including cerebrovascular, endovascular, spine, neurosurgical 
oncology, and pediatrics. To date, though, the majority 
of publications have focused on cranial and endovascular 
techniques. Many authors have recognized a relative paucity 
of research in spine surgery simulation.[29,91,95]

Current utilization in residency programs
Residents’ perceptions of the role of simulation in 
neurosurgical education have not been well explored, but 
several studies examining the perceptions of residents 
in other specialties demonstrate that most residents 
have a positive attitude toward simulation in their 
education.[14,56,58,94] Kirkman et al. recently proposed a 
validated tool for assessing perceptions toward simulation 
in neurosurgery.[35] While the study was primarily 
focused on validation of the questionnaire, referred to 
as NEAT (Neurosurgical Evaluation of Attitudes towards 
simulation Training), they also reported that neurosurgical 
residents (n = 31) showed a strongly positive attitude 
toward simulation training.

In addition to attitudes toward simulation, other 
pertinent information has been reported regarding 
simulation in surgical training. For instance, simulation 
seems to offer the most benefit for junior residents, 
specifically in postgraduate years (PGYs) 1‑3.[20,23,80,94] 
Senior residents have often times already acquired many 
of the technical skills that can be taught using simulation. 
One study found that junior residents reported the 

Figure 1: Number of publications regarding simulation in surgical 
education indexed on PubMed per year. *Results found using the 
following search query (“Education”[Mesh] AND simulation AND 
surgery). The “Results by Year” feature on PubMed was used to 
export the data into Microsoft Excel 

Table 1: Advantages and disadvantages of various types 
of simulation

Type of 
simulation

Advantages Disadvantages

Cadaveric 
(human and 
animal)

Accurate tissue 
representation, 
anatomic fidelity 
(human)

High cost, ethical concerns, 
need for additional staff 
and laboratory space, rare 
pathology, not reusable

Synthetic Portable, reusable, 
pathology simulation 
possible

Poor tissue representation, 
sometimes not reusable

Virtual reality 
(VR)

Reusable, pathology 
simulation possible

High cost, technical 
maintenance, software 
subscriptions, haptic response 
still less realistic (but improving)
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most benefit from simulation with cadavers, followed 
by physical models and then haptic/computerized 
simulators.[23,42] However, PGY‑1 residents reportedly 
are least likely to be included in cadaveric simulation 
curriculum.[41] Interestingly, senior residents reported the 
most benefit from the computerized simulators, followed 
by cadavers and then physical models. This is possibly due 
to the fact that cadavers offer the opportunity to practice 
dissections and approaches with anatomic fidelity in the 
absence of pathology, a skill in which senior residents 
have already gained experience.

In a 2014 survey of neurosurgery residency program 
directors, over 90% of the 65 respondents reported 
using cadaveric or animal dissection as part of residency 
training.[41] Seventy‑five percent of programs schedule 
between 1 and 6 training sessions for residents on an 
annual basis, and over half of all programs allow laboratory 
time for resident self‑study. In these scheduled training 
sessions, 88.5% of programs taught spinal approaches 
and 80.3% taught some form of spinal instrumentation. 
Finally, nearly half of all respondents reported using 
physical or VR simulators in their resident education; 11% 
reported using spine simulators. Thus, the current use 
of physical or VR models for teaching spinal procedures 
appears to be quite low. A prior survey of neurosurgery 
residency program directors reported information 
regarding general attitudes toward simulation.[20] Nearly 
75% of all respondents (n = 53) agreed that simulation 
could improve patient outcomes, provide an objective 
assessment of surgical skill, and be an effective supplement 
to time in the operating room. Ninety‑five percent of 
program directors would encourage simulation use, and 
75% would actually mandate the use of simulation in 
their programs. Nearly half (43%) expect residents to use 
simulation for training for 30 min to 1 h per day.

A few general themes can be inferred from the literature. 
First, integrating simulation into neurosurgical education 
should be done primarily with the residents in mind. 
Without careful attention to resident feedback or 
complete resident “buy‑in,” simulators will not be 
utilized to their potential capacity.[16] Second, intentional 
integration of simulation into resident education as 
a formalized curriculum is essential.[24,37] In order 
for simulation to demonstrate benefit in the field of 
neurosurgery as it has in the aviation industry and 
military efforts, it must be included in the certification 
process. Successful development of curricula has been 
described, which can be utilized in institutional‑based 
or conference‑based settings.[11,23,28] Third, a combination 
of different simulation modalities seems to be effective. 
Because of the inherent advantages and disadvantages of 
these different types of simulation, distinct skillsets may 
be gained from each experience. Furthermore, residents 
in different levels of training vary in which types of 
simulation they rank most educationally beneficial. 

Lastly, there are many important considerations regarding 
how residents practice on simulators. Independent and 
deliberate time‑distributed practice allows for the most 
efficient acquisition of skill when using simulation for 
educational purposes.[34,51,53,55,61] Periodic feedback from 
an attending surgeon regarding simulation performance is 
also important for maximum benefit.[24,31,84]

Various applications of simulation in spinal 
neurosurgery education
The various uses of simulation in spinal neurosurgery 
education can be reported in several ways. For example, 
they can be characterized by the method of simulation 
used (cadaveric, physical, VR, etc.) or by the specific 
procedure being simulated (pedicle screw fixation, 
laminectomy, dural repair, etc.). For the purposes of this 
review, we report the various applications of simulation 
by the method of simulation used.

Human and animal cadaveric simulation
Cadaveric dissection has been used for millennia.[18,54] 
The anatomic fidelity provided by cadavers has proven 
to be invaluable in educating physicians and surgeons. 
Although over 80% of responding program directors 
reported using cadavers for teaching spinal approaches 
and instrumentation, descriptions of specific methods, 
procedures, and validation using cadavers in teaching 
spinal neurosurgery is vastly underrepresented in the 
literature. Most recent reports on simulation and resident 
education in spinal neurosurgery have focused on using 
sheep, calf, or deer spines.[3,32,81,86,87,91] Kalayci et al. 
described a method to teach classical discectomy skills, 
as the use of this procedure has decreased in prevalence 
due to increased morbidity.[32] In 2009, Walker et al. 
reported a novel, reproducible, and inexpensive minimally 
invasive spine surgery (MISS) simulator designed to 
teach residents important skills before application in 
the operating room.[91] Residents reported increased 
mean confidence ratings for both minimally invasive 
laminectomy and pedicle screw placement after working 
with the simulator. In 2011, Anderson reported that 
the University of Wisconsin had developed two spine 
simulation models: Dural repair and laminoplasty.[3] In 
the dural repair simulation, two Foley catheters are placed 
into the dural space and infused with saline to 90 mmHg. 
After a resident performs a laminectomy, a midline 
durotomy is made and the resident must repair it, with 
the quality of repair being measured by the degree of 
water‑tight closure. This task is optimal for simulation 
because failure to properly close an incidental durotomy 
may lead to prolonged bed rest and increased hospital 
costs, so residents may receive little intraoperative practice 
with this procedure. Recently, Suslu et al. have detailed 
the use of sheep spines for training in pedicle screw 
fixation, lumbar microdiscectomy, and percutaneous 
lumbar transforaminal epidural injection.[86‑88]
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One of the disadvantages of using cadavers in surgical 
education is the lack of pathology [Table 1]. A recent 
report describes a method of creating tumor pathology 
in the cadaveric model by simply placing portions of 
autologous encapsulated organs (liver and spleen) into 
the location of the desired pathology from the opposite 
direction. This was used in over 70 dissections with good 
benefit.[13] These tumors were typically implanted in the 
third ventricle or sellar regions; however, this pathology 
simulation may have a potential application in spinal 
neurosurgery as well. Of note, the authors specify several 
important ethical concerns to be considered when using 
this method. Live broadcast surgery has also been used 
to augment resident anatomical dissection courses. Roser 
et al. report their set‑up and experience of broadcasting 
live surgery as part of hands‑on dissection courses for 
the cervical spine and spinal cord stimulation.[70] The 
authors also mention that formal informed consent for 
live broadcast surgery is not necessary from a regulatory 
standpoint, and that live broadcast surgery has been shown 
to create no excess risk for perioperative complications.[78] 
In addition to the aforementioned publications, several 
papers provide practical guidelines for faculty wishing to 
incorporate these simulation techniques using real tissue 
into resident education initiatives.[59,72,85]

Synthetic model simulation
Synthetic (physical) models use artificial tissue and 
components to provide simulation for specific procedures. 
Manikins like Resusci Annie and SIM1, used to teach 
cardiopulmonary resuscitation and airway management, 
were popularized in the 1960s and are prime examples 
of rudimentary synthetic simulation.[83] Many designs and 
uses of synthetic spine surgery simulators have added 
to this rapidly expanding set of literature over the past 
several years.[25,52,65,79,80] This is due in part to the advent 
of three‑dimensional (3D) printing and its increasing 
use in the medical field, as skulls and vertebrae can now 
be printed instantly using patient‑specific computed 
tomography (CT) scans.[66,93]

The department of neurosurgery at the University of 
Illinois, in conjunction with the mechanical engineering 
department of Bradley University, developed a synthetic 
simulator for pediatric lumbar spine pathologies, including 
tethered cord syndrome and open neural tube defects.[52] 
Using 3D printing, a pediatric lumbar spine and sacrum 
were created. The simulator was designed to incorporate 
different types of material that would mimic the tensile 
properties of actual tissue. In addition, the simulator is 
modular in nature to allow for the replacement of certain 
layers that are eventually disrupted and destroyed with 
repetition. The simulator realistically portrays the desired 
pathologies for residents, and the authors report several 
specific challenges and variables to be considered in the 
development of any future simulators. A novel synthetic 
simulator has also been developed for anterior cervical 

discectomy and fusion (ACDF).[65] After identifying a lack 
of spine simulator devices, the Congress of Neurological 
Surgeons (CNS) developed the ACDF simulator as part of 
an educational curriculum for the 2012 annual meeting. 
The simulator is comprised of a mix of compounds in 
the silicone family in an attempt to emulate the tissue 
in anterior cervical region, and a polyurethane mix for 
vertebrae, ligaments, and disks. Actual anterior cervical 
screws and plates were used to perform the procedure, 
and the spine portion of the simulator can be removed 
and replaced after each use. Simulating this procedure 
is beneficial as ACDF is essentially a single‑surgeon 
procedure. A synthetic model for simulating dural 
repair has also been reported.[25] This synthetic model 
was adapted from the cadaveric dural repair model 
described in this paper previously and uses the same 
basic concept.[3] A dural substitute (DURA‑GUARD, 
Synovis Surgical, St. Paul, Minnesota) was used to portray 
accurate tissue representation. In addition to these 
synthetic simulators, recent efforts have been made 
to develop simulators capable of reproducing several 
pathologic conditions including scoliosis, degenerative 
disease, spinal stenosis, and spinal deformity, although 
results have not been yet reported.[30]

Virtual reality simulation
The use of VR in neurosurgery education is intriguing 
and has definite potential to revolutionize the training 
of surgeons. As frontiers expand in computing, graphics, 
modeling, and haptic (tactile feedback) technology, VR 
will almost certainly become a central component of 
resident education in the future. Currently, however, VR 
simulation is in its infancy. Nevertheless, VR simulation 
in its current state has been shown to provide benefit in 
training neurosurgeons.

The earliest VR spine simulators were developed around 
the turn of this century.[15,38,43,45,63] Since then, several 
VR simulators have been commercially developed. The 
simulator with perhaps the most research validation in 
the literature is known as ImmersiveTouch® (Immersive 
Touch, Inc., Chicago, Illinois).[1,22,47,48] At present, 
the following spinal procedures can be simulated 
by this simulator: Percutaneous lumbar puncture, 
Jamshidi needle biopsy, thoracic and lumbar pedicle 
screw placement, percutaneous spinal fixation, and 
vertebroplasty. According to the company website, several 
other procedures are under development, including 
anterior cervical discectomy, lateral mass fixation, lumbar 
laminectomy, lumbar microdiscectomy, C1‑2 transarticular 
screw fixation, pelvic fixation, and minimally invasive 
direct lateral interbody fusion (DLIF). A simulator 
called the Dextroscope® (Volume Interactions Pte, Ltd., 
Singapore) has also been evaluated in the literature.[17,26,39] 
This system focuses on preoperative planning, allowing 
surgeons to visualize patient‑specific anatomy in a 3D 
environment through the creation of a virtual surgical 
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field. Although bone drilling and aneurysm clipping 
procedures are available on the Dextroscope®, its 
primary uses have been neuroanatomical instruction and 
preoperative planning.[49] Another VR simulator that can 
be used in spinal neurosurgery is the Surgical Rehearsal 
Platform (SRP) (Surgical Theater, LLC., Mayfield 
Village, Ohio). This system models patient‑specific 
Digital Imaging and Communications in Medicine 
(DICOM) images into an interactive 3D setting for 
preoperative planning and procedure rehearsal. Like 
most VR simulators, the initial focus has been on cranial 
procedures; however, pedicle screws have been modeled 
for practicing trajectory and placement prior to surgery. 
Additionally, the company is currently partnered with 
many institutions and looking to further develop the 
simulator’s spinal procedure capabilities.

In addition to these commercially available simulators, 
several other VR spine simulators have been reported 
in the literature.[36,46,49,60,64,71] Many of these applications 
attempt to model pedicle screw insertion, as a recent 
review of pedicle screw techniques and training has 
explored.[36,50,60,64] Simulation for learning pedicle screw 
placement is optimal as misplacement can cause damage 
to neighboring neural and vascular structures, and a 
working knowledge of complex 3D anatomy is necessary 
for proper screw alignment and trajectory. Furthermore, 
a retrospective review showed a 15% misplacement rate 
among neurosurgical residents inserting thoracic pedicle 
screws.[92] Simulated pedicle screw placement can aid 
residents in mastering this complex procedure. Rush et al. 
described a computerized simulator for sacroiliac screw 
insertion.[71] Users may visualize a 3D reconstruction of 
the pelvis, use K‑wires to appropriately size screws, and 
insert the screws. Liu et al. also utilized 3D reconstruction 
technology to model the craniocervical junction, allowing 
users to simulate the trans‑oral and posterior‑lateral 
approaches to the superior cervical spine.[46] Malone et al., 
authors of a 2010 review of VR simulation in neurosurgery, 
have begun to develop a simulator for instrumented 
lumbar fixation, which includes pedicle cannulation, 
internal pedicle fixation, and screw insertion.[49]

Mixed simulation
In addition to the three primary types of simulation, the 
use of mixed simulation in spinal neurosurgery training 
has been described.[7,10,27,29] These simulators combine at 
least two types of simulation in order to take advantage 
of each respective strength. Harrop et al. developed a 
novel cervical spine simulator for teaching posterior 
foraminotomy and laminectomy as part of the CNS 
initiative described above.[29] Through collaboration with 
Phacon Corporation (Leipzig, Germany), the authors 
used 3D printing, special tools that could be tracked via 
a standard webcam for intraoperative navigation, and 
pressure sensors to create the final simulator that was 
used at the 2012 CNS annual meeting. The simulator 

was received well by residents, but the authors noted 
that cost of the spine model, which can only be used 
once, is a significant limiting factor for distribution of 
this simulator to a wider audience. A novel simulator 
for anterior cervical disc replacement has also been 
described, focusing on the nerve decompression (rasping) 
portion of the procedure.[27] Briefly, a motion tracking 
system known as VICON is used to “map” the surgical 
instruments and spine model to a virtual environment. 
The user visualizes the field through stereoscopic 
binoculars while manipulating the physical model. This 
simulator was deemed effective by five surgeons but 
required a significant investment for development like 
many VR/mixed simulators ($250,000). Two other mixed 
simulators have been developed for procedures involving 
the lumbar spine. In the past year, Chitale et al. 
reported a simulator for minimally invasive percutaneous 
pedicle screw placement that utilized fluoroscopic and 
CT‑navigated components.[10] Lastly, Bova et al. describe 
their experience with mixed simulation and spinal 
instrumentation in detail.[7] In addition to describing 
the development of their simulator, they stress the 
importance of taking steps to emulate the environment 
of the operating room during simulation, including 
surgical drapes, C‑arm footswitches, and overlying 
soft tissues in the physical model. These techniques 
combine the challenges of microsurgical techniques and 
the accurate placement of instrumentation in complex 
anatomy.

DISCUSSION

The use of simulation in neurosurgical education is rapidly 
increasing. In addition to resident education, simulation 
has been used to explore the effects of postcall fatigue.[21] 
Preliminary research has explored the feasibility of using 
simulation to screen medical students applying to surgical 
residencies,[69,77] as surgical applicants have been shown to 
not self‑select for manual dexterity.[44,57] Finally, ongoing 
research has explored simulation as a metric for surgical 
skill,[82,95] and many predict that simulation will eventually 
be a required portion of oral board examinations of the 
American Board of Neurological Surgery.[8,20]

Although the use of simulation in spinal neurosurgery has 
been considered to be lagging behind other neurosurgical 
subspecialties,[29,91,95] this review has shown that a wealth 
of spine simulators have recently been developed for use in 
neurosurgical education. As the benefits of simulation in 
resident education continue to be reported, an increasing 
number of institutions will begin to utilize these training 
techniques. In addition to mandated resident work‑hour 
restrictions, growing demand for hospital efficiency, and 
a greater emphasis on patient‑centered care with closer 
supervision by attending physicians, other factors may 
encourage the adoption of simulation as part of resident 

Digital Imaging and Communications in Medicine
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curriculum, such as the growing popularity of 3D printing 
or an increased demand from residents.

However, several issues may impede the progress of 
simulation in neurosurgical education. One of these was 
perhaps best summarized by Mattei et al., “It seems clear 
that isolated attempts from different residency programs 
to develop and implement their own simulation modules 
for different neurosurgical tasks would result in a very 
high collective economic burden and probably only some 
few successful results, rendering such individualistic 
approaches not cost‑effective.”[52] With this in mind, 
future studies should evaluate various simulation 
approaches in neurosurgical education and communicate 
what has worked and what has not, paying careful 
attention to report reproducibility, practical materials 
and methods instructions, 3D printing instructions, etc., 
Journals may consider making this specific information 
available in online supplements and/or videos. In a 
recent systematic review, Kirkman et al. encouraged 
investigators to “improve study design and reporting and 
provide long‑term follow‑up data on simulated and/or 
patient outcomes.”[34] Cost may be another factor that 
may impede the utilization of simulation in resident 
education. While many of the simulators described in 
this review can be reproduced inexpensively, several 
simulators (mainly VR and mixed simulators) would 
be a considerable investment for residency programs, 
costing hundreds of thousands of U.S. dollars. Gasco 
et al. reported costs of implementing an integrated 
residency curriculum,[23] providing pertinent information 
for any program with the desire to integrate simulation 
into their resident education. However, there is a paucity 
of research concerning the cost–benefit relationship 
of simulation use in neurosurgical residency training. 
Despite these potential obstacles, the future of simulation 
in neurosurgical education remains an exciting prospect.

CONCLUSION

Several factors have led to an increasing use of simulation 
in neurosurgical education, and this has been a rapidly 
growing area of research. Spinal neurosurgery has lagged 
behind other subspecialties in terms of available simulators, 
but a wealth of recent publications have described a variety 
of educational options for training residents in spinal 
neurosurgery. Although obviously not a substitute for live 
surgical training, simulation will undoubtedly become 
a central component in resident education for teaching 
necessary surgical skills in a risk‑free environment.

ACKNOWLEDGMENTS

The authors gratefully acknowledge Karen K. Anderson, B.S., 
for assistance with manuscript editing and preparation. This 
work was supported by a CTSA grant from NCATS awarded 

to the University of Kansas Medical Center for Frontiers: The 
Heartland Institute for Clinical and Translational Research # 
TL1TR000120. The contents are solely the responsibility of the 
authors and do not necessarily represent the official views of the 
NIH or NCATS.

REFERENCES

1. Alaraj A, Charbel FT, Birk D, Tobin M, Luciano C, Banerjee PP, et al. Role of cranial 
and spinal virtual and augmented reality simulation using immersive touch 
modules in neurosurgical training. Neurosurgery 2013;72 Suppl 1:115‑23.

2. Alaraj A, Lemole MG, Finkle JH, Yudkowsky R, Wallace A, Luciano C, et al. 
Virtual reality training in neurosurgery: Review of current status and future 
applications. Surg Neurol Int 2011;2:52.

3. Anderson PA. Surgical simulation: Dural repair. Congr Q 2011;12:16‑7. 
Available from: http://www.cns.org/publications/cnsq/pdf/CNSQ_11summer.
pdf [Last accessed on 2014 Sep 08].

4. Apuzzo ML. The Richard C. Schneider Lecture. New dimensions of 
neurosurgery in the realm of high technology: Possibilities, practicalities, 
realities. Neurosurgery 1996;38:625‑37.

5. Apuzzo ML, Elder JB, Liu CY. The metamorphosis of neurological surgery and 
the reinvention of the neurosurgeon. Neurosurgery 2009;64:788‑94.

6. Bambakidis NC, Selman WR, Sloan AE. Surgical rehearsal platform: Potential 
uses in microsurgery. Neurosurgery 2013;73 Suppl 1:122‑6.

7. Bova FJ, Rajon DA, Friedman WA, Murad GJ, Hoh DJ, Jacob RP, et al. 
Mixed‑reality simulation for neurosurgical procedures. Neurosurgery 
2013;73 Suppl 1:138‑45.

8. Burchiel KJ. Commentary: Simulation training in neurological surgery. 
Neurosurgery 2013;73 Suppl 1:6‑7.

9. Chan S, Conti F, Salisbury K, Blevins NH. Virtual reality simulation in neurosurgery: 
Technologies and evolution. Neurosurgery 2013;72 Suppl 1:154‑64.

10. Chitale R, Ghobrial GM, Lobel D, Harrop J. Simulated lumbar minimally 
invasive surgery educational model with didactic and technical components. 
Neurosurgery 2013;73 Suppl 1:107‑10.

11. Choudhury N, Gelinas‑Phaneuf N, Delorme S, Del Maestro R. Fundamentals 
of neurosurgery: Virtual reality tasks for training and evaluation of technical 
skills. World Neurosurg 2013;80:e9‑19.

12. Clarke DB, D’Arcy RC, Delorme S, Laroche D, Godin G, Hajra SG, et al. 
Virtual reality simulator: Demonstrated use in neurosurgical oncology. Surg 
Innov 2013;20:190‑7.

13.	 Csókay	A,	 Papp	A,	 Imreh	D,	Czabajszky	M,	Valálik	 I,	Antalfi	 B.	Modelling	
pathology from autolog fresh cadaver organs as a novel concept in 
neurosurgical training. Acta Neurochir (Wien) 2013;155:1993‑5.

14. Duran C, Bismuth J, Mitchell E. A nationwide survey of vascular surgery 
trainees	reveals	trends	 in	operative	experience,	confidence,	and	attitudes	
about simulation. J Vasc Surg 2013;58:524‑8.

15. Eftekhar B, Ghodsi M, Ketabchi E, Rasaee S. Surgical simulation software for 
insertion of pedicle screws. Neurosurgery 2002;50:222‑3.

16. El Ahmadieh TY, El Tecle NE, Aoun SG, Yip BK, Ganju A, Bendok BR. How can 
simulation thrive as an educational tool? Just ask the residents. Neurosurgery 
2012;71:N18‑9.

17. Ferroli P, Tringali G, Acerbi F, Schiariti M, Broggi M, Aquino D, et al. Advanced 
3‑dimensional planning in neurosurgery. Neurosurgery 2013;72 Suppl 1:54‑62.

18. Frati P, Frati A, Salvati M, Marinozzi S, Frati R, Angeletti LR, et al. Neuroanatomy 
and cadaver dissection in Italy: History, medicolegal issues, and neurosurgical 
perspectives. J Neurosurg 2006;105:789‑96.

19. Gandhe AJ, Hill DL, Studholme C, Hawkes DJ, Ruff CF, Cox TC, et al. Combined 
and three‑dimensional rendered multimodal data for planning cranial base 
surgery: A prospective evaluation. Neurosurgery 1994;35:463‑70.

20. Ganju A, Aoun SG, Daou MR, El Ahmadieh TY, Chang A, Wang L, et al. The 
role of simulation in neurosurgical education: A survey of 99 United States 
neurosurgery program directors. World Neurosurg 2013;80:e1‑8.

21. Ganju A, Kahol K, Lee P, Simonian N, Quinn SJ, Ferrara JJ, et al. The effect of 
call on neurosurgery residents’ skills: Implications for policy regarding resident 
call periods. J Neurosurg 2012;116:478‑82.

22. Gasco J, Patel A, Ortega‑Barnett J, Branch D, Desai S, Kuo YF, et al. Virtual 



Surgical Neurology International 2015, 6:33 http://www.surgicalneurologyint.com/content/6/1/33

reality spine surgery simulation: An empirical study of its usefulness. Neurol 
Res 2014;36:968‑73.

23. Gasco J, Holbrook TJ, Patel A, Smith A, Paulson D, Muns A, et al. Neurosurgery 
simulation	 in	 residency	 training:	 Feasibility,	 cost,	 and	 educational	 benefit.	
Neurosurgery 2013;73 Suppl 1:39‑45.

24. Gelinas‑Phaneuf N, Del Maestro RF. Surgical expertise in neurosurgery: 
Integrating theory into practice. Neurosurgery 2013;73 Suppl 1:30‑8.

25. Ghobrial GM, Anderson PA, Chitale R, Campbell PG, Lobel DA, Harrop J. 
Simulated	spinal	cerebrospinal	fluid	leak	repair:	An	educational	model	with	
didactic and technical components. Neurosurgery 2013;73 Suppl 1:111‑5.

26. Gu SX, Yang DL, Cui DM, Xu QW, Che XM, Wu JS, et al. Anatomical studies 
on the temporal bridging veins with Dextroscope and its application in 
tumor surgery across the middle and posterior fossa. Clin Neurol Neurosurg 
2011;113:889‑94.

27. Halic T, Kockara S, Bayrak C, Rowe R. Mixed reality simulation of rasping 
procedure	 in	 artificial	 cervical	 disc	 replacement	 (ACDR)	 surgery.	 BMC	
Bioinformatics 2010;11 Suppl 6:S11.

28. Harrop J, Lobel DA, Bendok B, Sharan A, Rezai AR. Developing a neurosurgical 
simulation‑based educational curriculum: An overview. Neurosurgery 
2013;73 Suppl 1:25‑9.

29. Harrop J, Rezai AR, Hoh DJ, Ghobrial GM, Sharan A. Neurosurgical 
training with a novel cervical spine simulator: Posterior foraminotomy and 
laminectomy. Neurosurgery 2013;73 Suppl 1:94‑9.

30. Harrop JS, Sharan AD, Traynelis VC. Spine simulation. Congr Q 2011;12:12‑3.
31. Issenberg SB, McGaghie WC, Petrusa ER, Lee Gordon D, Scalese RJ. Features 

and	uses	of	high‑fidelity	medical	simulations	that	lead	to	effective	learning:	
A BEME systematic review. Med Teach 2005;27:10‑28.

32. Kalayci M, Cagavi F, Gül S, Cagavi Z, Açikgöz B. A training model for lumbar 
discectomy. J Clin Neurosci 2005;12:673‑5.

33. Kelly PJ. Quantitative virtual reality enhances stereotactic neurosurgery. Bull 
Am Coll Surg 1995;80:13‑20.

34. Kirkman MA, Ahmed M, Albert AF, Wilson MH, Nandi D, Sevdalis N. The 
use of simulation in neurosurgical education and training. J Neurosurg 
2014;121:228‑46.

35. Kirkman MA, Muirhead W, Nandi D, Sevdalis N. Development and 
psychometric evaluation of the “Neurosurgical Evaluation of Attitudes 
towards Simulation Training” (NEAT) tool for use in Neurosurgical Education 
and Training. World Neurosurg 2014;82:284‑91.

36.	 Klein	S,	Whyne	CM,	Rush	R,	Ginsberg	HJ.	CT‑based	patient‑specific	simulation	
software for pedicle screw insertion. J Spinal Disord Tech 2009;22:502‑6.

37. Kockro RA. Neurosurgery simulators‑‑beyond the experiment. World 
Neurosurg 2013;80:e101‑2.

38. Kockro RA, Serra L, Tseng‑Tsai Y, Chan C, Yih‑Yian S, Gim‑Guan C, et al. 
Planning and simulation of neurosurgery in a virtual reality environment. 
Neurosurgery 2000;46:118‑35.

39. Kockro RA, Reisch R, Serra L, Goh LC, Lee E, Stadie AT. Image‑guided 
neurosurgery with 3‑dimensional multimodal imaging data on a stereoscopic 
monitor. Neurosurgery 2013;72 Suppl 1:78‑88.

40. Kotsis SV, Chung KC. Application of the “see one, do one, teach one” concept 
in surgical training. Plast Reconstr Surg 2013;131:1194‑201.

41. Kshettry VR, Mullin JP, Schlenk R, Recinos PF, Benzel EC. The role of 
laboratory dissection training in neurosurgical residency: Results of a national 
survey. World Neurosurg 2014;82:554‑9.

42. L’Orsa R, Macnab CJ, Tavakoli M. Introduction to haptics for neurosurgeons. 
Neurosurgery 2013;72 Suppl 1:139‑53.

43. Lathan C, Cleary K, Greco R. Development and evaluation of a spine biopsy 
simulator. Stud Health Technol Inform 1998;50:375‑6.

44. Lee JY, Kerbl DC, McDougall EM, Mucksavage P. Medical students pursuing 
surgical	fields	have	no	greater	innate	motor	dexterity	than	those	pursuing	
nonsurgical	fields.	J	Surg	Educ	2012;69:360‑3.

45. Li Y, Brodlie K, Phillips N. Web‑based VR training simulator for percutaneous 
rhizotomy. Stud Health Technol Inform 2000;70:175‑81.

46. Liu GJ, Zhang SX, Qiu MG, Tan LW, Li QY, Li K. A novel technique for 
three‑dimensional reconstruction for surgical simulation around the 
craniocervical junction region. Int Surg 2011;96:274‑80.

47. Luciano CJ, Banerjee PP, Bellotte B, Oh GM, Lemole M Jr, Charbel FT, 
et al. Learning retention of thoracic pedicle screw placement using 
a high‑resolution augmented reality simulator with haptic feedback. 
Neurosurgery 2011;69 (1 Suppl Operative):ons14‑9.

48. Luciano CJ, Banerjee PP, Sorenson JM, Foley KT, Ansari SA, Rizzi S, et al. 
Percutaneous	 spinal	 fixation	 simulation	with	 virtual	 reality	 and	 haptics.	
Neurosurgery 2013;72 Suppl 1:89‑96.

49. Malone HR, Syed ON, Downes MS, D’Ambrosio AL, Quest DO, Kaiser MG. 
Simulation in neurosurgery: A review of computer‑based simulation 
environments and their surgical applications. Neurosurgery 2010;67:1105‑16.

50. Manbachi A, Cobbold RS, Ginsberg HJ. Guided pedicle screw insertion: 
Techniques and training. Spine J 2014;14:165‑79.

51. Marcus H, Vakharia V, Kirkman MA, Murphy M, Nandi D. Practice makes 
perfect? The role of simulation‑based deliberate practice and script‑based 
mental rehearsal in the acquisition and maintenance of operative 
neurosurgical skills. Neurosurgery 2013;72 Suppl 1:124‑30.

52. Mattei TA, Frank C, Bailey J, Lesle E, Macuk A, Lesniak M, et al. Design of 
a synthetic simulator for pediatric lumbar spine pathologies. J Neurosurg 
Pediatr 2013;12:192‑201.

53. McGaghie WC, Issenberg SB, Cohen ER, Barsuk JH, Wayne DB. Does 
simulation‑based medical education with deliberate practice yield better 
results than traditional clinical education? A meta‑analytic comparative review 
of the evidence. Acad Med 2011;86:706‑11.

54. Moon K, Filis AK, Cohen AR. The birth and evolution of neuroscience through 
cadaveric dissection. Neurosurgery 2010;67:799‑809.

55. Moulton CA, Dubrowski A, Macrae H, Graham B, Grober E, Reznick R. 
Teaching surgical skills: What kind of practice makes perfect?: A randomized, 
controlled trial. Ann Surg 2006;244:400‑9.

56. Nicholas L, Toren K, Bingham J, Marquart J. Simulation in dermatologic surgery: 
A new paradigm in training. Dermatol Surg 2013;39:76‑81.

57. Panait L, Larios JM, Brenes RA, Fancher TT, Ajemian MS, Dudrick SJ, et al. 
Surgical skills assessment of applicants to general surgery residency. J Surg 
Res 2011;170:189‑94.

58. Pena GN, Altree MJ, Field JB, Babidge W, Maddern GJ. Demand for surgical 
simulated learning. Supervisors and trainees views: Do they align? ANZ J Surg 
2013;83:700‑1.

59. Pichierri A, Frati A, Santoro A, Lenzi J, Delfini R, Pannarale L, et al. 
How to set up a microsurgical laboratory on small animal models: 
Organization, techniques, and impact on residency training. Neurosurg Rev 
2009;32:101‑10.

60. Podolsky DJ, Martin AR, Whyne CM, Massicotte EM, Hardisty MR, Ginsberg HJ. 
Exploring the role of 3‑dimensional simulation in surgical training: Feedback 
from a pilot study. Spinal Disord Tech 2010;23:e70‑4.

61. Price J, Naik V, Boodhwani M, Brandys T, Hendry P, Lam BK. A randomized 
evaluation of simulation training on performance of vascular anastomosis on a 
high‑fidelity	in vivo model: The role of deliberate practice. J Thorac Cardiovasc 
Surg 2011;142:496‑503.

62. Quest DO. Naval aviation and neurosurgery: Traditions, commonalities, and 
lessons learned. The 2007 presidential address. J Neurosurg 2007;107:1067‑73.

63. Ra JB, Kwon SM, Kim JK, Yi J, Kim KH, Park HW, et al. Spine needle biopsy 
simulator using visual and force feedback. Comput Aided Surg 2002;7:353‑63.

64. Rambani R, Ward J, Viant W. Desktop‑based computer‑assisted orthopedic 
training system for spinal surgery. J Surg Educ 2014;71:805‑9.

65. Ray WZ, Ganju A, Harrop JS, Hoh DJ. Developing an anterior cervical 
diskectomy and fusion simulator for neurosurgical resident training. 
Neurosurgery 2013;73 Suppl 1:100‑6.

66. Rengier F, Mehndiratta A, von Tengg‑Kobligk H, Zechmann CM, 
Unterhinninghofen R, Kauczor HU, et al. 3D printing based on imaging data: 
Review of medical applications. Int J Comput Assist Radiol Surg 2010;5:335‑41.

67. Reznick RK, MacRae H. Teaching surgical skills‑‑changes in the wind. N Engl 
J Med 2006;355:2664‑9.

68. Robison RA, Liu CY, Apuzzo ML. Man, mind, and machine: The past and 
future of virtual reality simulation in neurologic surgery. World Neurosurg 
2011;76:419‑30.

69. Roitberg B, Banerjee P, Luciano C, Matulyauskas M, Rizzi S, Kania P, et al. 
Sensory and motor skill testing in neurosurgery applicants: A pilot study 
using a virtual reality haptic neurosurgical simulator. Neurosurgery 
2013;73 Suppl 1:116‑21.

70.	 Roser	F,	Pfister	G,	Tatagiba	M,	Ebner	FH.	Live	surgery	in	neurosurgical	training	
courses: Essential infrastructure and technical set‑up. Acta Neurochir (Wien) 
2013;155:541‑5.

71. Rush R, Ginsberg HJ, Jenkinson R, Whyne CM. Beyond the operating room: 
A simulator for sacroiliac screw insertion. Surg Innov 2008;15:321‑3.



Surgical Neurology International 2015, 6:33 http://www.surgicalneurologyint.com/content/6/1/33

72. Salma A, Chow A, Ammirati M. Setting up a microneurosurgical skull base lab: 
Technical and operational considerations. Neurosurg Rev 2011;34:317‑26.

73. Satava RM. Historical review of surgical simulation‑‑a personal perspective. 
World J Surg 2008;32:141‑8.

74.	 Satava	RM.	Virtual	reality	surgical	simulator:	The	first	steps.	1993.	Clin	Orthop	
Relat Res 2006;442:2‑4.

75. Schirmer CM, Mocco J, Elder JB. Evolving virtual reality simulation in 
neurosurgery. Neurosurgery 2013;73 Suppl 1:127‑37.

76. Schmitt PJ, Agarwal N, Prestigiacomo CJ. From planes to brains: Parallels 
between military development of virtual reality environments and virtual 
neurological surgery. World Neurosurg 2012;78:214‑9.

77. Scott DJ, Pugh CM, Ritter EM, Jacobs LM, Pellegrini CA, Sachdeva AK. New 
directions in simulation‑based surgical education and training: Validation and 
transfer of surgical skills, use of nonsurgeons as faculty, use of simulation to 
screen and select surgery residents, and long‑term follow‑up of learners. 
Surgery 2011;149:735‑44.

78. Seeburger J, Diegeler A, Dossche K, Lange R, Mohr FW, Schreiber C, et al. 
Live broadcasting in cardiac surgery does not increase the operative risk. 
Eur J Cardiothorac Surg 2011;40:367‑71.

79. Selden NR, Origitano TC, Burchiel KJ, Getch CC, Anderson VC, McCartney S, 
et al. A national fundamentals curriculum for neurosurgery PGY1 residents: 
The 2010 Society of Neurological Surgeons boot camp courses. Neurosurgery 
2012;70:971‑81.

80. Selden NR, Origitano TC, Hadjipanayis C, Byrne R. Model‑based simulation 
for early neurosurgical learners. Neurosurgery 2013;73 Suppl 1:15‑24.

81. Sheng SR, Wang XY, Xu HZ, Zhu GQ, Zhou YF. Anatomy of large animal 
spines and its comparison to the human spine: A systematic review. Eur Spine 
J 2010;19:46‑56.

82. Singapogu RB, Long LO, Smith DE, Burg TC, Pagano CC, Prabhu VV, et al. 
Simulator‑Based Assessment of Haptic Surgical Skill: A Comparative Study. 
Surg Innov 2014.  [In Press].

83. Singh H, Kalani M, Acosta‑Torres S, El Ahmadieh TY, Loya J, Ganju A. History 
of simulation in medicine: From Resusci Annie to the Ann Myers Medical 
Center. Neurosurgery 2013;73 Suppl 1:9‑14.

84. Stefanidis D, Heniford BT. The formula for a successful laparoscopic skills 
curriculum. Arch Surg 2009;144:77‑82.

85. Suri A, Roy TS, Lalwani S, Deo RC, Tripathi M, Dhingra R, et al. Practical 
guidelines for setting up neurosurgery skills training cadaver laboratory in 
India. Neurol India 2014;62:249‑56.

86. Suslu H. A practical laboratory study simulating the percutaneous lumbar 
transforaminal epidural injection: Training model in fresh cadaveric sheep 
spine. Turk Neurosurg 2012;22:701‑5.

87. Turan Suslu H, Tatarli N, Hicdonmez T, Borekci A. A laboratory training 
model	using	fresh	sheep	spines	for	pedicular	screw	fixation.	Br	J	Neurosurg	
2012;26:252‑4.

88. Suslu HT, Tatarli N, Karaaslan A, Demirel N. A practical laboratory study 
simulating the lumbar microdiscectomy: Training model in fresh cadaveric 
sheep spine. J Neurol Surg A Cent Eur Neurosurg 2014;75:167‑9.

89. Tiede U, Bomans M, Höhne KH, Pommert A, Riemer M, Schiemann T, et al. 
A computerized three‑dimensional atlas of the human skull and brain. AJNR 
Am J Neuroradiol 1993;14:551‑9.

90. Vloeberghs M, Glover A, Benford S, Jones A, Wang P, Becker A. Virtual 
neurosurgery, training for the future. Br J Neurosurg 2007;21:262‑7.

91. Walker JB, Perkins E, Harkey HL. A novel simulation model for minimally 
invasive spine surgery. Neurosurgery 2009;65 (6 Suppl):188‑95.

92. Wang VY, Chin CT, Lu DC, Smith JS, Chou D. Free‑hand thoracic pedicle 
screws placed by neurosurgery residents: A CT analysis. Eur Spine J 
2010;19:821‑7.

93. Waran V, Narayanan V, Karuppiah R, Owen SL, Aziz T. Utility of multimaterial 
3D printers in creating models with pathological entities to enhance the 
training experience of neurosurgeons. J Neurosurg 2014;120:489‑92.

94. Wehbe‑Janek H, Colbert CY, Govednik‑Horny C, White BA, Thomas S, 
Shabahang M. Residents’ perspectives of the value of a simulation curriculum 
in a general surgery residency program: A multimethod study of stakeholder 
feedback. Surgery 2012;151:815‑21.

95. Woodrow SI, Dubrowski A, Khokhotva M, Backstein D, Rampersaud YR, 
Massicotte EM. Training and evaluating spinal surgeons: The development of 
novel performance measures. Spine (Phila Pa 1976) 2007;32:2921‑5.


