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The art of science of neurosurgery has been taught through past and recent 
history from one generation to another. The past history has relied on some 
forms of simulation to train the upcoming physicians. Initially that includes 
simulation of surgical procedures mostly on cadavers. Recently, with new 
technological advances, there has been an expansion of the simulation tools 
that are available for us for training. Different medical and surgical special-
ties have developed different modules for the training; the implementation of 
such training modules varies from one medical/surgical specialty to others. 
Within the medical specialties, the simulation modules focus more on physi-
cal examinations and analysis of emergent scenarios, while the surgical spe-
cialties had to come up with different ways to teach surgical skills. That 
created a huge obstacle to have simulation modules that can realistically 
mimic the human anatomy, its hemodynamics, and hemostasis as well as the 
physical properties of the human organs. Neurosurgery field like other surgi-
cal specialties have its own unique challenges. Neurosurgical trainees face 
great challenges in learning to plan and perform increasingly complex proce-
dures in which there is little room for error. The brain is anatomically the 
most challenging organ in the body. Any surgical training module has to take 
into consideration the relationship of the skin, bone, brain tissue, and the 
ventricular system, thus expanding the complexity of any simulation module. 
The neurosurgical community has embarked on a very complex challenge of 
creating alternative surgical skill tools that would introduce the technical 
skills to the new residents, without putting patients at an increased risk.

In this textbook Comprehensive Healthcare Simulation: Neurosurgery, we 
tried to shed the light on the previous, current, and possible futuristic simula-
tion methods that would enhance our ability to train future neurosurgeons. 
The textbook divides training tools into physical, biological, and virtual real-
ity models. In each chapter, the corresponding authors go into details describ-
ing the nature of these models, their current application, and the current 
evidence of their value in the training. The choice of these models should take 
into consideration validity, cost- effectiveness, and ease of access.

Modes of simulation include detailed descriptions of cadaveric simula-
tion, lifelike cadaveric simulation, fidelity manikin simulation, and microsur-
gical skills training in animal models and present on various currently 
available computer-based augmented reality simulators. The use of physical 
simulators has a promising role because of its low cost. The advantage of 
segmented reality simulation includes training on task-specific simulators, 
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including simple ventriculostomy procedures, expanding into spinal instru-
mentation, and ultimately including the most complex aneurysm clipping 
procedures. The textbook also presents the role and future of 3D printing and 
3D visualization of medical imaging. This field is only expected to expand 
which will revolutionize how we interpret medical imaging, how we would 
teach basic anatomy to medical students, and how to have a rehearsal of sur-
gical anatomy and approaches prior to the surgical procedure using patient- 
specific data.

The role of such simulation modalities has been very essential in focused 
level-specific courses; this has been embraced in neurosurgical societies in 
the United States and internationally. These courses will prove to be helpful 
as they bring simulation material and faculty in one form. This textbook’s aim 
is to provide a platform where residents in training, practicing neurosurgeons, 
and organized neurosurgery can go to review the best evidence for the role of 
simulation in neurosurgical training. I hope that the readers will find the 
material in this textbook helpful and useful in this rapidly changing field. I 
would certainly love to get feedback that can be used to enhance the second 
edition of this textbook.

Chicago, IL, USA Ali Alaraj
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History of Simulation

Nabeel Saud Alshafai and Wafa Alduais

 Introduction

As we believe in the statement of the philosopher 
Confucius “Study the past, if we would divine the 
future,” this chapter is dedicated to addressing 
the history of neurosurgical simulation. The 
objective of this chapter is to highlight the impor-
tant historical background of simulation develop-
ment over the years from the nonmedical era till 
it became one of the essential tools in neurosurgi-
cal training.

 Early Use of Simulation in Military

Looking back at ancient history, simulation was 
first used by European military leaders for prac-
ticing decision-making and operational strate-
gies. Petteia (Fig. 1.1) was used by the Greek as a 
war game in 500 BC, and it was a board game 
resembling war to plan military tactics [1]. Chess 
is recognized as another form of simulation used 
during the sixth century by Indians [2] and like-
wise for Kriegsspiel (German word for 
“wargame”) which was developed by Prussian 
army in the nineteenth century [3].

 History of Simulation Using 
Cadavers

Simulation was also used as an educational tool 
in medicine. Cadaveric dissections have histori-
cally been considered the ultimate anatomic 
simulators and continue to play an indispensable 
role in current neurosurgical training [4]. The 
earliest simulation attempt in medicine via 
cadaveric dissection was first performed during 
the era of Alcmaeon of Croton, a Greek philoso-
pher in the sixth century BC (Fig. 1.2) [5]. In the 
latter half of the sixth century BC, most of the 
famous medical schools in Magna Graecia were 
found in Croton. Unlike what was practiced dur-
ing that time to treat patients using the supernat-
ural powers and magic, diseases of the human 
body were examined in a scientific and experi-
mental way in these medical schools. Alcmaeon 
was one of the most active physicians interested 
in human physiology, devoted to science, and 
was a skillful experimentalist in the medical tra-
dition of Croton [6].

In 275 BC, Herophilus of Chalcedon (Turkey 
335–280  BC) is considered the founder of the 
first school of anatomy in Alexandria. He encour-
aged the human cadaveric dissection studies 
which have led to significant advances in the 
medical knowledge [7, 8]. These advances 
included recognizing the difference between 
arteries and nerves as well as between motor and 
sensory nerves, distinguishing the ventricles of 

N. S. Alshafai (*) · W. Alduais 
Alshafai Neurosurgical Academy A.N.A,  
Toronto, ON, Canada

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75583-0_1&domain=pdf


4

the brain, differentiating between cranial and spi-
nal nerves, and discovering and naming the con-
fluence of dural sinuses near the internal occipital 
protuberance, which was named after him (torcu-
lar herophili) [9, 10].

Galen (AD 129–c.200/c.216) was considered 
the second most famous physician in history after 
Hippocrates [11]. His work provided further clar-
ification of the human body [12, 13]. Because 
Roman law had prohibited the dissection of 
human cadavers since about 150 BC, Galen per-
formed anatomical dissections on living and dead 
animals (Fig. 1.3). This work was useful because 
Galen believed that the anatomical structures of 
these animals closely mirrored those of humans 
[14]. For around 1500 years after Galen’s death, 
to study medicine was to study Galen [13]. 
However, although his anatomical experiments 
on animal models led him to a more complete 
understanding of the circulatory system, nervous 
system, respiratory system, and other structures, 
his work contained scientific errors which was 
later shown by Ibn al-Nafis (Arab physician) 
mainly describing accurately the respiratory and 
circulatory systems [16]. There is some debate 

about whether or not Ibn al-Nafis participated in 
dissection to come to his conclusions about pul-
monary circulation as some scholars believe that 
he must have participated or seen a human heart 
to describe the circulation this accurately [17].

Leonardo da Vinci (1452–1519) started his 
study in the anatomy of the human body under 
the apprenticeship of Andrea del Verrocchio. As 
an artist, he quickly became master of topo-
graphic anatomy, drawing many studies of mus-
cles, tendons, and other visible anatomical 
features [18] (Fig.  1.4). As a successful artist, 
Leonardo was given permission to dissect human 
corpses. Leonardo made over 240 detailed draw-
ings and wrote about 13,000 words toward a 
treatise on anatomy [18]. He created models of 
the cerebral ventricles with the use of melted 
wax [19].

Andreas Vesalius (1514–1564; whose meticu-
lous monographs formed the basis of modern 
human anatomic studies) (Fig. 1.5) contributed to 
the new Giunta edition of Galen’s collected 
works and began to write his own anatomical text 

Fig. 1.1 Achilles and Ajax playing the board game 
Petteia [16]

Fig. 1.2 Sculpture of Alcmaeon of Medicine Museum, 
University of Rome (Italy), donation by G. Arcieri [89]

N. S. Alshafai and W. Alduais
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based on his own research [21]. In 1543, Vesalius 
took residence in Basel to help Johannes Oporinus 
publish the seven-volume De humani corporis 
fabrica (On the fabric of the human body), a 
groundbreaking work of human anatomy [22].

 History of Simulation Using 
Synthetic Physical Models

The first medical simulators were simple models 
of human patients. Since antiquity, these repre-
sentations in clay and stone were used to demon-
strate clinical features of disease states and their 
effects on humans. Models have been found from 
many cultures and continents. These models have 
been used in some cultures (e.g., Chinese culture) 
as a “diagnostic” instrument, allowing women to 
consult male physicians while maintaining social 
laws of modesty. Models are used today to help 
students learn the anatomy of the musculoskele-
tal system and organ systems [24].

The development of plastic physical model that 
can reproduce human responses was encouraged to 
overcome the limitations of cadaveric models in 
the medical training. “Resusci Anne” was a cardio-
pulmonary resuscitation manikin which was devel-
oped by Åsmund Lærdal (Fig. 1.6), a Norwegian 

publisher and toy manufacturer in the 1950s [25]. 
Resusci Anne is considered as one of the first sig-
nificant events in the history of medical simulation. 
She was initially designed for the practice of 
mouth-to-mouth breathing, and her face was based 
on the death mask of the Girl from the River Seine, 
a famous French drowning victim [26].

In the late 1960s, Abrahamson and Denson at 
the University of Southern California created the 
first anesthesia simulator (Sim One) which is a 
computer-controlled manikin [27]. The manikin 
had sophisticated features as it was able to 
breathe; has a heartbeat, temporal and carotid 
pulse (synchronized), and blood pressure; opens 
and closes its mouth; blinks its eyes; and responds 
to four intravenously administered drugs and two 
gases (oxygen and nitrous oxide) administered 
through mask or tube. The physiologic responses 
to what is done to it are in real time and occur 
“automatically” as part of a computer program 
[28]. However, due to its high cost, Sim One did 
not get much acceptance back then.

In 1968, Dr. Michael Gordon of the University 
of Miami Medical School demonstrated Harvey 
cardiology mannequin (Fig. 1.7) for the first time 
at the American Heart Association Scientific 
Sessions under the title of a Cardiology Patient 
Simulator. It is a full-sized mannequin that 

Fig. 1.3 Galen 
dissecting a monkey, as 
imagined by Veloso 
Salgado (pt) in 1906 
[15]

1 History of Simulation
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 simulates 27 cardiac conditions. The simulator 
displays various physical findings, including 
blood pressure by auscultation, bilateral jugular 
venous pulse wave forms and arterial pulses, pre-
cordial impulses, and auscultatory events in the 
four classic areas; these are synchronized with 
the pulse and vary with respiration. Harvey is 
capable of simulating a spectrum of cardiac dis-
eases by varying blood pressure, breathing, 
pulses, normal heart sounds, and murmurs [29].

In the late 1980s, comprehensive anesthesia sim-
ulation environment (CASE 1.2) was developed by 
Dr. David Gaba and colleagues at Stanford Medical 

School as the first prototype of a mannequin simula-
tor for investigating human performance in anesthe-
sia [31]. Simultaneously, a multidisciplinary team at 
the University of Florida led by Dr. Michael Good 
and mentored by Dr. J S Gravenstein developed the 
Gainesville Anesthesia Simulator (GAS). The idea 
started from an interest in training anesthesia resi-
dents in basic clinical skills [32]. Many other differ-
ent simulator mannequins were developed since 
that time in different countries, e.g., ACCESS 
(Anesthesia Computer Controlled Emergency 
Situation Simulator) was developed in the UK as a 
part-task trainer for anesthesia skills [33].

Fig. 1.4 Leonardo’s 
physiological sketch of 
the human brain and 
skull (1510) [20]
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In 2012, Rowena (Realistic Operative 
Workstation for Educating Neurosurgical 
Apprentices) was designed with high fidelity fea-
tures. She consists of a complete head with all the 
external features and surface landmarks. It con-
sists of realistic layers to simulate the scalp, bone, 
and dura; the latter two include all sutures and 
appropriate vascular markings. A lot of research 
has gone into making these layers behave as real-
istically as possible, and, in particular, they are 
“bonded” together in a way that enables them to 
be dissected apart in a most realistic fashion. 
Rowena has no ferrous metal components and 
can therefore be scanned easily with MRI. First 
adult model was used, and then later, a pediatric 
model was developed [34].

 History of Procedural Simulation

The earliest publication of a procedure simula-
tion was reported in 1987 by Gillies and 
Williams for fiber-endoscopic training [35]. 
Baillie et  al. described a computer simulation 
for teaching basic ERCP techniques in 1988 
[36]. A large number of procedural simulators 
have been developed in different medical 
domains, including neurosurgery. One of the 
earliest neurosurgical simulation procedure 
planning was reported in the year 2000 by 
Phillips NI et al. for simulating ventricular cath-
eterization [37]. Procedural simulation has 
evolved in different subspecialties of neurosur-
gery over the years (Table 1.1).

Fig. 1.5 Andreas 
Vesalius (1514–1564), 
the founder of modern 
human anatomy, 
provided further 
knowledge of 
anatomy- based 
systematic cadaveric 
dissection [23]
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 History of the Use of Human 
Simulator

In 1963 the idea of patient actor was first intro-
duced by a neurologist from the University of 
Southern California to teach medical students 
during neurology clerkship. Initially designated 
as simulated patients, these were actors taught to 
portray different patient conditions [69]. In the 
1970s, a patient instructor (patient with chronic 
stable findings) was used to teach physical exam-
ination and diagnostic skills to medical students. 
In 1993, the Association of American Medical 
Colleges sponsored a survey of medical schools 
regarding the use of standardized patient simula-
tion which showed that this method was used 
largely by the medical schools in the USA. The 
Medical Council of Canada was the first to incor-
porate the standardized patient examination into 
licensure in 1993 [70].

In 2010, Musacchio et al. presented a critical 
care training program using Human Patient 
Simulator for neurosurgical trainees. Topics 
included spinal shock, closed head injury, and 

Fig. 1.6 Åsmund Lærdal with Resusci Anne, in about 
1970 [26]

Fig. 1.7 Older version of Harvey Cardiovascular Patient Simulator [30]
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Table 1.1 Procedural simulation in different neurosurgical subspecialties

Subspecialty Procedure simulation
General and Emergency 
Neurosurgery

General skills include operative techniques and emergency procedures simulator [38]
Neurosurgical critical care simulator [39]
VR simulator for hemostasis [40]
Burr hole and trauma craniotomy simulators have been developed by the National 
Capital Area Simulation Center (Uniformed Services University, Bethesda, 
Maryland) to teach residents as well as military surgeons who are being deployed to 
manage neurotrauma cases [41]
Emergency neurosurgical procedures, including ventriculostomy and decompressive 
craniectomy [42]
Ventriculostomy simulators, including VR models with haptic feedback and 
mixed-reality simulator [43–45]

Spine Neurosurgery Immmersive Touch (Immersive Touch, Inc., Chicago, Illinois, USA), a VR platform 
combined with haptic technology called Sensimmer, has developed a lumbar pedicle 
screw model [90]
Patient-specific mixed-reality simulator for spine procedures [46]
A percutaneous VR simulator for vertebroplasty [47]

Vascular Neurosurgery Cadaveric model with colored fluid under pulsating pressure for arteries simulating 
live surgery [48]
Human placenta for vascular training simulating aneurysm models for clipping and 
endovascular treatment [49, 50]
Bypass simulators [51]
Simulator-based angiography [52]
Complex aneurysm simulators [53–55]

Pediatric Neurosurgery Computer-assisted 3D visualization and simulation system for fronto-orbital 
advancement in children with trigonocephaly [91]
Anatomical Simulator for Pediatric Neurosurgery (ASPEN; Pro Delphus, São Paulo, 
Brazil) [55]
Synthetic simulator for pediatric lumbar pathologies [56]

Tumor resection and skull 
base

Dextroscope simulator for vascular pathologies, cranial nerve decompression, tumor 
resection, and epilepsy procedures [57]
Neuro Touch Cranio (VR simulator for brain tumor resection) [58]
Voxel-Man Group (Hamburg, Germany) developed VR temporal bone simulators 
[59]

Minimally invasive 
Neurosurgery

ROBO-SIM (manipulator-assisted virtual procedure in minimally invasive 
neurosurgery) [60]
Virtual neuroendoscopy system for surgical planning known as VIVENDI [61]
NeuroTouch Endo. The VR platform is a simulator for endoscopic transsphenoidal 
surgery that integrates haptic feedback via tactile tool manipulators [62]

Stereotactic Neurosurgery Monte Carlo simulations are 3D dosimetry tools suitable for adequate SRS therapy 
[63]
Robotic radiosurgery systems [64]
Hamamoto et al. introduced a tractography simulator to estimate dose tolerance of 
the optic radiation [65]
Patient-specific mixed-reality simulator for percutaneous stereotactic lesion 
procedure for trigeminal neuralgia [46]

Functional Neurosurgery Nowinski et al. introduced a DBS simulator system based on a reconstruction of a 3D 
stereotactic atlas of brain structure and vasculature using MR studies [66]
Intracranial electrode implantation for epilepsy [67, 68]

1 History of Simulation
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cerebral vasospasm. Based on their experience, 
the neurosurgical critical care simulator helped 
residents and students to enhance their critical 
care education and the benefit for learning in a 
fail-safe scenario [71].

 Historical Prospective of How 
Aviation Contributed to Current 
Advances in Neurosurgical 
Simulation

Medical simulation as we know it today was 
modeled primarily on those simulators initially 
implemented in the aviation industry in the early 
twentieth century. Up to our knowledge, the first 
reported aviation simulator was the Antoinette 
biplane in 1909 which was produced by a French 
manufacturer [72, 73].

In 1928, Edwin Link (Fig.  1.8) invented the 
first flight simulator, a prototype “blue box” flight 
trainer, believing that there must be an easier, 
safer, and less expensive way to learn how to fly 
[74]. Link opened his own flying school in 1930 
to demonstrate the educational value of his trainer.

In 1934, after several catastrophic and fatal 
accidents, the Army purchased six Link Trainers 
to improve training. In World War II, military 
needs increased for the trainer throughout the 
world and led to other Link inventions: the 

Celestial Navigation Trainer, a bomber crew 
trainer, and the first airplane-specific model [76]. 
In 1955, civil aviation embraced simulation tech-
nology; and the Federal Aviation Administration 
required simulation recertification to maintain 
commercial pilots’ licenses. The birth of analog 
computers in the 1950s increased the complexity 

Fig. 1.9 Lanier 
performing at the 
Garden of Memory 
Solstice Concert in 
June, 2009 [80]

Fig. 1.8 Edwin Link [75]
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and realism of flight simulation [77]. It took us 
almost a century to arrive at the sophisticated 
flight simulators in use today.

The same principle used in flight simulation 
has been applied to assist surgeons. Computer- 
based surgical simulation was initially limited to 
presenting case scenarios using text and static 
images to be answered in branching-tree Bayesian 
methodology [78]. However, the first interactive 
and image-based computer simulation, virtual 
reality, was introduced in 1987 by Jaron Lanier 
(Fig.  1.9) (a computer philosophy writer, com-
puter scientist, visual artist, and composer of 
classical music) [79, 80].

One of the first VR simulators in medical field 
was a leg simulator developed by Scott Delph 
and Joseph Rosen and was used to practice 
Achilles’ tendon repair and then show the effect 
the procedure on gait [81]. At approximately the 
same time, Lanier and Satava developed the first 
VR simulator for general surgery, and although 
they looked at it as primitive initial step, they 
believed that it will represent the foundation for 
an educational base that is as important to sur-
gery as the flight simulator is to aviation [82].

The first commercially successful surgical 
simulator was the MIST-VR (minimally invasive 
surgery trainer-virtual reality) by Seymour et al. 
[83]. ENT Sinus Surgery Simulator was one of 
the most sophisticated early simulators and was 
developed by the company that began by making 
aviation simulators” Lockheed Martin 
Corporation” [84].

Vascular Intervention Simulation Trainer 
(VIST), by Immersion Medical, is considered as 
the most sophisticated form of hybrid simulators. 
The initial hybrid simulators were created by HT 
Medical; however, the most successful has been a 
suite of gastrointestinal (GI) endoscopy simula-
tors by Simbionix, Inc., in 2000 [78].

Motion tracking simulators were first devel-
oped at the Imperial College in London. Darzi 
et al. (2001) have developed the Imperial College 
Surgical Assessment Device (ICSAD) and have 
demonstrated that it is possible to quantitatively 
track the motion of the hands (see below) with 
the result in a measurable “motion signature” 
[85]. Eye trackers were also developed by 

Mylonas and Darzi and their colleagues in 2004 
at the Imperial College [86].

In 2007, another area of simulation emerged, 
incorporating the simulation directly into the sur-
gical work station of a robotic surgery system, 
such as the da Vinci of Intuitive Surgical, Inc. 
[87]. The modeling of simulator’s dynamics 
problem has been extensively addressed in other 
paradigms, such as the modeling of rocket 
engines and nuclear detonations, and many of the 
algorithms developed in these fields were simpli-
fied for use in a real-time environment and proved 
to be useful in the solution of the dynamic haptic 
problem as well [88].
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 Introduction

External ventricular drainage (EVD) is a 
 therapeutic measure implemented in cases of 
trauma, hemorrhage, and hydrocephalus in neu-
rosurgical patients. Placement of an EVD pro-
vides the feature of intracranial pressure (ICP) 
measurement and subsequent release of excess 
cerebrospinal fluid from the ventricles in cases of 
raised ICP. A ventriculostomy involves punctur-
ing the cerebral ventricles to access the cerebro-
spinal fluid contents and is a skill taught early in 
neurosurgical training. Simulation in neurosur-
gery can augment resident expertise in core pro-
cedural competencies, with no additional risk to 
patient care—making ventriculostomy simula-
tion an essential feature for neurosurgical resi-
dent training.

 History of Ventriculostomy

Ventricular catheter placement is a key skill set 
all neurosurgeons master early in their training. 
Further, external ventricular drainage (EVD) is 
one of the most commonly performed neurosur-
gical procedures and allows excess cerebrospinal 
fluid in the ventricles to be externally drained. 
The first documented EVD was performed by 
Claude-Nicolas Le Cat in 1744 [1]. Carl Wernicke 
performed the first sterile placement of an exter-
nal ventricular device in 1881 [1–3]. External 
diversion of excess cerebrospinal fluid continued 
to gain popularity into the late 1800s [1, 2]. 
Eventually, the technology advanced catheter 
material and internalization of shunts, paving 
way for modern ventricular shunts. Our current 
design for ventricular shunts first appeared in 
1950 and continues to be improved upon [2]. 
Aside from the impressive evolution of ventricu-
lar catheters, the technique of placement remains 
consistent over the last century.

Early comments on ventricular puncture tech-
nique were published in 1850, sharing the poor 
results of puncturing the lateral ventricles of a 
hydrocephalic infant through the fontanelle [1]. 
Through trial and error, the technique further 
evolved as neurosurgeons investigated ideal ana-
tomical locations and theorized benefits and con-
sequences of CSF drainage. W.W. Keens was the 
first to report on EVD technique and later will be 
credited for one of the optimal points for EVD 
placement. Keen’s point is defined as “3  cm 
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 superior and 3 cm posterior to the pinna” and will 
provide a lateral entry point to the lateral ventri-
cle [1]. In collaboration with Harvey Cushing, 
Theodore Kocher described a point for ventricu-
lar access that was “in the midpupillary line, 
10  cm posterior to the nasion,” which would 
famously be called Kocher’s point [1, 4]. Other 
points of entry have been explained in the litera-
ture, such as von Bergmann’s frontal approach or 
Dandy’s point, but what is most closely associ-
ated with the current approach is described by 
H. Tillman in 1908 [5, 6]. Tillman suggested use 
of Kocher’s point for EVD placement, which 
continues to be a famous reference point in mod-
ern neurosurgery [1]. Ventriculostomy proce-
dures are not only applicable in cases of 
hydrocephalus but have expanded in relevance to 
cases of trauma and hemorrhage, with approxi-
mately 25,000 ventriculostomies performed 
annually [7]. As a consequence, EVD placement 
is one of the first skills taught to young neurosur-
gical residents and should be mastered early in 
training to minimize risk to patients [1, 8–10].

 Simulation in Surgery

The concept of using simulation to prepare 
individuals for highly skills tasks originated in 
military and aviation industries, where simula-
tion was an essential component of training. 
Simulation has since been introduced into 
training surgical residents, a highly technical 
specialty with minimal room for error [11]. 
The purpose of an effective simulator, as out-
lined by Kahol et al., is to develop both cogni-
tive and psychomotor skills, two key tenets 
required in developing surgical expertise [10, 
12]. There is an expanding literature of support 
for the use of simulation in surgical training—
ensuring residents have access to various pro-
cedural scenarios without the high- stakes 
environment of an operating room. Studies 
have found that general surgery residents with 
virtual reality simulation training outperform 
their colleagues who lack simulation training 
when compared in operating room tasks [11, 

13, 14]. Within surgical  subspecialties, neuro-
surgery demands a high level of technical 
expertise, and there is a growing need to 
expand simulation opportunities to strengthen 
resident training.

 General Neurosurgical Training

Neurosurgical residency is a demanding and 
high-intensity training environment. Recent pol-
icy changes in resident duty hour restrictions and 
physician evaluations demand an efficient train-
ing modality at no increased risk to patient care. 
Simulation serves this purpose and allows resi-
dents to strengthen basic neurosurgical skills 
before working on patients. In a systematic 
review of simulation in neurosurgery performed 
by Kirkman and colleagues, ventriculostomy was 
the most common procedure simulated [15, 16]. 
EVD placement is considered a low-risk proce-
dure which is taught early on in neurosurgical 
training and is typically performed by first and 
second year residents [1, 17]. Junior residents 
often struggle with the procedural elements of 
EVD placement, requiring multiple passes before 
a successful ventricular puncture [18]. To avoid 
potential risks (hemorrhage, infection, malposi-
tioned catheter, even possibly death) and to accu-
rately assess competency, simulation (primarily 
virtual reality modalities) is recommended to 
train neurosurgical residents in basic procedural 
tasks [17, 19, 20].

 Ventriculostomy Simulation

Several classes of simulation technologies are 
available within neurosurgery, but few provide 
specific simulation for ventriculostomy [21]. 
Simulation can be nonvirtual in nature, where a 
physical construct allows learners to attempt 
basic procedural skills. Alternatively, virtual real-
ity haptic simulation uses diverse sensory modal-
ities to accurately reproduce a holistic procedural 
experience. Each simulation type has its benefits 
and drawbacks.
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 Physical Simulation Training

Traditionally, simulation in resident training has 
involved cadaveric dissections, mannequins, and 
synthetic models that allow residents to practice 
basic procedural skills [15]. Cadaveric dissec-
tions do not provide accurate simulation of a ven-
triculostomy procedure due to lack of intact 
ventricular pressures. Innovations in 3D printing 
now allow realistic printing of anatomically cor-
rect cranial models. Physical models offer the 
benefit of allowing residents to identify and feel 
anatomic landmarks to determine entry point, 
such as Kocher’s point, closely simulating actual 
ventriculostomy procedures.

Ryan and colleagues [10] describe a cost- 
effective physical simulator developed using 3D 
printing to practice EVD placement. The simula-
tor contains a gel-based brain mold encased with 
a partial solid cranial mold and a gravity-driven 
pressure system to control ventricular pressures 
This gel-based 3D-printed simulator showed pos-
itive potential in neurosurgical training of ven-
triculostomy procedures when qualitatively 
assessed by residents and medical students [10].

Tai and colleagues developed a 3D-printed 
physical simulator from Stealth head CT scans to 
practice EVD placement. The construct consists 
of a skull frame, skull cap, replaceable skin 
insert, and phantom brain model containing 
pressure- controlled ventricles to mimic real-life 
ventricle pressures (Fig. 2.1a, b). The prototype 
was tested out by 17 neurosurgeons across 3 dif-
ferent training sites, ranging from resident to 
attending level training, and was determined to 
be a promising early model, with room for 
improvement before it can be implemented in 
resident training [22].

 Mixed Simulation Training

Mixed simulation strikes a balance between 
physical models and virtual reality with haptic 
feedback. This platform allows trainees to prac-
tice on anatomically accurate physical constructs 
and make decisions based on real-time sensory 
feedback, optimizing development of procedural 

knowledge [23–25]. Bova and colleagues [23] 
have developed a patient-specific 3D-printed 
physical model which links to a virtual reality 
system. This system will simulate ventriculos-
tomy procedures, percutaneous stereotactic 
lesion procedures, and spinal instrumentation 
[23]. For ventriculostomy simulation, the trainee 
identifies where to make the burr hole based on 
surface landmarks on the physical simulator, 
drills a hole with a handheld drill (stopping 
before breaching the inner table), and then pre-
pares for ventriculostomy catheter. The physical 
head model is linked via an electromagnetic 
tracking system to a virtual head, allowing the 
trainee to analyze their catheter trajectory and see 
the final catheter tip location [23, 24] (Fig. 2.2).

Hooten et  al. [24] tested accuracy of this 
mixed simulation for ventriculostomy on 263 
residents, who agreed the simulation was realistic 
and beneficial to training. Senior residents were 
found to perform the simulation faster and more 
accurately than junior residents, further support-
ing how real-life clinical skills translate to simu-
lation proficiency [24]. Mixed simulation 
improves upon the physical simulation model, 
providing better feedback for training purposes.

 Virtual Reality Simulation Training

More advanced technology utilizes a virtual 
reality platform combined with a haptic system 
to completely immerse the user in the full neu-
rosurgical procedure experience. The user is 
presented with a virtual 3D head, which was 
developed from real patient data sets to depict 
normal anatomy. Haptic systems provide real-
time sensory feedback to parallel different tis-
sue types and resistance encountered during 
different procedural steps [26–29]. Two neuro-
surgical simulators exist—ImmersiveTouch 
and NeuroTouch. Between these two, however, 
only ImmersiveTouch offers specific modules 
to recreate ventriculostomy procedures [19, 
26, 27, 29].

ImmersiveTouch is one of the leading simula-
tion platforms that combines a haptic device with 
high-resolution stereoscopic display to illustrate 
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Fig. 2.1 A physical model of the skull including the ventricular system used for training for placement of frontal ven-
triculostomy. (With permission, Tai et al. [22])

Fig. 2.2 Images from a representative physical model EVD simulator evaluation showing scalp incision (a), bone drill-
ing (b), catheter placement (c), and tunneling and suturing (d). (With permission, Tai et al. [22])
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various neurosurgical procedures [19, 29]. 
Developed through a joint effort between neuro-
surgery and engineering at the University of 
Illinois and University of Chicago, 
ImmersiveTouch offers several different mod-
ules, including ventriculostomy simulation. The 
system gives real-time feedback on the location 
of the catheter during insertion and grades the 
user based on predetermined performance mea-
sures (including burr hole location, overall cath-
eter trajectory, length of catheter inserted into the 
ventricles, and final distance between the tip of 
the catheter and foramen of Monro) [19, 30]. To 
simulate a ventriculostomy procedure, the user 
sits at a console and is given stereoscopic goggles 
which track their head position with respect to 
the virtual 3D head to constantly reorient their 
point of view (Fig. 2.3). In their hands, the user is 
given a stylus to mimic a virtual catheter, which 
is equipped with haptic feedback, and a toggle 
which adjusts light and 3D anatomical planes of 
the virtual head [9, 31]. The training modules 
start by identification of the surgical landmarks, 

creating the burr hole, and then introducing the 
virtual ventricular catheter into the burr hole and 
later into the ventricular space (Fig.  2.4, Video 
2.1). As the ventricular catheter is advanced, 
there is a change in the tactile feedback once the 
catheter enters the CSF space. The module does 
identify if the cannulation is successful when the 
catheter changes its color to green (Fig. 2.4f); the 
module also allows the operator to virtually cut 
through the brain to identify the exact location of 
the catheter (Fig.  2.4g, h, i). The module also 
identify when the catheter is outside the ventricu-
lar system, where the catheter color turns red 
(Fig.  2.5). There is also another module for 
occipital ventriculostomy (Fig. 2.6). After trying 
the module with normal anatomy, Lemole et al. 
expanded the application of ImmersiveTouch to 
abnormal ventricle anatomy. Residents were able 
to successfully cannulate “shifted ventricles” 
after multiple attempts, emphasizing the learning 
curve with procedures that ImmersiveTouch 
accurately creates [32] (Figs. 2.7 and 2.8).

Fig. 2.3 The 
ImmersiveTouch 
simulator setup, the 
virtual model is seen 
through a reflected 
mirror. (Courtesy of 
ImmersiveTouch, with 
permission)
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Fig. 2.4 ImmersiveTouch simulator steps including head 
positioning (a), skin landmarks identification (b), burr 
hole drilling (c, d), ventricular catheter placement (e), vir-

tual cutting in the axial plane (f), sagittal plane (g), and 
coronal place (h). (Courtesy of ImmersiveTouch, with 
permission)
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 Benefits of Current Technology

The implications of simulation in neurosurgery 
are an ongoing investigation, but early results 
are promising. Ventriculostomy is a standard 
procedure which all residents learn early in 
their training. Schirmer et  al. used 
ImmersiveTouch to simulate the ventriculos-
tomy procedure in a trauma module developed 
for CNS Resident Simulation Symposium with 
positive results. Residents who practiced with 
ImmersiveTouch modules showed improved 
ventriculostomy results, with junior residents 
benefiting more than senior residents from the 
simulation [20, 30]. When testing residents and 
fellows at the 2006 AANS meeting, Banerjee 
et  al. found that ImmersiveTouch ventriculos-
tomy module simulated accurate catheter place-
ment, with comparable results to a retrospective 
study of freehand pass catheter placement on 
97 patients, supporting reproducibility of the 
real procedure by this module [18, 19, 29, 31]. 
Neurosurgical residents and fellows com-
mented that the sensory and visual information 
provided in ventriculostomy simulation was 
realistic and helped develop relevant procedural 

skills [9, 19, 20, 29]. Further, ImmersiveTouch 
contains normal and abnormal anatomy mod-
ules, challenging residents to practice with a 
variety ventriculostomy scenarios to improve 
their skills for the bedside [20, 32].

 Limitations of Existing Technology

The limitations of physical simulators depend on 
our 3D printing technology. The challenge lies 
within choosing appropriate materials to print out 
the simulator, such that it best models the biome-
chanical properties of brain tissue and ventricles. 
Tai et al. used a gelatin-like material with a real-
istic simulation experience [22, 33]. Another 
downside of physical simulators is the long-time 
wear and tear of the product, requiring frequent 
replacement of parts after use, such as the one- 
time- use skull insert developed by Tai et al. [22] 
The limitations of physical systems also hold true 
for the physical component of mixed simulators. 
Despite the long-term cost of replacement, physi-
cal simulators (with manufacturing costs of 
approximately $1000) do not compare to the high 
cost of VR systems [22].

Fig. 2.5 ImmersiveTouch ventricular catheter misplaced 
outside the ventricular system identified as red color (a), 
different angle misplaced catheter (b), virtual cut through 

the brain in axial (c), coronal (d) sectioning identifying 
the location of the catheter outside the frontal horn. 
(Courtesy of ImmersiveTouch, with permission)
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One drawback to VR systems is the high finan-
cial cost, limiting its access to most neurosurgical 
residency programs. The estimated cost upfront is 
variable, with lease options starting at $20,000 and 
purchase options starting at $75,000. Not included 
in these estimations are time and resources for ini-
tial setup and future maintenance once the system 
starts to be used for resident training [30].

Further, the VR systems are bulky and demand 
a workspace for setup. Depending on the  structure 
of a residency program, accessibility may be lim-
ited for residents to practice on these systems 
away from their daily routine on the wards [26]. 
All simulation systems should augment, not 
replace, hands-on training residents receive. 

Haptic feedback and processing continues to be 
modified, and while current technology is effec-
tive, it does not perfectly mimic the complexity 
of the actual placement of an EVD and real-time 
complications residents may encounter.

 Conclusions

The recent advancement in technology did bring 
new training modules for the training of ventricu-
lostomy. These modules include the physical 
models and the virtual reality-based modules. 
Those modules have been widely used in the 
training of neurosurgical residents.

Fig. 2.6 ImmersiveTouch occipital ventriculostomy 
planning including head positioning (a), skin landmark 
identification (b), burr hole (c), ventricular catheter place-
ment (d), virtual cutting of the brain in sagittal plane (e), 

and axial planes (f) identifying the location of the catheter 
within the ventricular system. (Courtesy of 
ImmersiveTouch, with permission)
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Fig. 2.7 ImmersiveTouch ventriculostomy modules in normal ventricular anatomy (a) hydrocephalus (b) shifted ven-
tricle (c) and very small ventricles (d). (Courtesy of ImmersiveTouch, with permission)
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Fig. 2.7 (continued)
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 Medical Simulation

Simulated medical training has evolved from sim-
ple models derived from sheep lungs and livers 
used by temple priests in Mesopotamia, through 
the complex models of human anatomy produced 
by Galen, Vesalius, and Da Vinci and the Resusci 
Anne and Harvey simulators developed half a 
century ago [1, 2] to the current array of sophisti-
cated machines simulating procedures ranging 
from childbirth to battlefield trauma. Due to this 
technological maturity, the use of medical simula-
tion has rapidly widened over the past decade as 
physicians and physician-trainees appreciate the 
ability to learn new skills in a controlled environ-
ment instead of in patients. Simulators offer an 
optimal avenue for the development of skill levels 
for trainees under work- hour restrictions and for 
the maintenance of skill levels for physicians at 
low-volume centers [3, 4]. Traditional vascular 
surgery is gradually being replaced by endovascu-
lar (interventional) surgery for the treatment of 
various vascular diseases, and endovascular med-
ical devices are being brought to market at a rapid 
rate requiring interventional physicians to 

continually learn the use of these new devices. 
The traditional use of animal models for training 
is also declining because both endovascular 
device technology and medical simulation tech-
nology have moved past the relatively simplistic 
scenarios that can be replicated in animals (sim-
ple geometries, smaller vessel sizes, etc. [4]) at a 
relatively high cost (ethical as well as financial). 
Further, the use of simulators in medicine, and in 
particular, endovascular surgery, allows for the 
potential fulfilment of the fundamental principle 
of doing no harm in an era in which technological 
complexity and the current medical education 
system contribute to about 200,000 deaths from 
preventable adverse events in hospitalized patients 
in the United States [5].

The positive results of simulator training have 
been borne out by numerous studies that have 
demonstrated benefits in reduced costs, increased 
interest and confidence among students and train-
ees, reduced training times, increased teamwork 
among operative team members, as well as 
improved procedure efficiencies (reduced vol-
ume of injected contrast, shorter fluoroscopy and 
procedure times, etc.) with fewer complications 
[1, 4, 6–17]. High-fidelity simulators facilitate 
greater improvements in surgical skills, espe-
cially for experienced practitioners performing 
sophisticated procedures [9, 11, 18–20]. 
Simulators also allow for treatment planning 
where the optimal choice and sequence of devices 
such as stents, coils, or embolics can be evaluated 
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prior to treatment [21]. Medical simulators thus 
facilitate numerous benefits to treatment outcome 
and patient care, and the inherent error associated 
with the “see one, do one, teach one” paradigm 
can be mitigated via experience gained with sim-
ulation training.

 Other Simulation Models

It should be noted that several physical head 
phantoms have been developed using various tis-
sue simulants to suit various requirements of 
imaging, surgical planning, or surgical simula-
tion with increasing utilization of 3D printing 
over the past decade [22–24]. These include agar 
gel-bound ferric oxide and hydroxyapatite to 
model hemorrhage and calcification, respectively 
[25]; paraffin wax as extracranial soft tissue and 
manganese chloride solution as brain matter for 
magnetic resonance imaging [26]; 3D printing of 
calcium sulfate [27] and polyamide nylon with 
glass beads [28] as temporal bone substitute for 
ear surgery training (nylon powder- and 
photopolymer- based 3D-printed bone structures 
have also been used for operative assessment of 
acetabular fracture patterns [29, 30]); 3D-printed 
epoxy resin chambers filled with dipotassium 
phosphate solution and agarose gel to mimic 
bone and brain tissue, respectively [31]; and mix-
tures of paraffin, Teflon, and calcium carbonate 
based on elemental compositions to duplicate 
atomic numbers and physical and electron densi-
ties of bone and soft tissue [32]. Combined skull 
and cerebrovascular models have been made with 
nylon and glass beads powder or rigid photopoly-
mers to mimic skull, and silicone rubbers and 
flexible photopolymers to represent vasculature 
[33, 34]; the nylon and glass powder was found to 
qualitatively equal surgical drilling and rongeur-
ing of human bone [33, 34]. Various media (par-
affin wax, polyurethane, epoxy resin) have been 
permeated into skull structures printed with a 
specific powder/binder printer (ProJet, 3D 
Systems) to help mimic acoustic attenuation 
properties of neonatal skulls and fracture forces 
of human sinuses [35, 36].

Several virtual endovascular simulators are 
also available [20]; these rely on haptic feedback 
from software that attempts to encode the behav-
ior of the medical devices being simulated. 
Virtual systems have several advantages such as 
portability, short “setup” times, no radiation, no 
physical device expense, and automatic perfor-
mance feedback. On the other hand, they can suf-
fer from relatively poor haptic feedback, training 
under a simplistic environment can lead to 
learned complacency in novice trainers, device 
tracking and deployment behavior is only as 
effective as the software code, and new devices 
cannot be simulated until their behavior is 
encoded. This chapter will focus on high-fidelity 
physical simulators, or replicators, for endovas-
cular neurosurgery training.

 Replicators (High-Fidelity Physical 
Endovascular Simulators)

The term “simulator” has become synonymous 
with virtual systems, and thus, a different descrip-
tor is needed to describe physical systems. 
Additionally, standalone physical components 
such as vascular models and pumps have gener-
ally been available for research, device testing, as 
well as training purposes in either a commercial 
(Table 3.1, Fig. 3.1) or laboratory setting [37–39] 
for several years. We have chosen the term 
“replicator” here in order to distinguish 

Table 3.1 List of commercial companies selling pulsa-
tile pumps and vascular replicas for physical neuroendo-
vascular simulation; it should be noted that this list is not 
exhaustive

Component Company
Pulsatile pumps Shelley Medical Imaging 

Technologies
Medical Implant Testing Lab
Vivitro Labs
Harvard Apparatus
Vascular Simulations

Vascular 
replicas

Elastrat Sarl
United Biologics
DialAct
BDC Laboratories
FAIN Biomedical
Vascular Simulations
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 comprehensive, high-fidelity physical simulators 
from both virtual systems and standalone physi-
cal components. A neuroendovascular replicator, 
then, must comprise certain components such as 
anatomically accurate vascular replicas, physio-
logical pulsatile flow, and proper X-ray attenua-
tion parameters along with other physical 
considerations of the endovascular compartment 
such as blood-matched fluid viscosity, physiolog-
ical luminal friction against catheters, and 
parenchyma- equivalent suspension of the ves-
sels. Additional details on the requirements for 
replicators are listed below.

 Flow Pumps

Physiological Pulsatile Flow The hemodynamics 
of the cardiovascular system are extremely com-
plex due not only to the time-dependent ejection of 
the stroke volume by the left ventricle every car-
diac cycle but also the structure and properties of 
the arterial network through which blood traverses 
[40–42]. As the ventricular pressure rises above 
the aortic pressure during ventricular contraction, 
the aortic valve opens, causing a rapid ejection of 

fluid into the aorta, which, by being compliant, 
also substantially distends. At the end of systole, 
when the ventricular pressure drops below the aor-
tic pressure and the aortic valve snaps shut, the 
fluid “rebounding” into the compliant vessel 
causes a signature increase in the aortic pressure 
waveform called the dicrotic notch. The ventricle 
relaxes and, as the mitral valve opens, it fills with 
blood from the atrium during diastole. The 
increased pressure in the ascending aorta during 
the systolic ejection of fluid sets up a pressure gra-
dient (pressure gradients drive flow, not pressures) 
relative to the downstream vascular segment caus-
ing the fluid to successively course through the 
vascular system overcoming several forms of 
resistance such as viscous resistance of the fluid, 
frictional resistance against the walls, and geomet-
ric resistance stemming from the curvatures and 
bifurcations as well as structural narrowing 
through to the capillary bed. During diastole, the 
aorta relaxes or recoils and pushes fluid into the 
next downstream segment resulting in a more 
gradual decay of pressures (diastolic periods are 
about twice as long as systolic periods). This com-
pliant behavior of the vasculature led to the 
Windkessel (air chamber) theory, which, in 

Fig. 3.1 Images or schematics of different types of 
pumps. Clockwise from top left: a centrifugal pump, a 
peristaltic pump, and three commercially available pulsa-
tile flow pumps  – ViVitro Labs SuperPump, Vascular 

Simulations Replicator, and Shelley Medical Imaging 
Technologies CompuFlow. Centrifugal pump schematic 
from pumpfundamentals.com. (all images used with 
permission)
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 analogy to electrical systems, is frequently used to 
model vascular beds with physical resistance, 
capacitance, and inductance (in sum, impedance) 
components [43, 44]. Pressure gradient, flow, and 
impedance are related as voltage, current, and 
electrical impedance, respectively.

This fluid mechanical distension and relax-
ation of successive vascular segments sends a 
pressure pulse wave traveling through the arterial 
tree. As it travels downstream, this pulse wave 
reflects off of arterial branch points and a portion 
of it travels back upstream toward the ascending 
aorta. The summation of the forward and back-
ward traveling waves results in increasing pulse 
pressures in the large arteries as compared to the 
aorta [41, 45](Fig. 3.2, the mean arterial pressure 
continually decreases); both the mean and pulse 
pressure significantly reduce in the smaller arter-
ies through to the capillaries where there is essen-
tially no pulsatility. The dampening mechanism 
of the compliant vessels results in a continual 
decrease in flow pulsatility through the entire 
arterial tree to steady flow in the capillaries 
(Fig. 3.2).

This brief summary of the pressures and flows 
in the cardiovascular tree underlines the impor-
tance of a few points with regard to high-fidelity 
simulation of blood flow dynamics: the temporal 
nature of pressures and flows at the vascular inlet 
must match physiology; the large artery vascula-
ture wherein endovascular training is conducted 
must be complete, in the correct anatomical loca-
tion, and possess physiological compliances; and 
distal bed/microcirculatory resistances and com-
pliances must be replicated with proper 
Windkessel components.

Pumps Mechanical pumps have a variety of 
designs, but two general categories are dynamic 
pumps that transfer kinetic energy to the fluid and 
positive displacement pumps where a volume of 
fluid is periodically trapped and forced out of the 
pump [46, 47]. The main goal of pumps is to sup-
ply what is traditionally called “hydraulic head” 
in the system in order to overcome the system 
pressures, gravitational, and frictional forces and 
drive the working fluid at requisite flow rates. A 
common steady-flow, or continuous-flow, pump 
that could be used in physical simulators is the 

Fig. 3.2 Pressure (left top and right) and flow (left bot-
tom) pulsatility in the cardiovascular system. The pulse 
pressure increases in the large arteries downstream of the 
aorta due to reflected pressure waves, but the mean arterial 
pressure reduces (right dashed line) to maintain a pressure 
gradient for forward flow. The amplitude of flow pulsa-

tions continually decreases, and both pressure and flow 
pulsatility reduce drastically from the small arteries (tail 
end of right panel and broken lines on left panel) to 
achieve steady flow in the capillaries. Left panel from 
McDonald 1974, Fig. 13.4 [41](right panel modified from 
O’Rourke and Hashimoto 2007 [45], with permission)
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centrifugal pump (a dynamic pump). The basic 
design of a centrifugal pump consists of a motor 
that is able to achieve very high rotational speeds 
connected to a shaft with impeller blades housed 
inside a pump casing (Fig. 3.1). Dynamic pumps 
operate with Bernoulli’s principles where the 
fluid is accelerated to a high kinetic energy from 
spinning the blades. The high kinetic energy fluid 
is converted into potential energy to generate the 
discharge pressures required to drive flow through 
the flow circuit. Centrifugal pumps generate 
steady flow because, as long as the motor driving 
the flow rotates at a constant speed, the output is 
maintained at a constant pressure and flow 
(Fig.  3.3). Axial flow or propeller pumps are 
another common form of dynamic pumps that 
work on similar principles; both these pump 
types are used in circulatory support devices [48].

The majority of other pump designs have tran-
sient flow output and are positive displacement 
pumps. There are a large variety of positive dis-
placement pumps, from diaphragm pumps to 
sliding vane pumps, but the two more common 
ones are piston pumps and peristaltic pumps [46, 
47]. Piston pumps have a simple design with a 
piston centered inside a cylindrical pump hous-
ing. Mechanical motion of the piston fills the 
housing by creating a suction pressure at the inlet 
and discharges the fluid by creating a positive 

pressure at the outlet; unidirectional check valves 
at the inlet and outlet ensure flow is maintained in 
a single direction. Peristaltic pumps are widely 
used small scale pumps because of their low cost 
and versatility of operation and have a similar 
driving mechanism as the peristaltic motion of 
intestines. These pumps have a motor connected 
to a shaft, at end of which multiple rollers (or an 
eccentric cam) are attached. The rollers lie within 
a disc-shaped housing. A flexible tubing continu-
ous with the inlet and outlet ports of the pump 
runs along the inner periphery of the housing 
such that the tube is pinched in between the roll-
ers and the housing. Rotation of the motor and 
thus the rollers traps a set volume of fluid in the 
tube between the rollers that is then displaced and 
discharged through the outlet (Fig.  3.1). An 
advantage of peristaltic pumps is that the fluid 
remains within the flexible tubing and does not 
come into contact with any other pump parts; 
fatigue wear usually occurs in the flexible tubing 
that can be easily replaced. These pumps are con-
sidered transient flow because they essentially 
output fluid boluses in a cyclic pattern (Fig. 3.3). 
While this is pulsatile in the sense that it is non-
steady and cyclical, such flows must be distin-
guished from physiological pulsatile flow. 
Pulsatile flow pumps require far more sophisti-
cated control systems and feedback 
mechanisms.

Fig. 3.3 Pressure (top) and flow (bottom) profiles in a 5 mm diameter tube with a centrifugal, peristaltic, and pulsatile 
pump. All pumps have a mean flow rate of 6.3 cc/s
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Pulsatile Flow Pumps Commercial (Table 3.1, 
Fig. 3.1) and academic pumps that are electro-
mechanically controlled to produce physiologi-
cal pulsatile flow for benchtop (simulator) use 
have been developed. It should be noted that 
numerous ventricular-assist, bridge-to-trans-
plant, or heart replacement devices exist that 
utilize similar pumping mechanisms (centrifu-
gal, propeller, diaphragm) to produce continu-
ous, or by modulating the driving mechanisms, 
pulsatile flow [49–53]; these pumps are not dis-
cussed here. Programmable piston pumps for 
simulator use can take any desired flow wave-
form as input and use software to control the 
voltages applied to adjust the torque and rota-
tion speed of motors that drive a piston to accu-
rately output the desired waveform. Other 
systems use actuation (contraction) of compli-
ant chambers simulating the left ventricle by 
hydraulic or pneumatic mechanisms (by pres-
suring air or liquid outside the chamber to 
“squeeze” it) to output physiologically realistic 
ventricular outputs; different heart valve struc-
tures can usually be inserted in these machines 
to improve physiological accuracy. As men-
tioned above, the physiological flow output 
from such pumps needs to be matched with rep-
licas of arterial trees having physiological com-
pliance in order to replicate the hemodynamics 
with high fidelity. Distal arterial bed resistances 
and compliances of the flow circuit usually 
need to be manually adjusted by the user to 
achieve proper transmission of pressures and 
flows, but feedback systems can also be built 
into the hydraulic and electronic circuits to 
automatically control these parameters and 
maintain homeostatic pressures and flows. In 
order to replicate the Windkessel phenomenon, 
distal compliance or capacitance is usually sim-
ulated by adjusting the height of an air column, 
while resistances can be simulated with resis-
tance valves or narrow channels in the flow cir-
cuit [44]. Control feedback can be built in by 
acquiring and interpreting digital signals from 
appropriately positioned pressure and flow sen-
sors in the circulation to adjust pump perfor-
mance in real time.

Working Fluid In order to maintain hemody-
namic fidelity, the working fluid that is pumped 
by pulsatile pumps must mimic blood in terms of 
its primary mechanical properties  – density 
(1.06 g/cc) and viscosity (~0.04 g/cm.s). This can 
be accomplished with aqueous solutions of vari-
ous thickening agents such as glycerin or sorbi-
tol. Blood behaves as a non-Newtonian fluid (its 
viscosity increases at low shear rates), but this 
effect is only significant in the small vessels and 
the microcirculation and can be overlooked for 
the large vessels in which most endovascular 
training is conducted. If precise blood flow 
behavior is required in sluggish flow regimes, for 
example, in large cavernous aneurysms, the 
working fluid composition can be altered to 
mimic non-Newtonian behavior by adding differ-
ent ingredients such as polyvinyl alcohol, borax, 
or xanthan gum [54, 55]. Depending on the train-
ing scenario, the optical clarity of the vessel can 
be improved by matching the refractive indices of 
the vessel replica and fluid [56]. Finally, for 
endovascular devices that are made of shape- 
memory materials, the temperature of the blood 
mimicking fluid must be physiological or near 
physiological for the devices to deploy properly.

 Vascular Replicas

Vascular replicas of cerebrovascular pathologies 
have been manufactured for research and device 
testing for nearly three decades by numerous 
groups using a variety of methods ranging from 
vascular casts of cadaver heads to direct 3D print-
ing [38, 57–69]. Figure 3.4 shows several com-
mon paths to manufacture cerebrovascular 
replicas. The design phase usually involves vol-
ume reconstruction and image segmentation of 
patient imaging scans (rotational angiography, 
computerized tomography, magnetic resonance) 
or construction of idealized/simplified geome-
tries in computer-aided design (CAD) software. 
A mold is then created from the design by 3D 
printing or machining; an acrylic/epoxy cast of 
the vasculature from a cadaver head can also 
serve as a mold. The oldest casting technique is 
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lost-wax casting or investment casting, which 
uses a negative mold to create a wax replica onto 
(or into) which a compliant polymer or rigid resin 
can be casted and the required geometry obtained 
after melting out the wax. Alternately, liquid 
polymers can be injected or infused into a mold 
using liquid investment molding or coated onto 
the mold using dip-spin coating (processes are 
described with more detail below). Many of these 
paths can also be used to cast a block of material 
within which the vessel geometry is cored out. 
Advances in 3D printing have made it possible to 
essentially skip the molding and casting stages 
and directly print rigid as well as soft vascular 
replicas. However, control over the material 
properties of the soft prints in order to match 
physiological vascular wall properties is still in 
the incipient stages. In general, the material cho-
sen for manufacturing the replicas must be a 

durable material with appropriate fatigue resis-
tance that can be formed into complex geome-
tries that has (or can be coated for) physiological 
luminal friction coefficients against catheters and 
wires and matches the distensibility of arteries. 
The primary material used thus far has been sili-
cone due to its versatility (availability, storage, 
wide range of material properties based on com-
position, durability, etc.).

Liquid Investment Molding Investment casting 
usually involves creating a metal pattern tool or 
die that is a negative of the outer surface of the 
desired part, injecting molten wax into this die to 
form a wax replica of the desired part, coating the 
wax replica with ceramic to form a ceramic shell, 
melting out the wax, pouring molten metal into 
the ceramic shell, and then destroying the ceramic 
shell (with water jets, vibration, etc.) to obtain 

Fig. 3.4 Common methods of manufacturing cerebro-
vascular replicas; several paths can be taken to obtain a 
vascular replica depending on requirements, and several 
tools and techniques can be used to accomplish each pro-
cess. Bottom left to right: a compliant thin-walled silicone 

replica, a rigid 3D-printed replica with 500 micron wall 
thickness, and a rigid silicone box replica with vascular 
lumen. CAD computer aided design, CNC computer 
numeric control
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the final cast part, which can then be polished and 
finished. As can be imagined, these steps can pro-
duce intricate outer shapes or surfaces. If inner 
surfaces are also required (e.g., so as to make 
complex lumen shapes), then additional steps – 
building a core die, pouring ceramic into the die 
to form a ceramic core, and assembling the 
ceramic core into the previous pattern die – are 
required to obtain the wax replica that can then 
be coated with a ceramic shell and cast to obtain 
parts that have both inner and outer surfaces.

Liquid injection molding usually involves 
injecting low-temperature liquid silicone (two 
separate liquid components mix to form the final 
silicone) under high pressure into a heated metal 
mold within which the silicone cures; the mold is 
then opened to release the silicone part. The ben-
efits of using 3D printing to reduce the time and 
cost of these traditional molding/casting methods 
by, for example, printing the pattern dies or wax 
replicas or integral core and shell molds, have 
been noted over the past two decades [70–72]. A 
combination of these techniques has been uti-
lized to manufacture cerebrovascular replicas by 
3D printing integral core and shell molds, inject-
ing or infusing liquid silicone under relatively 
low pressures into the mold at room tempera-
tures, allowing the silicone to cure, and destroy-
ing the mold to obtain the final silicone replica 
[38]; an example of the process is shown in 
Fig. 3.5 to manufacture an aortic bifurcation with 
femoral port access.

Dip-Spin Coating Dip coating is a traditional 
manufacturing process where molds (or mandrels 
or substrates) are dipped (immersed and 
extracted) into a coating solution after which the 
coating material is allowed to cure and either the 
coated material is peeled off the mold to obtain 
the final part or the substrate with the coated 
material forms the final part. Spin coating 
involves the deposition of a coating solution at 
the center of a rotating substrate, which allows 
the coating material to evenly cover the substrate 
via centrifugal force. Dip-spin coating combines 
these two processes where thin films are formed 
on parts by placing the parts in a rotating cham-

ber, filling the chamber with coating solution to 
allow for coating films to form on the parts by 
centrifugal force, extracting the parts from solu-
tion, and letting the solution cure. An amalgam of 
these techniques has been used to develop a dip- 
spin coating method to manufacture vascular rep-
licas where 3D-printed molds/mandrels are 
dipped into a coating solution, rotated to obtain 
even coating thicknesses, curing the coating 
material, and removing the mold to obtain the 
final replica [37, 57, 73]. Several parameters of 
the process such as solution viscosity, number of 
coats, immersion, extraction, and rotation times 
and speeds are important to the process [37, 74].

Figure 3.6 shows one version of the dip-spin 
coating process to manufacture a carotid cavern-
ous silicone replica. The rotational angiogram 
(any three-dimensional imaging such as com-
puted tomography or magnetic resonance angiog-
raphy could also be used) from patient imaging is 
imported into a medical image processing soft-
ware (Mimics, Materialise, Leuven, Belgium), 
and the three-dimensional structure is pruned to 
maintain the relevant vasculature. Inlet and outlet 
segments are then added so to be able to assemble 
the replica into the circulatory flow system. The 
design is converted to stereolithography (STL) 
format and 3D printed with a rapid prototyper 
(Dimension Elite, Stratasys, Eden Prairie, MN) 
that prints the structure with ABS (acrylonitrile 
butadiene styrene) plastic at a resolution of 
180 μm. The plastic core is then smoothed with a 
solvent in order to reduce surface roughness. The 
smoothed core is dipped in a silicone solution and 
spun using a multi-axis spinner so as to obtain an 
even coating thickness. Additional coats are 
applied depending on the required thickness. The 
core with coated silicone is placed in a convection 
oven at 75 °C for 36 h to cure the silicone, and the 
core is then destroyed to obtain a compliant thin-
walled luminal replica of the patient geometry. 
Nearly each step of this process from design to 
mold processing to the silicone used is critical and 
needs to be controlled to maintain geometric 
accuracy of the anatomical lumen. Various com-
mercial entities (Table  3.1) have manufactured 
such cerebral aneurysm  replicas using the different 
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processes mentioned above for training and treat-
ment planning with coils, flow diverters, stents, or 
intra-aneurysmal devices. Vascular replicas can 
also be manufactured with clot ports for introduc-
tion of thrombus into preferred arterial sites to 
simulate mechanical thrombectomy procedures, 
or replicas of arteriovenous malformations can be 
manufactured for simulating embolization proce-
dures (Fig. 3.7).

Vasculature in a replicator that produces physi-
ological pressure waveforms must also possess 
distensibility that is equivalent to that of human 
arteries. Numerous definitions of dynamic disten-
sibility or compliance exist, but all of them are 
iterations of the ratio of percentage change in vas-
cular volume to change in pressure (systolic vol-
ume – diastolic volume)/(diastolic volume*pulse 
pressure). The mechanical  properties of human 

Fig. 3.5 Left to right: design of an abdominal aortic 
bifurcation mold; the arrow points to the silicone injection 
port, cross-section view showing the integral core, and 

shell structure with a lumen into which liquid silicone 
flows, 3D-printed mold, final silicone part after mold 
removal

Fig. 3.6 The general process of manufacturing a vascular 
replica by dip coating. Left to right: the original patient 
3D imaging is pruned to retain regions of interest, inlet 
and outlet segments are added to fit the vasculature into 
the circulatory system, the geometry is 3D printed to 

obtain a mold, the mold is coated with a liquid polymer, 
the polymer is cured, and then the mold is destroyed to 
result in a replica of the vascular lumen. Multi-axis trans-
lations and rotations of the dip-coating machine are usu-
ally required to obtain even coats of the polymer
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arteries have been evaluated by several groups 
[75–89]. Wall thicknesses are about 0.75–1.0 mm 
extracranially and ~0.5 mm intracranially [77–80, 
84], the dynamic compliance can be about 8–12% 
per 100 mmHg (ISO 7198 definition of dynamic 
compliance) at 60 years of age (most studies mea-
sure the common carotid) [75–77, 82, 83, 87], and 
the circumferential elastic modulus is about 0.5–
1.0 megapascals (MPa) [38, 77, 78, 80, 85, 86, 
89]. The dynamic compliance is essentially 
related to the arterial diameter, elastic modulus, 
and wall thickness (compliance  =  diameter/
(modulus*thickness)). Other arterial properties 
include a burst strength of 2000–5000 mmHg [87, 
88, 90] and suture retention strength of ~200 
gram-force [87, 88]. The stiffness of rubbers is 
measured on the Shore hardness scale and a sili-
cone composition with hardness of 25 Shore A 
will approximately have an elastic modulus of 
0.5 MPa. Thus, if a mold of a cerebral vessel that 
is anatomically accurate can be coated with this 
silicone to have a wall thickness varying from 
1 mm extracranially to 0.5 mm intracranially, the 
silicone replica should have a dynamic compli-
ance that is matched to physiology.

The endovascular behavior of wires, catheters, 
and device delivery systems such as pushability, 
trackability, and torquability is crucially 

 dependent on the luminal coefficient of friction 
of the vascular replicas. The sliding coefficient of 
friction of porcine aorta against catheters varies 
from 0.04 (low-density polyethylene) to 0.1 (sili-
conized latex) depending on catheter material 
[91, 92]. In contrast, the coefficient of friction of 
raw silicone can be extremely high and ranges 
from about 0.6 to far greater than 1 [91, 93, 94] 
depending on the opposing surface material. The 
luminal friction of silicone vascular replicas thus 
has to be reduced by at least an order of magni-
tude for endovascular use. This is usually accom-
plished by coating the lumen with a friction- 
reducing agent, using the silicone replica with a 
working fluid that induces slip, or both. Apart 
from silicone, polyvinyl alcohol (PVA) has been 
mentioned as a superior tissue substitute, and it 
also possesses intrinsically low-friction coeffi-
cients, making it suitable for interventional sur-
gery; cerebrovascular replicas have previously 
been manufactured from PVA [68, 93, 95–100].

Finally, as intracranial vessels lie within the 
subarachnoid space against the brain paren-
chyma, they are not free-floating and are subject 
to a certain degree of flexion as catheters and 
devices are tracked through them. As a first-
order approximation of the physiological extra-
vascular space, vascular replicas can be 

Fig. 3.7 Images of compliant silicone replicas of (left to right) a circle of Willis, a middle cerebral artery occlusion 
with synthetic thrombus injected through a “clot port,” and an arteriovenous malformation
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suspended in a gelatinous medium that simulates 
this flexion. Material properties of brain tissue 
have been characterized previously [101–103]; 
dynamic viscosities, for example, range from 60 
to 180 poise.

 X-ray Attenuation

Although most neurointerventional procedures 
are conducted under digital subtraction angiogra-
phy or fluoroscopic roadmap visualization, a 
skull structure with physiological attenuation is 
required in order to simulate bony landmarks or 
subtraction artifacts or to learn the amount and 
rate of contrast injection required to properly 
visualize arterial opacification, especially for 
novice trainees. A skull phantom is also required 
to simulate the demand placed on the angio-
graphic imaging chain for visualization of the 
increasingly fine and complex structures of 
newer-generation endovascular devices.

Mechanical and X-ray attenuation properties 
of bone have been studied [104–125]. The total 
thickness of the skull varies from 5 to 10  mm 
overall, with the inner and outer cortical tables 
constituting 20–25% each and the trabecular dip-
loe constituting the remaining 50–60%; average 
skull thickness can be assumed to be 7–8  mm 

[107, 114–119]. The density of cortical bone is 
around 1.6–1.85  g/cc [114, 121, 123, 124]. 
Cortical bone is generally orthotropic (isotropic in 
transverse and radial directions) and possesses 
longitudinal elastic modulus of 16–21 gigapascals 
(GPa), transverse elastic modulus of ~11  GPa, 
shear modulus of 3.5–6 GPa, and Poisson’s ratio 
of 0.2–0.5 [114, 120–125]; the tensile and com-
pressive strengths in the longitudinal and trans-
verse directions are 0.135 GPa and 0.05 GPa and 
0.2  GPa and 0.13  GPa, respectively [124, 125]. 
Corresponding properties of trabecular bone may 
be about one-half to one-tenth of these values 
[124]. The X-ray attenuation of trabecular bone is 
around 200–300 HU [106, 108, 112], while that of 
cortical bone is around 1500–1700 HU [106, 109, 
111, 113] such that a value of around 700–800 
HU [110] can be assumed for average bone. The 
attenuation of brain parenchyma, which is around 
30 HU [126], also needs to be simulated to 
increase the accuracy of the radio-density. Cortical 
bone and brain parenchyma X-ray attenuation 
profiles are available from the National Institute 
of Standards and Technology (http://physics.nist.
gov/PhysRefData/XrayMassCoef/tab4.html).

If the parenchyma is simulated by a gel, then 
numerous media such as barium sulfate, iodin-
ated agents, or titanium dioxide can be added to 
the gel to increase the radio-opacity. Radiographic 

Fig. 3.8 (left) Image of 
a skull phantom 
embedded with vascular 
replicas suspended in a 
gel. Both the gel (~35 
HU) and the skull 
(800–1000 HU) have 
physiological X-ray 
attenuations. (right) 
Native angiogram of 
right common carotid 
vascular replica within 
the skull
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skull phantoms are usually manufactured by 
 casting plastic modified to the requisite 
Hounsfield attenuation into a mold. Although not 
yet implemented, 3D printing can potentially be 
used to manufacture patient-specific skulls with 
matched radio-opacity; for example, the infiltrant 
postprocessing techniques associated with the 
powder/binder 3D printing technology men-
tioned previously [35, 36] could be used to per-
meate attenuation- modifying materials into the 
porous printed structure.

A native angiogram of contrast injection into 
pulsatile flow through the major intracranial 
arteries suspended in a gel and embedded within 
a skull with physiological X-ray attenuations is 
shown in Fig. 3.8. Further increases in fidelity – 
inclusion of parenchymal blush, delineation of 
cortical and trabecular bone, venous sinuses, and 
a scalp/skin substitute  – can be accomplished 
with current know-how.
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 Introduction

Neurosurgical training has evolved with 
 technological advances. Traditionally, neurosur-
gery was taught on real people in the operating 
room. The conventional dictum of “see one, do 
one, teach one” has been long-standing. The 
changes in the work hour restrictions and other 
cultural changes have led to the need to develop 
other training tools.

Education has also transpired on cadavers. 
Cadavers are an excellent method for teaching 
anatomy. However, they tend to be expensive, 
and the preservation techniques do affect the dis-
section planes. Additionally, they usually lack 
pathology.

As technology has advanced, neurosurgeons 
are using navigation systems as a method of 
training. More recently, simulators have been 
used. Simulators are an excellent teaching tool 
but are not quite realistic enough for higher-level 
procedural practice.

3D printed models have the benefit of provid-
ing patient-specific tools to teaching various 
approaches and techniques. “Stereolithography 
is a method and apparatus for making solid 

objects by successively ‘printing’ thin layers of 
the  curable material, one on top of the other” [1].

This technique allows the creation of complex 
3D models of the skull, brain, spine, and other 
anatomical parts of the body. The more advanced 
3D printers allow multiple colors and materials, 
giving the tissues a more realistic appearance and 
feel. Not surprisingly, the costs of the advanced 
3D printers are much higher than more basic 
printers.

At our institution, we utilize the uPrint SE 
Plus 3D printer made by Stratasys.

This chapter will outline the various ways that 
3D printed models are a valuable teaching tool in 
neurosurgical training.

 Cranial

 Aneurysm Clipping

Microsurgical dissection and clipping of cerebral 
aneurysms are one of the highest skill dependent 
procedures performed in neurosurgery. 
Classically, these skills have been developed 
while working on cadavers and observing more 
senior neurosurgeons. With the increased use of 
endovascular techniques, the number of aneu-
rysms being clipped has declined worldwide. 
The cases that are clipped are, in general, the 
more difficult and challenging cases that are not 
amiable to endovascular treatment. This has 
greatly decreased the opportunities for training 
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 neurosurgeons to employ skills learned in cadaver 
courses to less complex aneurysms. Cadavers 
containing pathology specific to aneurysm sur-
gery are not common. 3D printing has started to 
answer the call for a better training environment 
as related to aneurysm surgery (Fig. 4.1).

3D printing of cerebrovasculature, especially 
aneurysms, was one of the first uses of 3D print-
ing in neurosurgery. D’Uso et  al. [2] were the 
first to use three-dimensional data from com-
puted tomographic angiography (CTA) and mag-
netic resonance angiography (MRA) to fabricate 
intracranial vasculature biomodels with stereo-
lithography in 1999. They conducted a prospec-
tive 16-patient study to evaluate the accuracy 
and functionality of the process that uses a laser 
beam to solidify layers of a photosensitive liquid 
resin. This process was described as producing 
vasculature that accurately represented the intra-
operative findings in all but one aneurysm which 
contained an intraluminal thrombus. The data 
obtained only included intraluminal data. CTA 
was found to include both arterial and venous 
structures which had to be determined based on 
anatomical knowledge. Perforating vessels with 
a diameter less than 1 mm were windowed out 
and not provided in the models. Comparison 
between the biomodeling and a postmortem 
specimen was demonstrated within the paper. 
The study showed that the surgeons found the 
biomodels to be helpful when educating patients, 
positioning the patient, and during the surgical 
procedure. The accuracy allowed measurements 
to be taken and  transferred to the operative suite 
to clarify anatomical relationships. Limitations 
to the study included the difficulty of portraying 
small vessels and removing the support material 
without removing pertinent anatomy. Another 
challenge was determining the amount of thresh-
olding for segmentation which was operator 
dependent which may have introduced error. The 
build time for their models was an average of 
3 days and cost $300 per model.

Wurm et al. [3] conducted a prospective study 
of 13 aneurysms from 1999–2003. The first three 
cases were performed using CTA and an SLA 
250 (3D Systems, Valencia CA) which had a 
build layer thickness of 0.25 mm. The CTA imag-

ing was found to have poor resolution in com-
parison to the rapid prototyping machine. 3D 
rotational angiography data was then used in the 
rest of the patients. The last model was created 
with an SLA 3500 (3D Systems, Valencia CA) 
which had a build layer thickness of 0.0625 mm. 
The improvement in imaging data, postprocess-
ing techniques, and stereolithography technology 
helped increase the accuracy throughout this 
study. The model accuracy was compared to 
intraoperative videos. These models were felt to 
be valuable in improving 3D anatomy under-
standing and relationships of the aneurysm to 
branching vessels. Due to the rigidity of the mod-
els, they did not provide help with the evaluation 
of the geometry of the aneurysm neck and simu-
lation of clipping or provide an opportunity for 
dissecting exercises. They had an approximately 
50-h delay from the time of imaging to obtaining 
the model within their study (Fig. 4.2).

Wurm et al. [4] continued to refine their meth-
ods to make the models more functional for dis-
section and clip application. They first were able 
to use 3D rotational angiography to obtain data 
of the relevant vasculature in relation to the 
bone. They first attempted to fabricate a model 
using their previous work with stereolithography 
to create a model of the bone and vasculature as 
well as a mold to create a less rigid silicone 
aneurysm to better simulate actual clipping. In 
order to improve the functionality of the model, 
they were the first to move to PolyJet Matrix 3D 
 printing. This process involves jetting a liquid 

Fig. 4.1 Cerebral aneurysm clipping of anterior commu-
nicating artery aneurysm
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photopolymer then immediately curing the liq-
uid with a high-intensity ultraviolet light source. 
This technology offers the ability to print objects 
made of multiple model materials of any mix of 
rigid and flexible properties within a single 
build. The builds had to contain three parts: solid 
skull, vessels of a different color, and an aneu-
rysm that was flexible. The vessels and bone 
were opaque rigid polymers, and the aneurysm 
was an amber translucent, rubberlike, flexible 
photopolymer material. Due to the print size, the 
skull and vessels had to be printed in two parts, 
and the aneurysm was a separate third part. The 
aneurysm and parent vessels were hollowed out 
to allow for placement over the rigid vasculature 
of the model and allowed replacement of the 
aneurysm section for multiple clippings. Data 
transfer and production took 1.5 weeks and cost 
approximately 2000 Euro. They concluded that 
this model provided an avenue for simulation-
based training that offered an opportunity for 
improvement of surgical skills and allowed good 
haptic feedback of aneurysm clipping. These 
models still were unable to provide feedback 
about the intrinsic factors of the vessel walls. 
They also did not include information about the 
structures directly around the aneurysm that are 
important in approaching the aneurysm, such as 
the sylvian fissure anatomy and surrounding 
brain tissue.

Kimura et al. [5] reported a different technique 
of creating a hollow, elastic aneurysm and vessels 

based on CTA information. The elastic, rubberlike 
polymer vessels were created by a PolyJet printer. 
After the vessels were printed, they were placed 
under a UV light which cured the outer surface of 
the material. The inner uncured portion of the ves-
sels was cleared by curetting, thus making the 
model hollow. They then created a hard bone 
model that contained resin and talc that hardened 
after irradiation. The hollow vessel model was 
attached to the skull by flexible wires or plastic 
clay in the orientation expected during surgery. 
They performed this process on three retrospective 
and eight prospective patients. For the prospective 
cases, surgical planning was conducted prior to 
surgery, and five out of the eight cases used the 
same number of clips in the same orientation as 
planned. These models were then used for training 
of novice neurosurgeons, and the lumen of the 
aneurysm was observed pre- and post-clipping 
with the use of a flexible vascular endoscope. The 
models took around 3–7 days for production and 
cost 300–400 US dollars. Limitations were the 
need to affix the vascular model to the hollow 
model, time to create the model, and inability to 
represent surrounding tissues.

The vascular detail obtained from CTA has 
greatly improved over the years, and a group out 
of Brazil looked at the accuracy of creating ana-
tomical models of aneurysms based off of CTA 
data [6]. They used a PolyJet printer to create 
small segments of the aneurysm and surrounding 
vessels and compared measurements of the aneu-
rysm model as compared to measurements taken 
from a digital subtracted angiogram (gold stan-
dard). All three prototypes accurately represented 
the angioarchitecture measurements obtained 
from the angiogram. The process took on average 
20 h per print and cost $130. They present that the 
process was quicker and cost less in their paper, 
but the degree of anatomy displayed was less than 
previous papers. The main fallbacks to this paper 
are that the aneurysms were not hollow and did 
not include surrounding tissue data. They did 
demonstrate the need for advanced anatomical 
knowledge when creating the model, especially 
when determining the correct level of windowing 
of CTA data to include relevant small vasculature 
without introducing artifact to the print.

Fig. 4.2 After trialing multiple clips and directions, the 
best clip and position have been tested on a 3D model
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The paper by Mashiko et al. [7] used a  different 
technique to create models of 20 patients, 12 of 
which underwent clipping; 3 cases showing 
endovascular methods to be preferred; 1 patient 
who died prior to treatment; and 4 remaining in 
the planning stage at that time. The 3D data was 
obtained from CTA. The aneurysm and parent 
vessels were printed in acrylonitrile-butadiene- 
styrene (ABS) plastic. The base material and 
excess material were removed manually, and the 
vessels were smoothed with putty created from 
ABS mixed with small amounts of xylene. 
Molding silicone was then painted over the ABS 
vessel model and allowed to harden. After the 
silicone had hardened, the vessels were then 
placed in a xylene bath which melted the ABS 
into gel that could be squeezed and washed out of 
the hollow silicone model. The hollow elastic 
models were placed into the orientation of the 
hard plastic model for visualization of the field of 
view when approaching the aneurysm. Aneurysm 
clips could be placed in the presumed intraopera-
tive orientation and compared to the actual proce-
dure. The models provided good anatomical 
representation, but four cases had slight modifi-
cation at the time of surgery. Three cases required 
booster clips as the aneurysm neck was thicker 
than portrayed, and one aneurysm had an adher-
ent vessel to the aneurysm neck which was not 
detailed preoperatively. The data presented was 
subjective in nature by questionnaire which was a 
cited weakness of the paper. The aneurysms were 
durable and could withstand 25–80 clip applica-
tions. The time required for creating the models 
was around 14–24 h depending on the size of the 
print. The system setup was around $66,500, but 
the material cost per  aneurysm print was about 
JPY 200–600 or $2–6 and approximately $150 
for full skull print. They demonstrate that with 
in-house printing, the initial cost is the most pro-
hibitive factor. They were able to present a cost 
saving as compared to the proceeding 20 aneu-
rysm clipping cases at their institution. The previ-
ous 20 cases required eight wasted clips compared 
to zero during the study with 3D modeling.

The hollow vascular 3D models were used by 
Benet [8] and placed within cadavers to simulate 
dissection and clipping of aneurysms. They used 

two 3D printed aneurysm models from two 
 preoperative patients and then placed these aneu-
rysms in their anatomical location bilaterally on 
two cadavers [8]. The aneurysm data was 
obtained from an MRA and printed with a rub-
berlike material. The models were implanted into 
the cadavers using minimal dissection of the 
arachnoid cisterns and attached to the cadaveric 
vasculature using cyanoacrylate or anastomosed 
using 8-0 suture, depending on training versus 
research model, creating a vascular model similar 
to the actual patient (Fig. 4.3, Table 4.1).

Dissection was then performed and simulation 
of clip application was carried out. They cite that 
the models had similar flexibility and allowed 
manipulation comparable to surrounding cadav-
eric vessels. The aneurysms were also sturdy 
enough to cause mass effect on surrounding tis-
sue without abnormal deformation. One limita-
tion of this technique is that bony anatomy varied 
between the real aneurysm patient and the 
cadaver (Fig. 4.4).

Lan et al. [10] created multicolor 3D cranioce-
rebral models demonstrating the aneurysm and 
select surrounding tissue like the optic nerve. CT, 
MRI, and CTA data were used as available. A 
newer generation printer was used that is capable 
of printing multiple material hardness, color, or 
transparency in a single print. The aneurysm 
model could be printed down to vessels 1 mm in 
diameter. The model provided aneurysm anatom-
ical information in relation to the optic nerve, 
parasellar area, and clinoid process during clip-
ping. The detail of the prints was at a resolution 
of 0.016 mm, and the aneurysm model took 2 h to 
print and 20 h for the remaining craniocerebral 
model. The material costs were around $20–200 
per print depending on the size.

Andereggen et al. [11] created six models of 
complex cerebral aneurysms to facilitate better 
understanding of treatment and the possible need 
for bypass and occlusion of the lesions. They 
used CTA and 3D angiography data to construct 
accurate anatomical relationships for complex 
aneurysms. Improvement in 3D registration 
 software based on neuroimaging has improved 
the ability to augment manual segmentation with 
semiautomatic segmentation of objects which 
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was used in this study. They could delineate bony 
anatomy, intra-aneurysmal anatomy, extracranial 
vasculature, and previous aneurysm coils based 
on multimodality imaging. These objects were 
then oriented in relation to each other using 
surface- based registration software. This facili-
tated the training on determining the best area for 
craniotomy and area for protection of the extra-
cranial vasculature for bypass. Their study was 
limited by the fact that all materials were printed 
in rigid material and that small perforating ves-
sels could not be visualized on the printed model.

Mahiko et al. [12] created a 3D model of an 
MCA aneurysm and hollow brain to measure and 
simulate force encountered when retracting brain 
tissue for fissure dissection and applied this to 
training. The skull and silicone vasculature were 
created with a similar process as the already 
reviewed articles. The brain was created by print-
ing a negative mold of the brain surface that was 
used to fabricate a 4  mm wall of soft polyure-
thane. The open side of the brain was covered 
with an acrylic plate with a tube attachment to fill 
the lumen with water. A force sensing brain 

 spatula was constructed, and pressure on the 
spatula and the column of water in the lumen and 
tubing were tracked during sylvian fissure open-
ing. The models were created in approximately 
96 h and materials cost approximately $17. These 
models did incorporate brain tissue in relation to 
the aneurysm but, for the purpose of the study, 
did not provide details of nerves, cisterns, or 
dura/arachnoid for detailed dissection.

Ryan et al. [13] further developed this model 
to increase functionality of simulation for cere-
bral aneurysm clipping. CT, CTA, and MRI were 
used to create a model that optimized reproduc-
ibility and adaptability to patient-specific pathol-
ogy. The vascular model was created from nine 
patient datasets. Each aneurysm and parent ves-
sel were segmented into an individual aneurysm 
and then recombined into a single Circle of 
Willis. Each segment was able to be printed indi-
vidually for future replacement of each aneu-
rysm. The process allowed for the hollow 
aneurysm sleeves (shore value A27) to slip over 
the hard non-aneurysmal vascular tree. The ves-
sels were dyed red. The brain was created using 

Fig. 4.3 (a) MRA-generated model of basilar apex aneurysm, (b) MRA-generated model of middle cerebral artery 
aneurysm, (c) implanted 3D printed aneurysm into cadaver [8]

Table 4.1 Surgical simulation experiments for aneurysm clipping in cadaver [8]

3D model Approach for implantation Side of implantation Approach for clipping
Basilar tip Orbitozygomatic Left Right orbitozygomatic

Orbitozygomatic Right Left orbitozygomatic
Orbitozygomatic Left Right orbitozygomatic
Orbitozygomatic Right Left orbitozygomatic

Middle cerebral artery Pterional Left Left pterional
Minipterional Right Right minipterional
Pterional Left Left pterional
Pterional Right Right minipterional
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a normal MRI to create separate parts of the left 
frontal and parietal lobes, the right frontal and 
parietal lobes, the left temporal and occipital 
lobes, the right temporal and occipital lobes, the 
cerebellum, and the brainstem including the 
optic nerve. These segments were each printed in 
ABS and the surfaces were smoothed. A mold 
was created around each section using casting 
silicone. The final brain was created with a lower 
elastic modulus silicone to better simulate the 
turgor of a normal brain. The skull was printed 
from a normal patient dataset as described above 
with material similar to bone in hardness. The 
skull was printed with a longitudinal split to 
allow for easier replacement of the brain and 
vascular models. The model effectively inte-
grated the brain and cranium into the training, 
thus providing an accurate representation of the 
operative corridor for various aneurysms and 
allowed for adequate simulation of aneurysm 
clipping with appropriate equipment. The modu-
lar form of the model proposes to decrease future 
cost from the initial price of just under $1000 by 
having the individual modular parts costing less 
than $10. This feature may also provide a gener-
alized model with increased speed of printing 
and incorporating patient-specific aneurysms 
into the model, therefore making it possible to 

plan for surgery in ruptured aneurysm cases. 
One limitation of the model is that only a trun-
cated optic nerve was allowed, while the other 
cranial nerves were unable to be included. 
Another limitation, related to current 3D print-
ers, is that small perforating vessels are unable to 
be captured. There was no ability to include 
material to simulate arachnoid dissection in this 
model. 3D printers at this time were unable to 
create vascular walls less than 0.45 mm making 
the aneurysm clipping characteristics different 
than real tissue parameters (Fig. 4.5).

To demonstrate the process used in creating 
three-dimensional models, we offer an illustra-
tive case of an elective 7 mm right anterior com-
municating artery aneurysm clipping. The case 
was planned to be done from a left pterional 
approach based on imaging review until intraop-
erative planning on a 3D model demonstrated the 
best avenue to be a right orbitozygomatic 
approach (Fig. 4.5). The case was rehearsed by 
using clip and clip appliers from several angles 
(Fig. 4.2). After drilling out the bone for an orbi-
tozygomatic approach, it was also noted that the 
surgical route would require transgression of the 
frontal sinus, which allowed operative planning 
for this portion of the case. The model was 
brought into the operating room to guide posi-
tioning of the patient. Our experience with this 
case demonstrated how this technique helps sur-
geons find the optimal surgical corridor as well as 
clip selection (Fig. 4.6).

 Skull Base/Tumor

Another area of neurosurgery that requires exten-
sive training is tumor surgery, especially at the 
skull base. As radiation and chemotherapy 
options continue to evolve, the number of surgi-
cal cases decline. One avenue for continued 
development of skills and anatomical relation-
ships is to use 3D printed models to replace 
cadaver lab training.

The anatomical accuracy required for these 
models to provide relevant operative experience 
was validated by using a neuronavigation system 
in a paper by Waran et al. [14] The  neuronavigation 

Fig. 4.4 Vessel only models demonstrating the aneurysm 
and associated vessels [9]
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technology has advanced greatly to the point that 
they are reliably used more frequently in opera-
tive cases. They used fine cut 1 mm CT scan data 
to produce the five skulls. The skulls were each 
registered to a surface registration neuronaviga-
tion system. One model was created with accu-
rate representation of the overlying facial 
contours. All models were easily registered. Ten 
small surface area landmarks were tested on each 
skull and verified on the navigation system. All 
ten points on each model correlated with the 
imaging.

This level of accuracy is important when 
dealing with skull base anatomy, especially in 
the temporal bone. Three articles discuss their 

experience with using 3D printed models for 
temporal bone skills labs. The first paper by 
Cruz and Francis [15] attempted to assess the 
validity of such a model based on previous 
cadaveric and operative experiences. The data 
was from CT scans of normal human cadaveric 
temporal bone with 12 micron resolution. The 
material was a cast powder and bonding agent 
which produces physical characteristics similar 
to temporal bone. Color was added to differenti-
ate various  structures. The cast powder could be 
removed from hollow structures such as mastoid 
air cells and the cochlea. The facial nerve, 
carotid artery, and sigmoid sinus were initially 
printed as hollow structures with appropriately 

Fig. 4.5 Residents 
rehearse clip application 
under the microscope on 
a 3D model
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colored edges and filled with colored wires. 
Silicone sheets were used to simulate the dura 
and tympanic membranes. Nine trainees per-
formed specific tasks on three 3D printed tem-
poral bones. Afterward, questionnaires to assess 
the experience were conducted. They concluded 
that the models provided anatomical realism 
and provided a good replacement to cadaveric 
temporal bone.

The second paper, by Hochman et  al. [16], 
was conducted in a similar matter with compara-
ble conclusions. The main difference is that train-
ees performed a dissection on a cadaveric 
specimen and a 3D printed model of that same 
specimen. The models were printed in slices with 
segmented pieces for relevant anatomy like the 
dura, carotid artery, otic capsule, facial nerve, 
and others. These segments were then placed into 
the correct orientation with the printed bone. 
Subsequently, they were bound together based on 
predefined fiducials by a cyanoacrylate and 
hydroquinone mixture. Interestingly, this allowed 
the model to have features like a urethane facial 
nerve with a bronze inner core which could sig-
nify injury to the structure during dissection.

The final paper, by Wanibuchi et al. [17], used 
a synthetic resin and inorganic filler to create a 

model with a selective laser sintering technique. 
The temporal bone was made in two pieces thus 
allowing dye to be placed within the semicircular 
canals and facial canal. The sigmoid sinus was 
then filled with blue silicone. The major advan-
tage of using this technique is the thermal stabil-
ity of the material which could withstand 
high-speed drilling. This technique also allows 
for inclusion of precise anatomical structures 
with bone-like properties and feel.

Another area requiring extensive training and 
understanding of complex anatomy is the resec-
tion of skull base tumors. We have found three 
articles dedicated to this area of interest. The first 
study performed by D’Urso et al. [18] included a 
prospective evaluation of 11 stereolithographic 
printed skull base tumors. The cases included 
three acoustic schwannomas, five meningiomas, 
one sphenoidal lytic dermoid cyst, one retro- 
orbital melanoma extending into the middle 
fossa, and one giant pituitary macroadenoma. 
The system used at this time was a first- generation 
3D printer and thus lacked the ability to include 
multiple objects. Each part (i.e., tumor, skull, 
vessels) had to be painted individually which 
made it difficult to determine the true transition 
zone of normal and abnormal tissues.

Fig. 4.6 Patient 
positioned based on 3D 
model to allow optimal 
exposure for aneurysm 
clipping
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Kondo et al. [19] used newer technology and 
were able to print four cases of skull base tumors 
with multiple materials and colors to represent 
the internal carotid artery, basilar artery, brain-
stem, bone, and tumors. The purpose of the study 
was to print the models with either no tumor, 
solid tumor, or a variable degree of mesh repre-
senting the tumor to determine visibility of deep 
structures at the time of surgery. The printing 
technique used was binder jetting. They con-
cluded that printing skull base tumors as a hollow 
core with a mesh outline provide a significant 
improvement in evaluation of deep structures 
while maintaining the three-dimensional rela-
tionship of the tumor to pertinent tissue at high 
risk for injury during surgery.

The last article was from the work conducted 
at our institution [20]. We described a method of 
using high-resolution skull base CT and MRI in 
three patients with petroclival tumors to deter-
mine the area of view afforded by a middle cra-
nial fossa approach or retrosigmoid approach 
[20]. We used our institution’s neuronavigation 
system to fuse the image datasets to segment the 
bone and tumor. These files were converted to 
STL files and processed on computer aided draft-
ing software. The printer used fused deposition 
modeling to create the solid 3D model. The area 
of tumor was painted after performing each cra-
niotomy. The neuronavigation software was then 
used to define the amount of surface area visible 
through each operative corridor. Our printer costs 
around $50,000, and cost for each skull was 
approximately $150. In this study we were unable 
to include the surrounding structures like the 
brain and brainstem, cranial nerves, and vascula-
ture to determine the influence of this anatomy on 
the operative view (Fig. 4.7, Table 4.2).

 Pituitary/Endoscopic

Traditional neurosurgical techniques have 
included large incisions and craniotomies for 
various skull base approaches. As technology has 
evolved, endoscopic techniques have as well. The 
use of the endoscope has become a common tool 
for the treatment of various neurosurgical 

 pathologies including pituitary tumors, 
 intraventricular tumors, and hydrocephalus.

New technologies are exciting but can take 
time for adoption. Training clinicians on the 
use of new equipment is traditionally done 
through cadaver courses and mentorship by 
working with someone who is more comfort-
able and experienced with the equipment. 3D 
printed models are another avenue to learn the 
use of a new technique without placing a real 
patient at risk.

Endoscopic third ventriculostomy (ETV) and 
biopsy are common neurosurgical procedures. 
Waran et al. [21] describe how they created a cra-
nial model with a pineal tumor and hydrocepha-
lus. Three surgeons performed the various steps 
of an ETV with pineal biopsy and scored each 
step on a scale of 1–5 on realism. Their overall 
score was 4.5 out of 5, leading to a realistic and 
natural experience. They were also able to use 
neuronavigation successfully. They noted that 
these models were able to mimic certain tactile 
responses seen in actual surgery.

Pituitary tumors account for one of the most 
common primary brain tumors. Therefore, trans-
sphenoidal surgery is a very common procedure 
for many neurosurgical departments [22]. At our 
institution, we performed a study using a 3D 
model to teach skull base anatomy through a 
transsphenoidal approach for neurosurgery resi-
dents [23]. All the residents were brought to the 
operating room prior to any formalized teaching 
and were asked to identify critical structures 
which included the sella turcica, cavernous sinus, 
optic nerve, and the paraclinoid carotid artery. 
The residents were then split into two groups. 
Group A residents were taught about the anatomy 
through a didactic lecture which included 2D 
images. Group B residents were taught in this 
same didactic lecture but also learned through 
neurosurgical simulation using the 3D printed 
model. The residents were tested in the operating 
room again to identify the same critical struc-
tures. Group A residents were then taught with 
the 3D printed model and tested for a third time. 
The results demonstrated improvement in the 
identification of important anatomic landmarks 
after training using the 3D model (Table  4.3). 
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This article objectively illustrates improvement 
in anatomical knowledge after practicing using 
this 3D model [23] (Fig. 4.8).

Endoscopic endonasal anatomy and the drill-
ing of the appropriate anatomy are one of the 
challenges a surgeon faces when performing 
endoscopic skull base procedures. Performing 
this skill is different than other neurosurgical pro-
cedures given that the surgeon is working through 
a narrow corridor with limited visualization and 
many critical structures surrounding the bony 

landmarks. The surgeons surveyed support the 
use of this 3D model for training in endoscopic 
endonasal anatomy [24] (Fig. 4.9).

Basilar invagination is a difficult pathology to 
treat that requires extensive training. 
Traditionally, this was performed via a transoral 
approach. However, newer endoscopic tech-
niques describe this via a transnasal approach. 
Narayanan et al. [26] reveal how this procedure 
can be performed on a 3D model with basilar 
invagination. Fifteen ENT surgeons with various 
levels of experience were involved in the study 
showing the utility of this model in simulating 
this technique. They noted limitations with ante-
rior nasal anatomy and transnasal access; how-
ever the remaining portions of the procedure 
were well simulated. 3D models have a clear 
advantage over cadavers in that cadavers rarely 
have pathology (Fig. 4.10).

Fig. 4.7 (a) Middle cranial fossa approach to petroclival tumor, (b) retrosigmoid approach to tumor, (c) view of tumor 
through foramen magnum, (d) zoomed in view of petroclival tumor

Table 4.2 Surface area of petroclival tumors accessible 
from two skull base approaches [20]

Skull base 
approach

Middle fossa 
approach

Retrosigmoid 
approach

Patient 1 52 mm2 148 mm2

Patient 2 103 mm2 188 mm2

Patient 3 378 mm2 75 mm2
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 Minor Procedure/EVD

Bedside procedures are common in neurosurgery 
and often lifesaving. These include external 
 ventricular drains (EVDs), lumbar punctures and 
drains, central lines, intubations, etc. Bedside 
procedures are often performed by junior resi-
dents with appropriate supervision.

EVDs are commonly performed procedures 
for the treatment of hydrocephalus, intraven-

tricular hemorrhage, cerebrospinal fluid leak, 
and other diagnoses. These procedures are 
often taught on live patients under close super-
vision. Cadavers are not great teaching tools 
due to preservation techniques affecting the 
ventricular system [28]. Simulators have also 
been explored as a method for teaching EVD 
placement. Luciano et al. have developed a vir-
tual reality-based simulator for this purpose 
[29].

Table 4.3 Results of testing of anatomical landmarks [23]

Group A Group B
No 
teaching

Lecture 
alone

Lecture +3D 
simulation

No 
teaching

Lecture +3D 
simulation

R1 3 6 8 R5 3 7
R2 2 4 6 R6 2 7
R3 4 6 6 R7 4 8
R4 2 4 8 R8 2 8
Average 2.75 5 7 Average 2.75 7.5

Fig. 4.8 (a) Registration of 3D printed model, (b) drilling of the sphenoid sinus through the endoscope, (c) identifica-
tion of various anatomic structures through the endoscope, (d) residents practicing endoscopic navigation
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3D models have also been developed as 
instructional tools for the placement of EVDs. 
Tai et al. [28] have developed a 3D model with 
a disposable insert for EVD placement. The 
insert is an artificial scalp for which the user 
can mimic placement of the EVD through sim-
ilar tissues. The ventricle is filled with water 
and controlled by the water reservoir 
(Fig. 4.11).

Tai et al. studied their 3D model with a total of 
17 surgeons. They gave the highest score to the 
“value of simulator as a training tool for novice 
neurosurgeons.” Users performed skin incision, 
skin retraction, burr hole drilling, sharp opening 
of dura, catheter passage into the brain, tunnel-
ing, and skin closure.

Ryan et al. [31] also describe a 3D model they 
created for the purpose of neurosurgical training. 
Ten individuals (residents and students) were 
involved in the study where they counted number 
of passes into the ventricular system prior to suc-
cessful cannulization. Their study displayed how 
these models could be created for an affordable 
price of $4 per brain model. This is much less 
than other models.

3D printing technology has advanced suffi-
ciently to replicate the various layers of the body. 
Waran et al. [32] describe creating a model with 
skin, bone, dura, and tumor varying in consis-
tency for the appropriate layers. A drawback to 
their model is the expense: $2000 for the reusable 
base and $600 for the disposable surgical insert.

Fig. 4.9 Hopkins rod 
rigid endoscopes, 
2.7 mm diameter, zero 
and 30° angled, length 
14 cm [25]

Fig. 4.10 Intraoperative endoscopic view of endoscopic transsphenoidal excision of the sellar tumor. (a) Anterior wall 
of sphenoid sinus, (b) exposure of the sella dura, (c) sella region after tumor resection [27]
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This same group has developed a method of 
3D printing to test registration skills in neuro-
navigation platforms. They successfully regis-
tered and navigated accurately all models in their 
study [14].

External ventricular drain placement training 
can be augmented by the use of 3D models. 
Technology has made these 3D models more 
realistic allowing them to be registered in 
 neuronavigation systems as well as allowing for 
the various layers of the human head to be 
replicated.

 Spine

Spinal surgery accounts for a high percentage of 
neurosurgical procedures. Understanding the 
anatomy of the various aspects of the spine is 
critical to performing safe spinal surgery. 3D 
printed models can also be used to aide in the 
understanding of this anatomy (Fig. 4.12).

Neurosurgeons commonly encounter unique 
and challenging cases. Revision spine surgery 
with deformity can be one of these situations. 
Selecting the appropriate approach is critical, but 

Fig. 4.11 The 
ventricular system of the 
brain [30]

Fig. 4.12 3D printed model of the cervical spine created from CTA cervical spine
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not always easily chosen when only reviewing 
imaging. The creation of a custom patient model 
is one method of deciphering the optimal surgical 
approach. Physicians at NYU printed a patient- 
specific 3D model of an 11-year-old boy with 
multiple congenital abnormalities who  previously 
underwent C1-C2 laminectomy and 
 instrumentation. Their model of the cranioverte-
bral junction included bone and vessels. They 
reviewed the various possible approaches and 
finally decided on a posterior approach with the 
aid of the 3D model [33].

A group of authors from India describe the use 
of craniovertebral junction models for surgical 
planning. They printed 3D models of 11 cases. 
They used these models to study the facet joints, 
size of the pedicles, the course of the vertebral 
arteries, and other important anatomic land-
marks. They concluded that the information and 
ability to study the models were invaluable for 
surgical planning [34].

The thoracic spine has its own set of chal-
lenges. Thoracic pedicle screw placement can be 
problematic due to the small size of the pedicles. 
Hu et  al. have shown a rapidly prototyped drill 
template to assist in the placement of these pedi-
cle screws [35] (Fig. 4.13).

Otsuki et al. [37] demonstrated that in revision 
spine surgery, 3D printed guides for pedicle 
screw placement could be created on a 3D printer. 
They are small, but with multiple arms that fit the 
bone surface precisely to align the guide. These 
guides were able to accurately place pedicle 
screws.

Revision lumbar surgery for discectomy is 
more challenging than the first operation. Scar 
tissue formation and bony removal from the first 
surgery are a couple of the complicating factors. 
Li et al. [38] published an article in which they 
printed 3D models of the spine where one cohort 
of patients underwent revision lumbar 
 discectomies. The other cohort had routine care. 
They demonstrated a statistically significant 
decrease in operating time and blood loss when 
using the 3D model. However, there was no dif-
ference in outcomes.

The world of custom implants has been grow-
ing in medicine with spine surgery being no 
exception. Spetzger et al. [39] demonstrated that 
an implant for an anterior cervical discectomy 
and fusion (ACDF) could be created. On preop-
erative planning, osteophytes were identified, 
which were subsequently drilled. The custom 
implant that had been created resulted in a highly 
accurate fit. The cage self-located into the correct 
position. This cage didn’t move in any direction 
once the distraction was released. Their implant 
was created from EIT cellular titanium™ 
(Fig. 4.14).

Continuing the topic of custom implants, Xu 
et  al. [41] describe a very interesting case of 
Ewing’s sarcoma. After posterior resection and 
fixation, they approached the tumor anteriorly 
performing a C2 vertebral body resection. They 
created an anterior cervical spine implant made 
of porous metal, which was created by 3D 
printing. This was inserted in surgery and 
secured in place.

Fig. 4.13 Transpedicular screws inserted into the thoracic spine [36]
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3D printed models are an excellent tool to 
teach spinal anatomy. Li et  al. [42] used 3D 
printed models to test spinal anatomy knowledge 
in medical students. They were studying spinal 
fractures. They randomized the students into 
three groups: CT only, 3D image, and 3D printed 
model. They found that students in the 3D printed 
model group performed significantly better than 
those in the CT only group. This study reinforces 

the idea that 3D models can be used as an effec-
tive teaching tool (Fig. 4.15).

It is obvious why surgeons find 3D models 
helpful. Interestingly, radiologists also find them 
valuable. A cervical spine model was generated 
from CT data that worked as a phantom in both 
CT and MR. The authors propose that such mod-
els could be used to simulate MRI-guided inter-
ventions such as cryosurgeries [43].

Fig. 4.14 Anterior plate with graft in place [40]

Fig. 4.15 (a) Placement of lateral mass screws into 3D printed model, (b) lateral view and (c) posterior view of 3D 
printed model after performing cervicothoracic instrumentation
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 Future Direction

As imaging technology and 3D printing 
 techniques and equipment continue to advance, 
these models will have a greater impact on neuro-
surgical training that ever before. These advances 
and measures are required given the changing 
regulations and requirements to be adequately 
trained as a neurosurgeon. There are several 
papers coming out in the endovascular arena 
which is a growing area within neurosurgery. The 
largest requirements at this point are to have 
models that can be printed at one time without 
required assembly, represent anatomy at a high 
resolution, and have tissue characteristics 
approaching the level seen clinically. We feel that 
once you can adequately represent brain tissue 
with similar physical properties to actual brain, 
this avenue will greatly excel. A trainee will be 
able to conduct a practice session with real-life 
equipment without the possibility of harm that is 
inherent to a surgical cause.

 Conclusion

3D models in neurosurgery are a valuable 
resource in neurosurgical training. This chapter 
has displayed its various applications in cranial 
and spinal neurosurgery. The ability to print an 
actual patient model prior to performing a neuro-
surgical procedure allows the trainee to rehearse 
the procedure without causing harm.

Various authors have contributed to the litera-
ture on the numerous ways they have used 3D 
printed models in neurosurgery. The selection of 
3D printers available is astounding with the most 
complex and advanced printers that have the abil-
ity to print multiple different colors and consis-
tencies. These attributes allow for printing a hard 
bony skull and soft, flexible vessels.

As technology continues to advance, so will 
the models we can create in neurosurgery. The 
more realistic the models become, the more 
applicable to training they will be. In the current 
era of training in the 80-hr work week, exposure 
to accurate 3D printed models will help 
 supplement training in the operating room. In 

many ways, it is safer to practice on a precise rep-
lica prior to performing the procedure on a living 
human being.

3D models will likely be a mainstay in neuro-
surgical training. Their aide in learning is unques-
tionable. The future remains bright for 
neurosurgical training using 3D models as an 
excellent teaching tool.
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 Introduction

“See one, do one, teach one”; The Halstedian 
apprenticeship model established over a century 
ago has been the norm in surgical education until 
the mid-1980s [1, 2]. In 1984, the unfortunate 

and well-publicized death of a young woman, 
Libby Zion, at the New York Hospital, led to a 
series of events – political, legal, and otherwise – 
that eventually led to the remodeling of this edu-
cational paradigm. This culminated in a set of 
rulings and recommendations for significant 
changes in graduate medical education focused 
on curbing resident fatigue, which was assumed 
(but never proven) to be a major factor behind 
medical errors [2]. Following suite, the 
Accreditation Council for Graduate Medical 
Education (ACGME) convened and published a 
set of guidelines for resident education starting in 
July 2003. The major points involved limiting 
duty hours to 80 h/week, limiting work shifts to 
24  h and granting at least 1  day off per week, 
averaged over 4 weeks [3, 4].

Ever since the inception of these regulations 
though, there have been continuous debates over 
their intended educational consequences. The 
regulations while well intentioned may have del-
eterious educational effects. In the neurosurgical 
field specifically, there have been concerns about 
whether or not a trainee will have sufficient expo-
sure and experience in an 80-h  week. This is 
especially important in light of the need for a 
resident to master a wide range of skills in order 
to be able to practice in the real world beyond the 
safety net of residency. Added to such temporal 
restrictions, neurosurgical training continues to 
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broaden with advances and innovations in open, 
minimally invasive, and endovascular techniques 
that a resident must learn. This challenge is com-
pounded with the dilution of cases among an 
increasing number of academic and private medi-
cal centers. With an 80-h work week limit, there 
are concerns on whether new trainees will ever be 
able to reach the “10,000-h” proficiency mile-
stone [5]. In addition, during the past two 
decades, there has been greater attention given to 
preventing medical errors. The challenges raised 
by these two forces have put the spotlight on the 
potential of simulation training to reduce errors 
and enhance procedural and scenario training. 
Neurosurgery in particular is a high stakes spe-
cialty where the slightest of deviations can lead 
to detrimental consequences. It is likely to be one 
of the medical fields to suffer most from the 
restrictive resident hours. Neurosurgical leader-
ship has therefore invested time and effort into 
developing potential simulation modules and 
curricula to circumvent the imposed shortcom-
ings of the new training environment [6–13].

Simulation training and its effectiveness are 
guided by three major concepts. The first is 
deliberate practice. This is defined as repetitive 
performance of an intended cognitive and/or 
psychomotor skill with feedback on specific 
areas used for improvement. An important 
parameter of deliberate practice is constantly 
practicing at more challenging levels with an 
intention to master a specific skill [14, 15]. 
Frequent objective feedback from a mentor is 
critical to deliberate practice. The second is the 
concept of proficiency, defined as the capacity 
to perform a specific task with reduction of 
technical error in the least amount of time [16]. 
Proficiency does not necessarily translate into 
better surgical outcomes though. There are 
added factors that are not accounted for in a 
simulation setting such as, but not limited to, 
stress and levels of concentration [17]. This 
leads to the third concept of automaticity. 
Automaticity is defined as the ability to multi-
task in an operating room. Mastering this skill 
allows the surgeon to navigate emergent and 
unpredictable situations that would be difficult 
to simulate in a lab [16, 18].

 History and Evolution of Simulation 
in Medicine

Training through simulation is not a novel con-
cept. In fact, simulation has been employed as 
early as the nineteenth century in warfare mili-
tary training. Military simulations encompass 
activities such as full-scale field exercises and 
fully automated abstract computerized models, 
such as the Rand Strategy Assessment Center 
(RSAC) [19, 20]. Simulation takes a central role 
in the aviation sector as well [19]. Flight simula-
tors became a mandatory part of pilot training in 
the 1930s including military, commercial, and 
amateur sectors. Similar to the surgical world, 
mistakes in aviation can be detrimental and lead 
to loss of human lives. Creating a safe and con-
trolled environment where trainees have repeated 
exposure to difficult situations is fundamental. It 
becomes even more crucial when those simulated 
situations are rare in real life.

As for the medical field, the first simulation 
training modules utilized actors to portray vari-
ous clinical encounters. However, it was initially 
rejected due to lack of validation and high costs. 
It was not until 1993 that simulation gained wide 
acceptance after the Medical Council of Canada 
adopted the use of standardized patient simula-
tion for medical licensure [19]. The National 
Board of Medical Examiners (NBME) in the 
United States later endorsed the type of standard-
ized patient examination after two large review 
articles had validated such an approach. This led 
to the confirmation of the Step 2 clinical skills 
examination as an integral part of the US licens-
ing process [21, 22].

The often-emergent nature of interventions 
and diseases in neurosurgery can make it difficult 
for new trainees to get a full hands-on experience 
without risking a poor outcome. This highlights 
the importance of simulation training specifically 
for this field. To that objective, there has been a 
significant push to create simulator models that 
provide a realistic surgical environment over the 
last decade. Four types of simulator models have 
been conceived. The first includes physical mod-
els. These incorporate synthetic models, as well 
as mannequins and cadavers. These modules 
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allow the trainee to directly manipulate the tissue 
and maneuver a device. Physical models have 
their limitations though, including availability, 
lack of reproducibility, difficulty in creating spe-
cific pathologies, high cost, and difference in tis-
sue consistency when compared to real patients. 
The second type of simulators consists of virtual 
reality modules. These are computer-generated 
models that allow a high degree of customizabil-
ity. Unlike physical models, they can be used 
multiple times by multiple users since there is no 
disruption of the actual model. Newer models 
have haptic feedback, thus, making them even 
more realistic. The third type of simulation mod-
ules are web-based models. Finally, hybrid simu-
lators are a combination of the previous three 
models. Different types of neurosurgical simula-
tors that were conceived include aneurysm clip-
ping [23], microvascular decompression [24], 
tumor resection [25], various endovascular pro-
cedures [26, 27], and spinal instrumentation [28].

 Importance of Simulation 
in Cerebrovascular Neurosurgery

Until recently, neurosurgical resident training has 
been confined mostly to the operating room with 
very few opportunities for simulation training 
due to an absence of validated modules and cur-
ricula. In addition, even basic surgical approaches 
can be complex, and many variants exist that are 
only introduced late in resident training, decreas-
ing the opportunity for novice surgeons to master 
these demanding techniques even prior to the 
80-h rule. In particular, microvascular anastomo-
sis is one of the most complex and technically 
challenging surgical skills as it demands high 
levels of manual dexterity, fine motor skill, and 
hand-eye coordination, in addition to respect and 
safe manipulation of the tissue to avoid damage 
to fragile endothelium and the entire vessel wall. 
Further, improved proficiency in microanastomo-
sis has been shown to translate to other microsur-
gical skills [6, 29]. Microanastomosis remains an 
integral part of the neurosurgical armamentar-
ium, and with the decrease and dilution of the 
surgical volumes among increasing numbers of 

tertiary medical centers, it becomes clear that 
developing a microanastomosis training model is 
of paramount importance.

In addition, intracranial access techniques are 
essential in any neurosurgical procedure. Errors 
can result in limited exposure, poor operative 
control, increased infection rates, and thus higher 
morbidity and mortality rates and sub-optimal 
esthetic outcomes. In particular to the cerebro-
vascular and skull base subspecialties, surgical 
approach to the interpeduncular and ambient cis-
terns is still a complicated and challenging proce-
dure even in the most experienced of hands. The 
depth of the structures within the brain, the prox-
imity to vital structures, vascular and neurologi-
cal, as well as the complexity of the temporal 
bone anatomy make access to this region 
extremely delicate and demanding with a very 
low threshold for error. Repetitive and intensive 
training is key to achieving mastery with as many 
as 10,000 h required for proficiency [5], but resi-
dent training time is now reduced to an 80-h week. 
In addition, with the development of endovascu-
lar techniques, many pathologies previously 
treated with an open surgery are now being 
rerouted to the neuro-interventional suite, further 
limiting the exposure of residents to complex 
skull base approaches. Nevertheless, these 
approaches are still very much needed, and cere-
brovascular neurosurgeons need to have these 
approaches in their armamentarium.

Microsurgical microanastomosis is a very 
technically demanding procedure with a poten-
tially devastating effect if sub-optimally per-
formed. It is considered to be an integral part of 
not only neurosurgical training but also of vas-
cular surgery, plastic surgery, and otolaryngol-
ogy trainings. Residents are typically not 
exposed to this technique until later in their 
training program due to the high stakes associ-
ated with it. Therefore, simulation training for 
such a procedure would ensure that residents are 
not only familiar with the surgical instruments 
but also with handling and navigating them 
under an operative microscope and handling the 
delicate vessel wall. It also ensures that they 
acquire competency at a basic but essential sur-
gical level.
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An added dimension to microvascular 
 anastomosis simulation would be patient specific 
simulation which could potentially be used in 
preparation for complex cases for presurgical 
training.

 Microanastomosis Training Models

Regular practice is quintessential to develop, 
maintain, and improve microsurgical dexterity 
needed for microvascular anastomosis. Studies 
have shown that approximately 50 vessel anasto-
moses are needed for novice surgeons to perform 
at a level of expert surgeons and achieve similar 
anastomosis patency [30–33]. Multiple models 
have been developed throughout the years for 
training purposes. These models vary from 
cadavers, both human and animal, to live animals 
such as rats, to chicken wings, to synthetic physi-
cal and virtual models [34–45].

A simulation model has to be reliable, valid, 
educational, and cost-effective. A reliable model 
offers a simulated technique that is reproducible 
and not altered after repeated use as well as when 
a different reviewer is assessing the results (inter- 
rater reliability). In terms of validation, there are 
multiple parameters to be addressed before a 
simulation exercise is included in a medical cur-
riculum [6, 7, 46].

• Face Validity The extent to which the simula-
tion model replicates the real-world scenario. 
This is typically judged by a panel of experts 
[6, 7, 46].

• Content Validity The extent to which a simula-
tor assesses a specific skill [6, 7, 46].

• Construct Validity The extent to which a 
model is able to assess the level of perfor-
mance (i.e., differentiate between novice and 
experts) [7, 46].

• Concurrent Validity The extent to which the 
outcome correlates with previously validated 
measures [6, 46].

• Predictive Validity The extent of trans-
position of the acquired skill into an operat-
ing room and correlation with future 
performances [5].

Different models have been developed to 
address these various validity measures, although 
no model is currently optimal for all measures. 
For example, human cadavers, though anatomi-
cally realistic, lack the hemodynamic and pulsa-
tile characteristics of the live cerebral tissue in 
the OR. Garrett et al. and Aboud et al. developed 
dynamic pulsatile cerebral models to circumvent 
this issue [47, 48]. Based on this concept, Olabe 
et al. developed an infused human cadaver brain 
model used for training in various microsurgical 
techniques including microvascular anastomosis 
[39]. While this model does in theory address the 
concept of validity in many of its aspects and 
does somewhat replicate an OR setting, it does 
present multiple challenges. Human cadavers can 
be difficult to obtain, are expensive, and require 
special biohazard safe labs. In addition, these 
models require preparation and setup and are 
therefore time-consuming. Further, similar to all 
other physical models, it can only be used a lim-
ited number of times. Hence increased validation 
may come at the expense of cost-effectiveness 
and reproducibility.

Microsurgical training using gauze, 10–0 
sutures, and a microscope was proposed by 
Inoue et  al. This model is cheap, requires no 
preparation, and is widely available. While this 
model might help with dexterity and comfort of 
micromovement under the microscope, it clearly 
lacks the characteristics of an actual vascular 
bypass procedure. The consistency of gauze 
clearly does not replicate the different layers of 
blood vessels [49].

Brachial artery extracted from chicken wings 
has been proposed as a cheap readily available 
model for microanastomosis practice [36, 43]. 
Chicken wings are cheap, easy to purchase, and 
do not require any special facilities to preserve. 
Multiple papers have detailed the technique of 
extracting the artery from the chicken wing [36, 
43, 50, 51]. The typical size of the chicken wing 
brachial artery is about 1.0 mm, similar to the M4 
branches of the middle cerebral artery [36, 43]. 
One of the main issues with this model though is 
the wide variability of the diameter of the artery 
as well as its relatively short length [37]. Turkey 
wing brachial arteries have been tried as an 
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 alternative instead. These arteries have a larger 
diameter – on average about 1.47 mm – and are 
therefore more easily manipulated and thus per-
haps more suited for training for the novice 
trainee [37]. Similarly to chicken wings, these 
arteries are readily available, cheap, and do not 
require any special equipment or facilities. 
Turkey brachial arteries were found to have less 
variability in diameter and were longer then 
chicken brachial arteries and therefore could 
potentially be used for multiple anastomoses 
[37]. In addition, Kawashima et al., in a study of 
25 cadaver specimens, found that the M4 
branches of the middle cerebral artery were larger 
than 1.5 mm in two thirds of cases and larger then 
1  mm in 90% of cases [52]. With chicken bra-
chial arteries sometimes as small as 0.6 mm in 
diameter, turkey arteries could potentially be bet-
ter suited for anastomosis training [37]. This 
model provides a relatively realistic experience 
even though it does come with limitations. The 
periadventitial dissection required to extract the 
vessels is more extensive than for intracranial 
vessels, which could be time-consuming. Also, 
even though it is not a biohazard material, the 
wings are still biodegradable tissue, can be 
messy, and need to be properly disposed of. 
Preserving them might also alter the physical 
characteristics (i.e., frozen) and may make them 
unusable or at the very least unrealistic. In addi-
tion, while stenosis can be assessed post anasto-
mosis, this model does not allow to appropriately 
evaluate for thrombosis unlike live models [37].

Rats have been used in medical research for 
decades due to the close similarity of their 
genetic, biological, and behavioral characteristic 
to humans, in addition to the fact that many 
human symptoms and conditions can be repli-
cated in rats. It is therefore not surprising that 
they have been also used for microsurgical train-
ing [51, 53]. Rats are widely available at low cost 
and have a high resistance to infection [7]. It has 
even been suggested that these rat models are the 
“gold standard” for microsurgical training [7]. 
While this claim might be questionable, live rat 
models do provide a training experience that 
closely resembles that of human vessels [37, 51, 
54]. When comparing different models through 

surveys filled by neurosurgery residents and 
attendings, live rats consistently scored the high-
est and were found to be the most realistic [37, 
51]. Unfortunately, using live animals for train-
ing models raises some issues. Live animals 
require strict adherence to institutional protocols 
in terms of animal welfare. In addition, it requires 
maintaining licensures and proper personnel 
training as well as providing appropriate housing 
for the animals. Further, rat models cannot be 
used outside of specialized labs and are therefore 
not readily available for residents who have lim-
ited time to practice. Added to this, there are ethi-
cal concerns about using a live animal for training 
purpoeses [37]. All these issues make using rat 
models unpractical. In a comparative study, 
Hwang et al. found that while rat models were the 
most realistic, they were less practical than 
chicken wings [51].

Synthetic vessel models are more cost- 
effective, more readily available, and easier to 
handle, store, and maintain compared to animal 
models [6]. Silicone vessels have been used to 
this end. Even though they might not be as realis-
tic as rat vessels, their practicality makes them an 
attractive alternative to biological and virtual 
models. Various designs have been proposed, 
including portable “microvascular training 
cards.” Therefore these models do not necessitate 
a formal setting and are cheap, yet they lack the 
hemodynamic properties and can be tedious to 
set up [35, 55]. They can be used for end-to-end, 
side-to-side, and end-to-side anastomosis. In 
order to replicate the setting of deep anastomosis, 
trainees can work through a plastic box [34, 35]. 
In our opinion simulation needs to be cost- 
effective and amenable to frequent practice. 
These goals are much easier to achieve with syn-
thetic vessels than rat models.

 Validated Assessment Instruments

In a review of the literature pertaining to micro-
surgical training models and assessment tools 
performed in 2012, Dumestre et al. reviewed 238 
articles, of which only 9 articles were eventually 
included due to the absence of validation [56]. 

5 Synthetic Replica for Training in Microsurgical Anastomosis: An Important Frontier in Neurosurgical…



70

Similarly, the same authors performed a  follow- up 
review of the literature in 2014 and out of 261 
articles, included 10 and 1 abstract in their final 
review [46]. This was due to either the fact that 
these articles did not assess microsurgery or 
lacked an assessment tool. The authors concluded 
that while there is a large number of simulation 
models and designs, their utility in resident edu-
cation is limited due to the lack of validation.

Most current assessment tools are either 
directly derived from studies in general surgeries 
or at least based on them. The Imperial College 
Surgical Assessment Device (ICSAD) is a 
motion-tracking device initially used in laparo-
scopic and open general surgery [57–59]. It 
tracks dual-hand motion of the surgeon in three 
planes as well as individual hand movement and 
length of movement. The ICSAD was later vali-
dated for microsurgery by comparing its scores to 
the previously validated Reznick’s global rating 
scales (GRS) showing a decrease in scores with 
an increase in hand movement and distance trav-
eled [60]. There was also a significant difference 
in scores between experienced and novice sur-
geons in terms of hand movement, time to com-
plete task, and path length therefore proving 
construct validity [61, 62].

Multiple variations of the objective structured 
assessment of technical skills (OSATS) have also 
been validated for various specialties, including 
general surgery, ophthalmology, and microvascu-
lar anastomosis [63, 64]. However, the various 
models were not able to address the different 
aspects of validity. Nugent et  al. [64] evaluated 
16 trainees completing microvascular anastomo-
sis and revealed a significant improvement at the 
end of a 5-day course. However, there was obser-
vational bias as the reviewers were not blinded to 
the trainees. In addition, microsurgical skill per-
formance was correlated with psychomotor apti-
tude assessments score only in male trainees but 
not in female trainees [64]. A video-based varia-
tion of the OSATS was validated for basic micro-
surgical suture but failed to prove construct 
validity as no comparison between different skill 
levels was performed [61, 62]. Moulton et  al. 
evaluated 38 junior residents and the effect of dif-
ferent practice methods on the acquisition of 

microvascular anastomosis skill [63]. While they 
were able to prove content validity for microsur-
gical anastomosis, construct validity could not be 
demonstrated due to the lack of comparison 
between surgeons/trainees of different skill 
levels.

The University of Western Ontario 
Microsurgical Skills Acquisition/Assessment 
(UWOMSA) instrument contains two 5-point 
Likert scales, the first assessing knot tying and 
the second evaluating the anastomosis [65]. This 
tool includes assessment for “quality of knot,” 
“efficiency,” “handling,” “preparation,” “sutur-
ing,” and “final product.” Temple et al. were able 
to demonstrate criterion, construct, and content 
validity by evaluating 20 videos of surgical resi-
dents and fellows performing knot tying and 17 
videos of end-to-end and end-to-side anastomo-
sis [65].

Another assessment tool is the structured 
assessment of microsurgery skills (SAMS) devel-
oped by Chan et al. [66]. This method has three 
components including a GRS, an error list, and a 
summative rating (overall performance) as well 
as free commentary box. The authors were able 
to demonstrate construct validity with the consul-
tant surgeon scoring consistently higher than the 
trainees. They also showed predictive validity as 
well as content validity.

 Northwestern Objective 
Microanastomosis Assessment Tool 
(NOMAT)

The previously described models and assess-
ment tools, while relevant to acquisition and 
evaluation of microsurgical skills, were devel-
oped and tested in different specialties such as 
ophthalmology and plastic surgery. The 
Northwestern Objective Microanastomosis 
Assessment Tool (NOMAT) was developed and 
validated specifically for microvascular anasto-
mosis for neurosurgical residents [6, 15, 67]. 
The NOMAT is a 14-item Likert-type objective 
assessment scale based on the OSATS. A vascu-
lar microanastomosis bench module was devel-
oped in the department of neurological surgery 
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at Northwestern University’s Feinberg School of 
Medicine [6]. The initial version of the module 
consisted of performing 1-mm and 3-mm micro-
anastomosis 10-0 nylon sutures (Fig.  5.1). A 
basic microsurgical tool set in addition to a 
microscope is part of the setup (Fig.  5.2). The 
module with the NOMAT was initially tested 
and validated at Northwestern based on a study 
on 21 participants of different levels of expertise. 
The trainees were divided into experienced, 
exposed, and novice. Trainees had to perform 
both the 1-mm and the 3-mm anastomosis and 
were recorded. At the end of the procedure, an 
infusion pump with red dye was attached to the 
vessels to determine the patency of the anasto-
mosis as well as any leaks or any vascular injury. 
The vessels were additionally opened axially to 

assess the quality of the anastomosis. The de-
identified videos were blindly reviewed by expe-
rienced vascular neurosurgeons and scored on 
the NOMAT scale and a subjective rating based 
on the viability of the anastomosis. Construct 
validity was demonstrated after the experienced 
trainees performed significantly better than the 
exposed and novice trainees on the 1-mm mod-
ule [15]. The difference was not significant with 
the 3-mm vessels though. This was thought to be 
due to the fact that the microanastomosis on the 
1-mm vessels is more delicate and complex and 
therefore more sensitive at detecting differences 
in experience. In addition, trainees performed 
the anastomosis on the 3-mm vessels first. 
Experienced trainees might have had a faster 
learning curve and therefore performed better on 

Fig. 5.1 (a, b) 1- and 3-mm vessels with infusion pump 
attachment at each end. (c) The initial microanastomosis 
setup under the microscope. (Used with permission of 

Mayo Foundation for Medical Education and Research. 
All rights reserved)
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the 1-mm vessels after having practiced on the 
3-mm vessels. Further, experienced trainees per-
formed the anastomosis faster with smoother 
movements and a higher efficiency in needle and 
tissue handling as well as knot tying. The subjec-
tive rating correlated well with the NOMAT 
score. To further assess the validity of the 
NOMAT scale, a microanastomosis module was 
set up at the 2014 Society of Neurological 
Surgeons (SNS) boot camp [15]. Fifty-four first 
year residents performed the microanastomosis 
on the 3-mm model and were scored using the 
NOMAT tool by 2 postdoctoral fellows and 1 
experienced microsurgeon (Fig. 5.3). Combining 
the results from this study with the initial 
Northwestern University study, a total of 75 resi-
dents were evaluated. The intra- class correlation 
coefficient revealed high global inter-rater reli-
ability for the NOMAT, which showed that the 
level of expertise of the rater did not affect the 
precision nor the validity of this tool.

The NOMAT was used in different studies, 
further proving its validity [40, 68]. Belykh et al. 
[40] used the NOMAT to evaluate human and 
bovine placental vessels as potential models for 

microvascular anastomosis training. Seventeen 
“trained” participants and 13 “untrained” partici-
pants performed bypasses on a total of 40 
extracted human placental arteries and 10 bovine 
placental veins. The construct validity was dem-
onstrated by a significant difference in the 
NOMAT score between the trained and the 
untrained participants. The face and content 
validity were also demonstrated as the model was 
thought to highly replicate the real-life experi-
ence and was thought to improve microsurgical 
technique based on subjective surveys filled by 
the participants. Further analyzing their results, 
the authors concluded that a score of >50 on the 
NOMAT correlated with a successful perfor-
mance of the microanastomosis.

 Organized Neurosurgery 
and Simulation

Due to the changing nature of practicing medi-
cine, the Congress of Neurological Surgeons 
(CNS) formed a committee in 2010 with a goal of 
“maximizing neurosurgical education to improve 

Fig. 5.2 Basic microsurgical tool set used in the NOMAT module. (Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved)
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patient outcomes with the greatest efficiency and 
safety.” This committee came to be known as the 
CNS Simulation Committee. Its mission is to cre-
ate a comprehensive neurosurgical simulation 
initiative geared toward developing and reform-
ing resident education [8]. The committee 
designed a simulation-based curriculum around 
the six residency core competencies defined by 
the ACGME: patient care, medical knowledge, 
practice-based learning and improvement, inter-
personal and communication skills, professional-
ism, and system-based practice.

The first simulation curriculum was organized 
during the 2011 CNS annual meeting in 
Washington, DC. The curriculum covered three 
main areas: vascular, cranial, and spinal proce-
dures. The vascular curriculum was mainly 
focused on angiography models and later added a 
bypass model (Fig. 5.4). Based on resident and 
participant feedback, the committee then modi-
fied and standardized the educational curriculum. 
The details of the curriculum are beyond the 
scope of this chapter, but briefly, the simulation 
modules had predefined goals and objective as 
requested by the residents. There was a premod-
ule test which was retaken at the end of the 
course. Didactic sessions were also included in 
addition to the technical aspects of the simula-

tion. Using this educational model, vascular 
anastomosis simulation was tested at the 2012 
CNS annual meeting [67]. This module included 
a cognitive and microanastomosis pre-lecture 
test, a didactic lecture, followed by a cognitive 
and microanastomosis post-lecture test. The par-
ticipants were evaluated using the NOMAT. There 
was a statistically significant improvement 
between the pre- and post-lecture testing both in 
the cognitive and technical performance. 
Although the number of participants was small, 
the results of this study reinforced the validity of 
the format of the simulation curriculum as set 
forth by the CNS committee.

The same module was applied to European 
residents at the European Association of 
Neurological Societies resident vascular course 
which was held in Prague, Czech Republic [69]. 
Again using the NOMAT as an assessment tool, 
the study revealed a significant improvement in 
the hands-on technical portion as well as the 
didactic portion of the module. These results give 
more credence to the concept of standardized 
simulation courses and training for residents. In 
fact, a survey of program directors of US neuro-
surgical programs revealed that 72% of program 
directors believe that simulation would improve 
patient outcome with almost half stating that 

Fig. 5.3 (a, b) Participants performing the microvascular anastomosis under the microscope during a microanastomo-
sis course. (Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved)
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 residents should achieve a predefined level of 
proficiency on simulators before working on 
patients [70]. In addition, 74% of responders 
stated that they would make simulation training a 
mandatory part of residency. To further reinforce 
the importance and validity of simulation as part 
of residency training, a survey conducted as part 
of the SNS boot camp for the postgraduate year 1 
residents found a high level of satisfaction and 
knowledge retention of skills acquired during the 
boot camp [71].

 Conclusion and Future Direction

Simulation in neurosurgery is still in its infancy. 
Microvascular anastomosis remains perhaps the 
last frontier of vascular neurosurgery with low 
volumes and high technical complexity. Multiple 
simulation models have been developed using a 
variety of synthetic and biologic material. Each 
model has its benefits and its drawbacks. The per-
fect microvascular anastomosis simulation model 
remains elusive though, and more importantly 
while promising assessment scales such as the 
NOMAT have been tested and validated on small 
numbers of trainees, we still need to correlate the 
scores and the improvement with the perfor-
mance in the OR. While huge strides have been 
made over the last decade, there is still a lot of 

work ahead to enhance resident education 
through validated simulation models and mod-
ules. The inclusion of simulation-based learning 
and curricula in the CNS annual meeting is a 
promising start. Large-scale studies are the next 
step in determining the exact role and effect of 
simulation on resident education, as well as on 
clinical outcomes.
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 Introduction

Surgical training is currently undergoing a 
 paradigm shift from traditional apprenticeship-
based training to increased use of simulation-
based training [1]. This has been driven, in part, 
by concerns for patient safety issues, work hour 
restrictions, and limited training opportunities 
under current apprenticeship models [1]. 
Regardless of method, the acquisition of effi-
cient, reliable, and safely performed complex 
psychomotor skills, in addition to surgical 
judgment to contend with variable anatomy, 
pathology, and potential complications, is para-
mount. Given the increasing public interest in 
physician qualifications, programs such as 
Maintenance of Certification have been imple-

mented to ensure high standards of medical 
practice with the goal of improving care, 
increasing patient safety, and providing better 
cost-benefit ratios. The assessment of key com-
petencies and procedural skills is challenging, 
and a written examination may be insufficient 
in a surgical field as a marker for overall com-
petence [2].

Development of virtual reality simulation- 
based surgical skills has demonstrated improved 
performance and transfer of newfound skills in 
the operating room across multiple specialties 
[3–7]. In the field of laparoscopic surgery, stan-
dardized basic simulated programs such as the 
Fundamentals of Laparoscopic Surgery has 
been incorporated into training curricula and is 
now a prerequisite for certification with the 
American Board of Surgery [7, 8]. Many surgi-
cal specialties have developed unique simula-
tors to suit specialty-specific techniques that 
are required in each respective surgical training 
including, but not limited to, laparoscopy, 
arthroscopy, bronchoscopy, gastrointestinal, 
genitourinary, gynecologic, temporal bone sur-
gery, robotic surgery, and endovascular surgery 
[1, 4, 6, 9, 10].

This chapter will focus on the use of simula-
tion in neuroendovascular surgery. We will first 
review simulator-based training in endovascu-
lar surgery, then discuss modern neuroendovas-
cular simulation devices and the available 
literature on neuroendovascular simulation and 
procedural performance.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75583-0_6&domain=pdf
mailto:tekim@wakehealth.edu
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 Simulation-Based Training 
in Endovascular Surgery

Modern medicine has increasingly evolved 
toward minimally invasive procedures, and the 
mastery of endovascular techniques has become 
crucial in multiple specialties [11]. Catheter- 
based procedures are widely utilized in endovas-
cular surgery and interventional radiology and 
are employed for diagnosis as well as therapy. 
These procedures demand a specialized skill set 
for successful navigation through three- 
dimensional vascular trees using two- dimensional 
on-screen feedback. It can be challenging for 
trainees to acquire this surgical skill set in the 
current apprenticeship model, as interventional 
procedures often allow for just one surgeon at a 
time [11]. Currently, training is carried out pri-
marily in the patient care setting, occasionally 
with increased risk to patient safety [12]. For this 
purpose, virtual reality simulators have been 
developed to assist with endovascular training.

The unique properties of endovascular proce-
dures provide both a blessing and curse for sim-
ulation. On one hand, replicating endovascular 
procedures on a simulator is relatively simple. 
Proceduralists never actually “see” the coils as 
they leave the catheter or the actual movement 
of the catheter or wire, just image representa-
tions on biplanar fluoroscopy. As such, simula-
tors must merely capture catheters and wire 
movements and then produce a visual represen-
tation on a screen that mimics fluoroscopy. 
These factors therefore make simulation of angi-
ographic cases much more simplistic than open 
surgical procedures, because all that is needed is 
wire and catheter input. On the other hand, 
because endovascular skills in real clinical prac-
tice demand mastery of subtle hand motions and 
understanding load on devices and fluid physiol-
ogy, the haptics of capturing subtle hand move-
ments and the effect of blood hemodynamic 
factors on simulated device responsiveness must 
be so much more realistic to make simulation 
effective and realistic. This means that develop-
ing a generic endovascular simulator is rela-
tively straightforward, but designing a realistic 
one may actually be incredibly complex. 

Fortunately, as technology advances, simulators 
are becoming more and more realistic.

Training modules such as the vascular inter-
ventional system trainer [13] developed in 
Sweden have been demonstrated to significantly 
improve operator outcomes in the context of 
lower extremity occlusive disease, cardiac dis-
ease, and carotid disease [11, 14–16]. In a pro-
spective observational cohort study, Lee et  al. 
enrolled 41 medical students in an 8-week elec-
tive vascular surgery course where they were 
trained in renal artery stenting using a high- 
fidelity endovascular simulator [17]. There was 
a statistically significant improvement in proce-
dure time, accuracy, and overall performance 
when comparing pre- and post-training sessions 
[17]. Similarly, Van Herzeele et al. demonstrated 
a statistically significant improvement in the 
performance of 11 experienced endovascular 
interventionalists after attending a 2-day course 
for carotid artery stenting using endovascular 
simulators [18]. Improvement in performance 
can be seen in total procedural times, contrast 
use, cannulation time, and target accuracy [11]. 
These and other studies indicate that training 
with endovascular simulation can improve the 
performance of novice as well as experienced 
interventionalists [19, 20].

See et  al. performed a meta-analysis of the 
endovascular simulation literature and found 23 
trials showing statistically significant improve-
ments in procedure time, fluoroscopy time, and 
contrast volume [21]. Five trials were patient- 
specific procedure rehearsals, demonstrating that 
simulation significantly affected the fluoroscopy 
angle and improved performance metrics, and 
three were randomized controlled trials revealing 
both overall and procedure-specific improve-
ments after endovascular simulator training, sup-
porting the idea that there is a beneficial role of 
simulation in endovascular training [21].

 Neuroendovascular Simulators

There are two currently available approaches in 
neuroendovascular simulation: computerized vir-
tual reality simulators and silicone vascular 
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 models, with or without a circulation pump. VR 
simulators are capable of recording the surgeons 
actions, translating this into a digital performance 
assessment with quantitative evaluation [2]. On 
the silicone vascular flow model, the trainee is 
able to use the material in its dedicated “wet” 
environment allowing practice with every step of 
a procedure.

 Flow Models

The Replicator (Vascular Simulations, 
Stoneybrook, NY; Fig.  6.1) is a replica of the 
human arterial system including a functional 
left side of the heart. This advanced flow model 
replicates individual patients’ anatomy and 
pathology, which can be used to perform and 
practice neuroendovascular procedures prior to 
clinical treatment. It duplicates the cardiac cycle 
with a functional left atrium and ventricle, and 
“blood flow” passes through a silicone aorta 
with compliance that recreates the waveforms of 
a human aorta. The cervical vessels arising from 
the aortic arch and cerebral vasculature are 
made from imaging studies of the actual patient, 
and their pathology, such as an intracranial 

aneurysm, can be recreated. Additional modules 
are underdevelopment, including stroke, carotid 
stenosis, cerebral arteriovenous malformations, 
abdominal aortic aneurysms, and aortic and 
mitral stenosis.

Less sophisticated flow models also exist 
(Video 6.1), with silicone circuits filled with 
saline with various pathologies (most commonly, 
cerebral aneurysms), which allow for use under 
direct vision, or fluoroscopy, to practice using 
different technologies such as coils, stents, flow 
diverters, and embolic agents (Fig.  6.2). These 
have the benefit of being easily portable and are 
fairly reasonable and are often used to introduce 
new interventional products to interventionalists, 
who can practice the deployment of new stents 
or compare different coils head-to-head. They do 
have the drawback of absent pulsatile flow, and 
the absence of catheter stability from the usual 
femoral arterial access spanning the vascular 
tree, with redundant catheter eliminating the typ-
ical one-to-one tactile feedback that is necessary 
for precise movement deployment. Arthur et al. 
observed a shortened learning curve with use of 
advanced techniques in a high-fidelity simula-
tion environment such as the Replicator, without 
compromising patient safety [22, 23].

Fig. 6.1 The Replicator simulator (with permission from Vascular Simulations, LLC)

6 Endovascular Surgical Neuroradiology Simulation
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 VIST- C: Vascular Intervention 
Systems Training (Mentice, Goteborg, 
Sweden)

The VIST-C system (Mentice, Goteborg, Sweden) 
is an endovascular interventional simulator that 
has a wide variety of applications, from femoral, 
iliac, aortic, renal, carotid, coronary, to intracere-
bral vessel simulation (Fig. 6.3). It is a portable, 
high-fidelity endovascular simulator (Video 6.1). 
This system makes use of actual endovascular 
catheters and wires engaged along internal track-
ing wheels that are introduced through a port, 
capturing fine movements of the catheter in all 
planes [24]. Virtual contrast is simulated by the 
injection of air by a syringe, and advanced hap-
tics provide sensory feedback using force feed-
back technology [25]. There are a wide variety of 
training scenarios with actual devices and equip-
ment used in clinical practice to challenge the 
learner’s technical skills, clinical decision- 
making abilities, and procedural proficiency.

 ANGIO Mentor: Simbionix (3D 
Systems, Littleton, CO)

The Simbionix ANGIO Mentor system (3D 
Systems, Littleton, CO) provides an interactive 

biplanar fluoroscopic display for both diagnos-
tic and interventional case scenarios. The sys-
tem is able to incorporate a wide variety of 
sheaths, diagnostic catheters, and guide wires 
and measure their unique mechanical proper-
ties in constructing the simulation [26]. The 
system uses the mechanistic properties of the 
catheters and wire such as shear and Young’s 
modulus, to measure the wire manipulations by 
tracking horizontal translation and rolls at a 
fixed position, and translates this visually onto 
the screen [26]. Vessels exert varying forces to 
keep the catheter intraluminally, and software 
calculates the collision forces of the catheter 
into the vessel wall [26]. This combined infor-
mation allows the system to simulate the posi-
tion of the catheter in the vessel by calculating 
values such as angulation, friction, and forward 
loading, for high-end haptic feedback, which 
realistically mimics actual endovascular 
interventions.

The system features over 23 different endovas-
cular procedures and 158 patient scenarios and 
spans multiple disciplines, including interven-
tional cardiology, interventional radiology,  
vascular surgery, cardiothoracic surgery, electro-
physiology, interventional neuroradiology, 
trauma, and neurosurgery. The PROcedure 
Rehearsal Studio (3D Systems, Littleton, CO) can 

Fig. 6.2 A silicone flow 
model device with saline 
pump and simulated 
aneurysms
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be used to prepare for upcoming interventions 
creation of a patient-specific 3D model based on 
scanned images. This 3D model can be exported 
to a virtual simulation environment or physically 
printed by 3D printers, for the purpose of simulat-
ing, analyzing, and evaluating surgical treatment 
options.

 Compass: Medical Simulation 
Corporation (Medical Simulation 
Corporation, Denver, CO)

The Compass (Medical Simulation Corporation, 
Denver, CO) is a more portable endovascular 
simulator. It fits into a single case similar to a 
rolling suitcase and can be checked as luggage 
on an airplane. It can be set up within minutes 
and used on a conventional table for single use 
on a high-fidelity screen or projected to a large 
screen display for large group training. Tactile 
feedback is provided with anatomical variations 
and upon device deployment. A tablet is used to 
control elements such as contrast injection or 
C-arm movement.

 Endovascular Simulation 
in Neurosurgical Training

Endovascular techniques are a skill set entirely 
separate from that of “open” neurosurgical tech-
nique. While traditional neurosurgical residency 
focuses on the use of two-hand instrument and 
suction techniques under direct visualization 
(and often with the aid of magnification), endo-
vascular procedures involve the subtle manipu-
lation of wire and catheter with the results 
visualized on a monitor. While both techniques 
require considerable repetition to master, impor-
tantly mastery of endovascular techniques is not 
predicated on proficiency in open neurosurgical 
techniques and vice versa. While this fact seems 
obvious as interventional neuroradiologists and 
neurologists perform endovascular surgeries, it 
represents an important distinction in 
 neurosurgical training. Importantly, the lack of 
prerequisite skills means that trainees may learn 
and practice these skills at any point in their 
training. This is unlike many other specializa-
tions within neurosurgery. For example, con-
sider neurosurgery residents that would like to 

Fig. 6.3 The Mentice simulator with simulated table and foot pedal controls (not shown)
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complete an open cerebrovascular microsurgery 
fellowship to acquire mastery in vascular micro-
neurosurgery. Before being a suitable fellow 
where surgical nuance can be learned, applicants 
must first master general neurosurgery to pro-
vide a foundation on which new skills can be 
acquired. Therefore, in-folded fellowships 
where inexperienced residents attempt to learn 
complex microneurosurgery are not feasible. 
However, endovascular skills do not require a 
foundation of neurosurgical skill and can there-
fore be learned at any point during neurosurgery 
residency training. The fact that medical stu-
dents, residents, and even fully trained attending 
neurosurgeons may potentially be equally 
equipped to acquire endovascular skills means 
that there is a potential role for endovascular 
simulator learning across the entire training 
spectrum. This may widen the applicability of an 
endovascular simulation and may maximize 
yield for departments looking to employ simula-
tion in their residency training program.

While there is increasing utility of simulation 
in residency training in interventional radiology 
and general surgery, simulation in neurosurgical 
training is lagging slightly behind that of other 
specialties [24]. However, pilot projects of endo-
vascular simulation show excellent utility for this 
training modality [24]. With the primary objec-
tive of providing education in the fundamental 
principles of angiography, anatomy identifica-
tion, catheter selection, fundamentals of catheter 
and wire interaction, reducing radiation expo-
sure, and basic angiography, Fargen et al. demon-
strated that a hands-on simulator course (VIST-C, 
Mentice, Goteborg, Sweden) for neurosurgery 
residents with no prior experience increases per-
formance and trainee knowledge, creating a via-
ble means to train residents early on [24]. Pre- and 
post-training tests, including general principles 
of angiographic anatomy, procedures, and indi-
cations, as well as objective data including fluo-
roscopy time, time to target vessel cannulation, 
and volume of contrast used, all showed a statis-
tically significant improvement [24].

Another neurosurgical pilot study by Spiotta 
et  al. used the Simbionix system (Simbionix 
USA Crop, Cleveland, OH) to assess the utility 
of endovascular simulation in neurosurgical 

residents and fellows with varied experience 
[26]. Each participant was asked the number of 
angiograms performed and their knowledge of 
the aortic and cervical vascular anatomy, along 
with their level of comfort on catheter selection 
and technique [26]. Residents with limited prior 
experience were given a short didactic presenta-
tion regarding basic anatomy of the aorta and its 
branches, properties, and geometry of diagnos-
tic catheter and guide wires, basic technique of 
crossing the arch, and selective catheterization 
[26]. The residents reported a paucity of expo-
sure to cerebral angiograms (50% having never 
observed one, 2 with <5 observed, and 1 with 
>10 observed) [26]. All fellows had performed 
more than 100 cases [26]. Regardless of prior 
exposure to angiography, all participants, both 
residents and fellows, showed an improvement 
in the trials as demonstrated by fluoroscopy 
times [26]. There were no serious simulated 
complications during the training session, 
although residents with little prior exposure 
were noted to perform occasional “dangerous” 
maneuvers, which were corrected with real-time 
instruction [26].

A similar study format was used to assess 
training residents in more complex aortic arch 
anatomy using a secondary curve catheter [27]. 
The training protocol started with a 5-min didac-
tic session covering basic and complex aortic 
arch anatomy using a primary and secondary 
curve catheter and consisted of five trials with 
all participants showing a statistically signifi-
cant improvement in overall time required for 
selective catheterization using a Simmons II 
catheter [27].

Building off of these pilot studies, a 120-min 
simulator-based training course was performed 
at two subsequent Congress of Neurological 
Surgeons (CNS) annual meetings [24]. Pre- 
course written and simulator skills assessments 
were performed in 37 neurosurgical trainees, 
followed by instructor-guided training on an 
endovascular simulator. Post-course written and 
simulator practical assessments were then per-
formed. Posttest written scores were signifi-
cantly higher than pretest scores (p  <  0.001), 
and instructor assessments of practical posttest 
scores of participants were significantly higher 
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than pretest practical scores for both the CNS 
2011 and CNS 2012 groups (P < 0.001), again 
indicating that simulation may be an effective 
method of teaching certain neuroendovascular 
skills [22].

Ernst et  al. assessed key competencies and 
analyzed associations between the clinical expe-
rience, knowledge, and technical skill [2, 28]. All 
participants were European interventionalists 
(N = 26) who performed a middle cerebral artery 
(MCA) M1 segment thrombectomy for acute 
stroke and embolized a posterior communicating 
artery aneurysm on the ANGIO Mentor (3D 
Solutions,) after a brief didactic session. The 
Replicator (Vascular Simulations, Stony Brook 
NY) was used for embolization of a MCA bifur-
cation aneurysm with an intra-saccular flow dis-
rupter (WEBTM Aneurysm Embolization 
System, Sequent, California) [28].

This study provides an example of a curricu-
lum that reasonably and cost-effectively assesses 
certain competencies of a neuroendovascular sur-
geon in terms of theoretical knowledge and prac-
tical skills. Time of work experience does not 
guarantee clinical judgment or expertise; how-
ever, there are significant associations between 
theoretical knowledge and practical skills [2]. 
Moreover, technical knowledge (i.e., material 
and techniques) does seem to be associated with 
technical skill in aneurysm coiling and thrombec-
tomy [2]. The assessment of procedural skills by 
the use of endovascular simulators has proven to 
be a feasible approach to yield objective data for 
evaluating technical competency [2].

 Benefits and Limitations

Neuroendovascular surgery is now a clear compo-
nent of neurosurgical residency training. Recently, 
there has been increasing emphasis placed upon 
inclusion of neurointerventional surgical skills 
within the core neurosurgical competencies, man-
ifested by an increase in the Residency Review 
Committee case minimums and focus on angio-
graphic skills and knowledge in Intern Boot 
camps and the written and oral board examina-
tions. Therefore it is important that resident  
training programs incorporate new methods of 

educating trainees in neuroendovascular surgery 
while being compliant to work hour restrictions 
and not sacrificing training in other areas of neu-
rosurgery [24].

Use of simulation in endovascular training has 
risen sharply, and technological advances in sim-
ulation now more closely resemble real clinical 
scenarios [24, 29, 30]. New devices with aug-
mented reality simulation, combine simulation 
with real-world surgical devices, provide haptic 
feedback and with close resemblance to actual 
endovascular surgery [24]. Additionally, systems 
can now recreate actual patient anatomy and 
pathology, with can be used to size devices and 
practice treatment configurations prior to actual 
patient treatment. The literature demonstrates a 
correlation between technical skill on a simulator 
and clinical endovascular experience [19, 31–
33], suggesting that currently available simula-
tors mimic clinical conditions closely enough to 
translate into improved clinical skill [33]. 
Furthermore, there is data that shows even skilled 
interventionalists have continued benefit from 
simulation courses [24].

One of the greatest benefits of simulation is 
repetitive practice in a risk free environment. 
Learning of sequential steps, with the ability to 
repeat after correction of any mistake, is a key 
component to successful technical skill. 
Simulation allows for education without risk to 
patient safety, cost of medical equipment, or lab 
costs and time constraints. This type of learning 
environment is both beneficial and efficient. 
Simulators have several other advantages, in that 
they do not require radiation dose and are cus-
tomizable on a case-by-case basis. Similar to 
other disciplines, there is a strong suggestion that 
skills acquired on the simulator might be trans-
ferable to the real patients in the angiography 
suite [2, 26, 34, 35].

However, there remain significant limitations 
to simulation-based training. Skills such as mate-
rial preparation outside the patient cannot be 
trained and assessed by simulators [2]. 
Availability and cost remain large limitations, 
and to date, the haptic feedback, while signifi-
cantly improved from previous generations of 
simulators, is still not exactly that of real-world 
experience. Importantly, electronic simulators 
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do not yet have a means of adequately simulating 
a fluid medium that incorporates blood stasis, 
contrast injection, or flushing. A key skill set in 
endovascular technique, particularly for learn-
ers, is the prevention of air or clot embolism. 
Inadvertent injection of air or stagnation of blood 
in a catheter with resultant embolism may have 
dire consequences to patients. Focus on perfect 
technique in the presence of a hazardous fluid 
medium is an integral component of learning 
neurointerventional techniques. Unfortunately, 
every electronic simulator does not yet have the 
capability to teach learners this critical skill set. 
Additionally, because the simulation setting is a 
risk free environment and often goes unsuper-
vised by faculty, poor technique may fail to gen-
erate real clinical consequence and may foster 
poor habits if no proper feedback is provided to 
the trainee [24].

 The Future

Future studies are needed to confirm the efficacy 
of simulation in endovascular surgical training 
and to probe whether simulation is a useful 
adjunct to traditional training in the endovascu-
lar lab. Furthermore, research is needed to vali-
date whether skills acquired on the simulator are 
transferrable to the clinical setting, and if simu-
lator training actually improves safety and qual-
ity of patient care. The accuracy of the simulator 
is of utmost importance for quality training to 
take place with the use of neurosimulation plat-
forms. A further step from just using the simula-
tor as a training module is to use the simulator to 
“practice” difficult cases before the actual pro-
cedure. The high-fidelity simulation platform 
would be ideal for a “trial” treatment of many 
vascular conditions to assess the quality of the 
planned procedure; however, one must keep in 
mind that this is under the assumption that the 
simulator is an accurate depiction of in vivo con-
ditions. It is an exciting time for neurosimula-
tion with many more developments to come that 
would further advance endovascular treatment 
of neurovascular conditions.
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Abbreviation

STA Superficial Temporal Artery
IACUC  Institutional Animal Care and Use 

Committee

 Introduction

Cerebral arteries differ from arteries in the  
extracranial vasculature by having a thinner wall 
and by lacking an external elastic membrane. 
These differences make intracranial vessels more 
susceptible to certain vascular pathologies [1], 
such as moyamoya disease, atherosclerotic 
occlusions, intracranial aneurysms, and arterio-
venous malformations. Each of these pathologies 
poses unique surgical challenges, and cerebro-

vascular neurosurgeons must be proficient in the 
microsurgical treatment of all of them. As a 
result, neurosurgeons must become proficient in 
a large number of complex microvascular surgi-
cal skills. Furthermore, these skills are often 
needed in emergent situations, in which the dif-
ference between a good and a poor outcome can 
be measured in seconds and minutes; thus, devel-
oping speed is also essential. Microvascular tech-
niques must therefore be developed in advance 
so that the neurosurgeon is prepared when pre-
sented with a cerebrovascular problem or emer-
gency. However, given the increasingly regulated 
work- hour rules for residents, the demand on 
training centers to deliver faster care, and the 
increasing number of patients being treated by 
endovascular techniques, it can be difficult for 
residents to obtain the practical experience nec-
essary to become proficient in these techniques. 
Therefore, simple and accessible models for 
microvascular training are increasingly provid-
ing a key means to develop, refine, and preserve 
this surgical skill set.

Developing adequate simulation models for 
cerebrovascular procedures requires replication 
of the peculiarities of the surgical environment. 
Such situational conditions include a craniotomy 
that limits surgical freedom and provides a sur-
face for hand support, narrow surgical corridors 
with or without [2] brain retractors, eloquence of 
the surrounding brain, fragility and softness of 
the surrounding brain tissue, and the presence of 
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cerebrospinal fluid. Another important dimension 
in the surgical environment is timing, as most 
cerebrovascular procedures are a race against 
time because temporary clips or vessel 
 compromise can result in irreversible brain isch-
emia or stroke. Small perforating arteries contrib-
ute an additional layer of complexity to the 
surgical environment.

In addition to these anatomical variables, the 
microsurgical environment presents specific 
dynamic conditions, such as surface tension, 
magnetism, tensile strength of adventitia, adhe-
sions, and contractility of vessels. Finally, the 
tools of the neurosurgeon must be considered; 
these include the operating microscope, long 
bayoneted instruments, microdissectors, and 
other instruments unique to microsurgery. 
Together, these variables create an environment 
with which all neurosurgeons must become 
familiar before being able to safely perform intra-
cranial microsurgical procedures.

It is a well-accepted rule that microanasto-
mosis skills should be perfected in the labora-
tory before being applied during surgery on a 
real patient. Participating in a microsurgical 
training course and learning basic microsurgical 
skills and principles should serve as the starting  
point for further training in the laboratory. 
Microanastomosis practice should consist of 
three integral parts. First, trainees should attend 
an annual microsurgical course, where they can 
learn new techniques on high-fidelity models, 
with expert faculty assistance readily available. 
During future courses, trainees can reassess 
their techniques and experience gained during 
the past year and get coaching and feedback 
from experts. Second, they should perform 
daily self-driven exercises on readily available 
models [3]. Simple biological or artificial mod-
els can be used for this useful approach to main-
taining and improving basic microsurgical 
techniques (Fig. 7.1). Third, they should prac-
tice microsurgery in the operating room where 
learned techniques should be safely applied to 
dissect the arachnoid membrane, handle cere-
bral arteries and veins, and suture microvascu-
lar anastomoses. This combination of teaching 
modalities represents an ideal algorithm for 

training and maintenance of manual skills 
(Fig. 7.2). A number of training models exist for 
daily self-driven practice, including both dry 
and wet materials representing low-fidelity and 
high-fidelity simulations, respectively. Training 
with these models should be developed in a 
graduated fashion, beginning first with dry 
material before progressing to wet training on 
biological simulation models. This chapter 
focuses on biological simulation models for 
microvascular surgical training.

 Laboratory for Biological Models

The addition of biological models to resident 
laboratory education requires adequate facilities 
with the necessary equipment, supplies, and 
material for safely handling and disposing of 

Fig. 7.1 Microvascular surgery practice on a pla-
centa  model during the bypass course  at Barrow 
Neurological Institute. (Used with permission from 
Barrow  Neurological  Institute, Phoenix, Arizona)

E. Belykh et al.
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human and animal tissue. In a survey of 100 US 
neurosurgical residency programs (65% response 
rate), 95.4% of residency program directors 
believed that a dissection laboratory should be an 
obligatory component of a neurosurgical training 
program [4]. In addition to using the laboratory 
to learn microsurgical anatomy, trainees can use 
it to safely gain proficiency and comfort working 
under the operating microscope with microsurgi-
cal instruments. The laboratory should comply 
with institutional regulations, and when possible, 
it should be located near other research depart-
ments for collaboration and to decrease costs via 
shared equipment. Surgical rooms with addi-
tional appropriate equipment and resources are 
necessary for animal survival experiments and 
for work with larger laboratory animals.

Although the list of necessary laboratory 
equipment varies by the type of training being 
conducted, basic neurosurgical instruments and 
operating microscopes should be standard. 
Additional standard equipment includes a work-
ing table; a sink with a water faucet; good venti-

lation; shelves for books, instruments, supplies, 
and educational materials; and cabinets for 
chemicals.

Ideally, a neuroscience research laboratory 
should include a sterile operating room for sur-
vival experiments on small and large animals, 
an angiography suite for endovascular research 
and training, a skull base laboratory for anatom-
ical studies, and a laboratory for interdisciplin-
ary basic science projects and cell work. 
Additional facilities may include a room with 
computer workstations for trainees to use, walk-
in freezers to store cadavers, an autoclave and 
instrument cleaning room, a conference room, a 
large dissection hall for instructional courses, 
and staff offices. There also may be a practice 
laboratory that contains the necessary equip-
ment for basic microsurgical training on both 
silicone and biological models (such as turkey 
wings or chicken wings) [5]. This practice labo-
ratory provides a convenient and rapidly avail-
able setup for training that could be performed 
almost every day [3].

Fig. 7.2 Algorithm of 
microneurosurgical 
manual skill training. 
The training begins with 
dry suturing training, 
followed by annually 
repeating courses that 
include a bypass course, 
and a microsurgical 
anatomy and surgical 
approaches to the brain 
course. Ideally, rapidly 
available practice 
modules are placed in 
the residents’ room 
for individual 
practice. Finally, 
microneurosurgical 
manual skills are refined 
and combined with 
the knowledge of 
microsurgical anatomy 
in the operating 
room. (Used with 
permission from Barrow 
Neurological Institute, 
Phoenix, Arizona)
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 Ethics When Working 
with Biological Models

All research, education, and training on biologi-
cal models, including live and nonlive laboratory 
animals and human tissues, should be conducted 
appropriately, respectfully, and in accordance 
with the protocol approved by the dedicated insti-
tutional committee. Protocols that include rats 
and other laboratory animals should be approved 
by an institutional animal care and use committee 
(IACUC). Protocols for placenta usage should be 
approved by an institutional review board. 
Obtaining appropriate training for personnel who 
are going to work with laboratory animals is an 
absolute necessity before the trainees undergo 
actual laboratory training. Such training is usu-
ally organized by the institution, but it can also be 
completed online, such as through the 
Collaborative Institutional Training Initiative 
(https://www.citiprogram.org/).

 Microsurgical Practice on Poultry 
Arteries

Fresh or frozen poultry are an excellent source of 
small vessels for microvascular practice. Chicken 
wing arteries were initially used for anastomosis 
practice after a report by Hino [6]. Later, arteries 
from turkey wings were used, and they are now 
preferred because the arteries are longer and of 
larger diameter than those from chickens 

(1.47 ± 0.14 mm in the turkey vs 1.07 ± 0.25 mm 
in the chicken) [5]. These vessel dimensions 
closely resemble those of human middle cerebral 
and superficial temporal arteries (Fig.  7.3) [5]. 
Carotid arteries from the turkey neck can also be 
conveniently used [7]. Poultry arteries can be 
catheterized in situ [8] or dissected out and then 
connected to a pressurized line or syringe to sim-
ulate blood flow.

A vessel that is 4–6 cm in length and 1.5 mm 
in diameter is useful for a wide spectrum of 
microvascular exercises, including all types of 
anastomoses (end to side, end to end, and side to 
side), microsurgical creation of aneurysms, and 
aneurysm clip application. The chicken wing can 
also be used to practice dissection skills under 
endoscopic visualization [9]. We have also suc-
cessfully used small-diameter (1.5 mm) arteries 
from turkey wings to practice the manipulation 
and suturing of arteries under three-dimensional 
endoscopic visualization.

Several properties of dead nonhuman tissues 
must be considered when these tissues are used in 
microsurgical training. Differences in the vessel 
wall structure of the human cerebral arteries and 
the animal peripheral arteries provide different 
tactile feedback. Nonetheless, such biological 
models provide much greater fidelity than artifi-
cial models. Another important consideration is 
that small poultry arteries can become dry and 
stiff much faster and more readily than arteries in 
live models, thus requiring frequent moistening. 
Isotonic solutions are better than plain water for 

Fig. 7.3 Turkey wing model for microvascular practice. 
(a) Overview of dissected artery. (b) Completed end-to- 
side anastomosis. ((a) is used with permission from 

Barrow Neurological Institute, Phoenix, Arizona; (b) is 
used with permission from Abla et al. [5])

E. Belykh et al.
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moistening chicken and turkey tissue specimens 
because the water leads to tissue swelling.  
A moistened cottonoid placed close to the work-
ing area can help to keep the area wet, and it will 
prevent excessive pooling of liquid. Poultry tissue 
can be frozen and thawed several times; however, 
it will increasingly become soft and flabby, which 
decreases its simulative quality. This model is 
convenient for biological training because it is 
easily accessible from commercial vendors to 
consumers (e.g., grocery stores), only a short time 
is needed to dissect the vessel and begin practice, 
and no regulatory supervision is necessary from 
an IACUC or an institutional review board.

 Microsurgical Practice on Placental 
Vessels

Human placenta is one of the most realistic bio-
logical models on which to practice microsurgi-
cal tasks on small vessels (Fig. 7.4). The average 
human placenta weighs 500 g and has two sur-
faces, a fetal surface and a maternal surface. The 
fetal surface is covered by a thin amniotic layer 
that resembles the arachnoid membrane. Arteries 
and veins diverge radially from the place of the 
umbilical cord attachment on the fetal surface 
beneath the amniotic membrane.

A study comparing the quantitative histologic 
properties of human and bovine placentas showed 
that they are adequate substitutes for tissue mod-
els of brain vasculature [10]. This study found that 

the diameter of distal human placental arteries 
closely approximates the size of the M2–M4 seg-
ments of the middle cerebral arteries and the 
superficial temporal artery (STA) (Fig. 7.5). The 
thickness of the arterial media layer of 1-mm 
diameter distal placental arteries approximates 
the dimensions of the media layer of the M4, and 
the thickness of the media layer of 1.8-mm diam-
eter placental arteries approximates the dimen-
sions of the media layer of the STA. In addition, 
reticular fiber layers of placental arteries approxi-
mate those of arteries in the cerebrovasculature. 
The thickness of the reticular fiber layers of distal 
placental arteries approximates the thickness of 
the reticular fiber layer of the M4, and the thick-
ness of the reticular fiber layers of 1.8-mm diam-
eter placental arteries approximates the 
dimensions of the reticular fiber layers of the 
STA. The same study examined the differences 
between trained neurosurgeons and untrained 
course participants when using this model, and 
data confirmed the validity of the placenta model 
as a microvascular anastomosis training tool [10].

Most hospitals have maternity departments 
from which screened placentas can be obtained. 
Preparation of a placenta for microsurgical train-
ing takes approximately 5  min and includes 
removing the excess amniotic membranes, wash-
ing to remove excess blood, and catheterizing 
and flushing the two arteries and the vein of the 
umbilical cord. Additional preparation may 
include the creation of aneurysms on the placen-
tal vessels by inserting and inflating endovascular 

Fig. 7.4 Human 
placenta model for 
microvascular practice. 
The placenta is cleaned 
and connected to 
pressurized flow. 
Microdissection is 
practiced with a suction 
device and a bipolar 
device. (Used with 
permission from Barrow 
Neurological Institute, 
Phoenix, Arizona)

7 Biological models for microanastomosis training
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balloons. Placentas can also be connected to 
pressurized containers of colored dye to make the 
arteries look and feel perfused. Additionally, two 
or more placentas can be stacked to simulate 
working through a narrow corridor, mimicking 
cerebral surgery.

The placenta model as a material for microsur-
gical practice has recently gained attention. 
Multiple reports describe exercises using it, such 
as various microvascular anastomoses (Fig. 7.6) 
[10, 11], aneurysm creation and subsequent clip-
ping (Fig. 7.7) or wrapping (Fig. 7.8) [12, 13], and 
simulation of brain tumor microdissection [14].

The major advantage of this model is that the 
fresh human placenta has all the tensile proper-
ties of human tissue. Moreover, arteries on the 
fetal surface of the placenta are quite similar to 

Fig. 7.5 A dissected 
segment of a human 
placental artery. (Used 
with permission from 
Barrow Neurological 
Institute, Phoenix, 
Arizona)

Fig. 7.6 Completed end-to-side anastomosis of the  
placental arteries. Self-retaining retractors are used to cre-
ate a working corridor through the overlying second pla-
centa. (Used with permission from Barrow Neurological 
Institute, Phoenix, Arizona)

Fig. 7.7 Simulation of an aneurysm clipping using a  
placental artery, with a corridor through a second placenta 
used to simulate a craniotomy and the transsylvian 
approach. (Used with permission from Barrow 
Neurological Institute, Phoenix, Arizona)

Fig. 7.8 Clip-wrapping technique practice using a  
placental artery. (Used with permission from Barrow 
Neurological Institute, Phoenix, Arizona)

E. Belykh et al.
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human cerebral arteries, and they are covered 
with the amniotic membrane, which allows a 
similar experience to working with cerebral ves-
sels that are covered with arachnoid membrane 
(Fig.  7.9). The walls of placental and cerebral 
arteries have similar histologic structures. The 

limitations of the placental model include 
restricted usage time (usually about 1–2 weeks). 
A placenta can and should be used numerous 
times or by numerous trainees before it begins to 
decay and has to be discarded. In addition, human 
placentas carry a risk of infection; donors should 
be adequately screened before obtaining their 
consent for use of the placenta, and exposure of 
the trainees should be minimized by the use of 
blood-proof gloves, gowns, and splash protec-
tion. A final limitation of the placental model is 
that it does not simulate human brain anatomy or 
cerebrospinal fluid.

Bovine placentas can also be used as a bio-
logical model, and they afford a plethora of 
vessels for training. The average bovine pla-
centa weighs about 5 kg and consists of about 
100 cotyledons distributed on the amnionic 
membrane that are connected with the umbili-
cal cord by long arterial and venous vessels of 
various diameters (Fig.  7.10). The large pla-
cental branches are similar in size to human 

Fig. 7.9 Sharp dissection of the thin amniotic membrane, 
which resembles dissection of the arachnoid membrane. 
(Used with permission from Barrow Neurological 
Institute, Phoenix, Arizona)

Fig. 7.10 Examples of several vascular segments  
dissected from a single bovine placenta, including sepa-
rate cotyledons (a) and long small-diameter branches (b) 
that approximate a radial artery graft. Larger vascular  

segments (c) approximate human carotid arteries. (Used 
with permission from Barrow Neurological Institute, 
Phoenix, Arizona)

7 Biological models for microanastomosis training
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carotid arteries, and the small placental arteries 
approximate the size of the human radial artery, 
which is frequently used as a vascular graft in 
neurosurgical bypasses.

Bovine placental arteries can successfully 
be used as a biological model to simulate 
carotid endarterectomies [15] or complex 
bypass procedures that include anastomosing 
arteries of different sizes. Cotyledons of bovine 
placenta can be dissected from the surrounding 
tissue to simulate dissection of arteriovenous 
malformations from brain parenchyma 
(Fig. 7.11). Each cotyledon is a rich tree of vas-
culature with several “feeders” and outflow 
vessels that should be recognized during 
removal. Resection is performed in a circum-
ferential fashion, similar to actual arteriove-
nous malformation surgery.

 Microsurgical Practice 
on Laboratory Rats

The common laboratory rat is an excellent model 
for practicing microsurgical skills and has been 
used for this purpose for decades. Microsurgical 
practice using laboratory rats is possible after 
IACUC approval and special training on how to 
work with and care for laboratory animals. 

Appropriate laboratory and animal-keeping facil-
ities are required, as well as anesthetic drugs and 
a restriction table, in addition to the standard 
microneurosurgical instrument set. Anastomosis 
practice is usually performed as a termination 
procedure; however, a survival protocol may also 
be implemented.

Carotid arteries, jugular veins, aortas, vena 
cava, and iliac arteries of adult rats are typically 
used for microanastomosis practice (Fig. 7.12). 
Arterial aneurysms can also be surgically created 
by suturing blunt vessel segments in an end-to- 
side fashion [16]. Neurosurgical bypasses are 
usually created on vessels 1–2  mm in  
diameter, which corresponds to the size of the 
carotid arteries of a rat (Fig. 7.13). Anastomosing 
vessels that are less than 1 mm in diameter, such 
as the femoral vessels of the rat, are less relevant 
for neurosurgical procedures, but the additional 

Fig. 7.11 Simulation of the arteriovenous malforma-
tion dissection on the cotyledon of fixed bovine pla-
centa. The nodule of vessels is partly dissected from the 
surrounding tissue with preserved feeding vessels. (Used 
with permission from Barrow Neurological Institute, 
Phoenix, Arizona)

Fig. 7.12 Anesthetized rat placed on a specialized board. 
The skin near the incision areas is shaved. Projections of 
the vessels that are commonly used for microsurgical 
practice are shown. (Used with permission from Barrow 
Neurological Institute, Phoenix, Arizona)
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challenge will improve surgical skill in working 
with small vessels.

The main advantage of the rat model is its 
unique opportunity to assess the functional out-
come of the anastomosis under physiological 
conditions, including bleeding, thrombosis, 
appropriate use of anticoagulants, and arterial 
spasm. Working with a live biological model 
may also provide a more stressful situation than 
a nonlive model, making it closer to the actual 
operating room experience. However, the histo-
logic properties of the rat’s arteries and veins 
differ from human cerebral vessels because they 
are peripheral vessels and have a thick adventi-
tial layer.

The disadvantages of this model include the 
necessity for strict adherence to the approved 
protocol, adequate facilities to work with ani-
mals, and the need for drugs and specialized sur-
gical equipment with their associated costs. 
Therefore, we recommended that young neuro-
surgeons and residents participate in research 
projects that require microsurgical procedures on 
small laboratory animals. Additionally, they can 
practice microanastomosis on laboratory animals 
that have been euthanized according to experi-
mental protocols; this is in accordance with the 
“reduction” principle of ethics.

 Human Cadaveric Heads as a Model 
for Bypass Procedures

Practicing neurosurgical dissections on fixed and 
color-injected cadaveric heads (Fig. 7.14) is prob-
ably the best way to learn surgical neuroanatomy. 
In addition, practice on cadaveric heads may be 
skill oriented. Several modifications have been 
proposed to increase the similarity of cadaveric 
heads to live surgery. These modifications include 
the use of light fixation to allow brain retraction, 
simulation of the pulsatile flow in blood vessels 
by cannulating vessels and attaching the tubing to 
a peristaltic pump, and simulation of cerebrospi-
nal fluid flow by inserting a catheter in the sub-
arachnoid space [17].

Whole cadaveric heads are not always  
available, so donated cadaveric brains with pre-
served carotid and vertebral arteries can be used for 
microvascular practice [18]. Cerebral veins and 
sinuses are usually damaged during brain extrac-
tion and are difficult to preserve. It is important to 
cannulate all four major arteries and flush out all 
blood and thrombi with a large volume of tap water 
as soon as possible after death. Washing can be 
done with large syringes. However, excess pressure 
should be avoided to prevent arteries from bursting. 
After light fixation, brains with preserved vascula-

Fig. 7.13 Microvascular practice on the right carotid 
artery of the rat. (a) The common carotid artery and bifur-
cation are dissected. (b) Two end-to-side anastomoses are 
created, forming a loop by using arterial graft harvested 

from the contralateral carotid artery. (Used with permis-
sion from Barrow Neurological Institute, Phoenix, 
Arizona)
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ture may be used not only for learning anatomy but 
also for simulating arterial anastomoses on differ-
ent arterial segments and for aneurysmal clip appli-
cation in an anatomically relevant environment. 
Placed in an artificial or real cranium, this model 
suitably simulates the technical challenges of 
actual human intracranial bypass procedures [19].

The main advantage of human cadaveric 
models for surgical training is their anatomical 
and tactile similarity to human brain tissue, with 
the possibility for simulating an entire procedure 
and not just the anastomosis itself. Such “live 
cadavers” have been used to simulate and prac-
tice high-flow extracranial-intracranial bypass 
procedures [20]. Limitations of such comprehen-
sive cadaveric models are the significant cost, 
effort, and time required for preparation, man-
agement, and documentation.

 Benefits of Available Biological 
Models

Biological models are most similar to human tis-
sue in task-related conditions and tactile feedback 
for neurosurgical practice. Arteries from all bio-
logical models have similar connective tissue and 
adventitial adhesions and can be used in wet con-
ditions similar to those encountered in the operat-
ing room. Practicing on chicken wing arteries 
under wet conditions, with arteries immersed in 
water, may provide additional training challenges 

and significantly improve time to complete the 
anastomosis [21]. As with most things the neuro-
surgeon does, preparation is a key step for the 
successful performance of a bypass. Biological 
models present unique opportunities for practic-
ing all the preparatory steps and actual microsu-
turing. The importance of preparation cannot be 
overemphasized, as it determines whether the 
anastomosis will be an effortless, smooth proce-
dure or an anguished struggle of dealing with 
wayward vessels and sutures. Biological models 
provide a necessary environment for practicing 
the cleaning of the surgical field, preparation of a 
bloodless operative field, adequate drainage of 
the cerebrospinal fluid, tailoring of vessel ends, 
and appropriate clipping. During the suturing 
itself, only a biological model can provide the 
feeling of resistance and puncture of real tissue 
and the fragile thin intima that should be pro-
tected as much as possible.

Adequate biological models also allow trainees 
to practice the management of inadvertent events 
with a high degree of realism. Practicing for com-
plications, such as the rupture of an aneurysm or 
the thrombosis of an anastomosis, can develop cru-
cial skills before actual surgery is ever performed.

Biological models can also be used in combi-
nation with other simulation technologies for 
procedure simulation and team practice. In such 
cases, biological models make simulation realis-
tic for all training participants, including resi-
dents and scrub nurses [17].

Fig. 7.14 Fixed and 
silicone-injected cadaver 
head used for 
microsurgical dissection. 
(Used with permission 
from Barrow 
Neurological Institute, 
Phoenix, Arizona)
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 Limitations of Biological Models 
and Ways to Overcome Them

Nearly every biological model for cerebrovascu-
lar anastomosis training lacks surrounding tis-
sues that would simulate fragile nearby brain 
tissue. These models also lack restrictions 
related to the craniotomy window or complex 
anatomical locations. This aspect is important 
because it influences the hand position of the 
neurosurgeon during surgery and ultimately 
influences microsurgical performance. Most of 
these conditions can be simulated by artificial 
three-dimensional printed models. For example, 
a mannequin of a patient’s head with an open 
craniotomy allows practice of the placement of 
any biological or artificial vessel [22].

Some complex biological models, such as 
cadaveric heads or live animals, require signifi-
cant management and documentation work. 
Successful implementation of such models often 
requires additional funding, as well as collabora-
tion with hospital and research administrators.

 Conclusion

Although not used often, bypass skills are essential 
and critical when needed. Such skills should be 
developed before they will ever be required in  
surgery. Results of these training and validation 
experiments, supplemented by insights from  
modern neurophysiological data, provide back-
ground and recommendations for evidence- 
based approaches toward the development of 
neurosurgeon- oriented microsurgical training.  
A number of well-developed and validated biologi-
cal models exist for training in microvascular anas-
tomosis. Cerebrovascular training curricula that 
include microsurgical anastomosis practice may be 
implemented in virtually any neurosurgical depart-
ment for the training of residents and fellows.
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 Introduction

With the increasing popularity of endovascular 
strategies and minimal invasive treatment, fewer 
aneurysms are treated with open surgery in the 
modern era [1], although it remains a critically 
important procedure and a challenging surgery. 
Surgical treatment of aneurysms requires a cer-
tain level of skill and experience to achieve 
excellent results after surgery and to avoid com-
plications, one of which is intraoperative aneu-
rysmal rupture, a devastating crisis that can 
jeopardize a patient’s life and neurologic func-
tions [2].

The reduced number of working hours for 
residents and the trend toward minimal or even 
noninvasive treatment of cerebral aneurysms 
have resulted in residents’ decreased exposure 
to live surgery and hands-on experience in  

the operating room. This decrease becomes 
increasingly relevant when surgeons encounter 
complications, especially vascular injuries and 
the intraoperative rupture of cerebral aneu-
rysms. After completion of their training, neuro-
surgery residents will face complicated cases 
and intraoperative aneurysmal rupture in their 
practice while they are on their own. To develop 
competency in managing cerebral aneurysms, 
compensatory mechanisms should be adopted 
to cover the decreased hands- on experience in 
the OR; thus, significant training will now have 
to occur in a laboratory setting [3, 4].

Simulation and laboratory training are the best 
compensation mechanisms to address this loss of 
expertise and skill. This fact was realized by 
Yasargil and other pioneers early on with the 
introduction of microneurosurgery. In his land-
mark book, Microneurosurgery, Yasargil stated: 
“In delicate organs such as the central nervous 
system, the surgeon’s individual skills play a cru-
cial role in determining patient outcome. Hence, 
the emphasis has been placed on laboratory train-
ing, preparing surgical trainees for the operating 
room experience” [5]. To simulate a real surgical 
procedure, one must imitate and include all ele-
ments of live surgery. John Hunter, the noted 
Scottish surgeon of the eighteenth century, is 
believed to have said that surgery is anatomy plus 
hemostasis. Training models that do include 
these elements are ideal for higher-level training 
and bridging the gap between laboratory environ-
ment and the operating room.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75583-0_8&domain=pdf
mailto:EAboud@stvincenthealth.com
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Although training models and simulators cur-
rently available provide a wide range of opportu-
nities to practice skills and play a role in surgical 
training, they do not successfully replicate all the 
characteristics of the living human cerebral vas-
culature, particularly the combination of real 
human anatomy with lifelike circumstances [6–
8]. In this chapter we will describe a more realis-
tic aneurysm model, called the “live cadaver” 
model, which allows repetitive training under 
lifelike conditions for residents and other trainees 
to practice surgical clipping of cerebral aneu-
rysms using human cadaveric head specimens, 
especially prepared for this purpose (Fig.  8.1). 
This model is in practical use in training courses 
and on a daily basis in several training facilities 
in the United States.

 Preparation of the “Live Cadaver” 
Model

 Preparing the Head Specimen

Cadaveric specimens were preserved with 
alcohol- based disinfectant and ethylene glycol. 
Suitable tubes were used to cannulate the major 
vessels in the neck and the subarachnoid spaces 
through the spinal canal, and the vascular tree 
was irrigated with normal saline to drain clots 
and blood remnant (Fig.  8.2a, b). The vessels 
were then connected to artificial blood reservoir 
“serum bags that were wrapped with pressure 
bags,” and the pressure applied to the arterial res-
ervoir was maintained at 120–130 mmHg and to 
the venous reservoir at 10–15 mmHg. The arte-
rial reservoir was further connected through the 
pressure bag to a pump that provided pulsating 
pressure; pumps used for this purpose were the 
intra-aortic balloon pump (System 90/97, 
Datascope Corp., Fairfield, NJ, and the HART 

Fig. 8.1 Artistic 
illustration showing the 
connections and the 
settings of the “live 
cadaver” model. 
(Published with 
permission of the 
University of Arkansas 
for Medical Sciences)
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MATE, TCI, Thermo Cardiosystems Inc., 
Woburn, MA). The pulsation rate of the pump 
was kept on 80 pulses per minute. One of the 
tubes in the spinal canal was connected to a res-
ervoir of clear liquid and hung on a serum pole to 
simulate cerebrospinal fluid (CSF) and sat at a 
rate of 15–20 cm per hour (Fig. 8.2c, d). The tip 
of the other tube in the spinal canal was kept 
10–12  cm above the level of the foramien of 
Monrow and left open to drain excess fluid. More 
details about preparing and operating the model 
have been published elsewhere [9]. Blood simu-

lant can be prepared using water-based paints, or 
it can be purchased as a prepared formula for 
training purposes. When the pump is turned on, 
the blood simulant fills into the vessels, fluctu-
ates in the arteries with the pulses of the pump, 
and is kept static under fixed pressure in the 
veins.

In these settings, the human anatomy is pre-
sented in more lifelike circumstances that allow a 
true simulation of surgical procedures in terms of 
bleeding, the pulsation of arteries, and the soft-
ness of tissue.

Fig. 8.2 (a) Irrigation of the vascular tree, injecting N 
saline via connecting tubes in the jugular vein and carotid 
artery (white stars); notice the fluid jet coming out of the 
contralateral vessels (yellow star). (b) Final cannulation; 
we can see tubes to the jugular veins (blue arrows), carotid 

arteries (red arrows), vertebral arteries (pink arrows), and 
(white arrows) indicate the tubes to the arachnoid spaces 
through the spinal canal (yellow arrow). (c, d) Settings of 
the working stations; notice the CSF simulant reservoir 
(red star) and the connection to the reservoirs

8 Pseudoaneurysm Surgery Simulation Using the “Live Cadaver” Model for Neurosurgical Education
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 Creating Pseudoaneurysms

Pseudoaneurysms can be created either by an 
instructor or by the trainee himself; in both cases 
a wide pterional craniotomy was made to allow 
all possible approaches through this route, the 
sylvian fissure and basal cisterns were opened 
exploring all visible vessels in the field, and the 
artery of interest was dissected and prepared to 
create the aneurysm. During this the pump is on, 
blood is filling the vessels under pressure, and 
CSF is filling the subarachnoid spaces. The 
trainee will need to coagulate the vessels while 
cutting the skin and deal with bone bleed, coagu-
late dural vessels, and cut the arachnoid and drain 
CSF as the same as with live patients in the 
OR. This by itself is an exciting experience, espe-
cially for residents in their early residency.

Venous grafts are harvested from the neck, 
either in the same or different specimen. During 
harvest, a thin layer of the loose fatty tissue was 
left attached to the wall (to seal the hole in the 
dome while simulating aneurysmal rupture). The 
graft was cut into the desired length, usually 
10–15  mm, and was then turned inside out, so 
that the inner surface becomes the outside. One 
end of the graft was sutured with 8.0 or 9.0 
sutures, and the graft was then inverted again to 
its original position so that the sutures were hid-
den inside the aneurysmal sac and the loose tis-
sue attached to the wall covered the suture line on 
the outside, so the dome had a rounded shape. At 
this point, the aneurysm was ready to be sutured 
in place. An arteriotomy that fits the diameter of 
the aneurysm’s base was made on the parent 
artery, and the aneurysm was sutured to the edges 
of the arteriotomy with 8.0 sutures (Fig. 8.3).

At bifurcations, the base of the aneurysm was 
shaped to be part of the bifurcating branches on 
one or both sides to allow for reconstruction. 
Care was taken to keep the contour and configu-
ration of the parent artery as it was and to spare 
the adjacent branches. In cases of ophthalmic and 
posterior communicating aneurysms, we sutured 
the aneurysm in intimate proximity to these ves-
sels to make clipping and reconstruction more 
challenging and to simulate the surgical anatomy 
encountered during aneurysm surgery (Fig. 8.4).

Once sutured into place, the aneurysm was 
tested to check the filling of the sac and blood 
flow in distal and adjacent vessels and to detect 
any leak from the base. If such a leak occurred, 
additional sutures were placed.

 Training Exercises

Trainees of all levels have practiced neurovascu-
lar procedures under lifelike conditions nearly 
identical to that of live surgery. They were able 
to use suction, bipolar coagulation, micro-Dop-
pler, and all other instruments and devices nor-
mally used in the operating room. We will 
describe here two exercises: aneurysm clipping 
and management of intraoperative aneurysmal 
rupture (Fig. 8.5).

The head specimen harboring the aneurysm 
was placed and fixed with head holders. Then, the 
blood reservoirs were placed to be slightly higher 
than the specimen to prevent air embolism and 
enable control of the simulated blood pressure. 
The clear liquid reservoir (CSF simulant) was 
hung on a serum pole with a controlled flow 
around 18–20  cc per hour, and the pump was 
placed to the side of the working station.

 Aneurysm Clipping Exercises (See 
Video 8.1)

In general, an instructor first demonstrates clip-
ping of the aneurysm and the management of an 
intraoperative rupture. Then, trainees practice 
clipping and reconstruction techniques and the 
management of intraoperative rupture. Before 
each training exercise, the spaces around the 
aneurysm and neighboring cisterns were filled 
with clotted blood simulant (Luna Products & 
Engineering, Blacksburg, VA, USA) to simulate 
a real subarachnoid hemorrhage. Trainees navi-
gate their way to the aneurysm following the 
anatomical landmarks to achieve proximal con-
trol and then reach out to the aneurysm, dissect 
the dome from the surroundings, and prepare the 
neck of the aneurysm for clipping as the same as 
in a live surgery (Fig. 8.6).
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For advanced training, more sticky materials 
were injected around the aneurysm to make the 
dissection more challenging, materials such  
as Tisseel Baxter Healthcare Corporation, 
Westlake Village, CA, USA. Also, more compli-
cated aneurysms usually created that need 
reconstruction and multiple clips. In some occa-

sions, when an angiogram was previously made, 
trainees will study the images and discuss clip-
ping strategy with the instructor. Of course, 
trainees will have the opportunity to repeat the 
exercise again either on the same specimen or 
on different aneurysms prepared in other 
specimens.

Fig. 8.3 (a) The venous 
graft, (b) turning the 
graft inside out, (c) 
suturing one end of the 
graft, (d) inverting back 
the graft to its original 
position to form the 
aneurysm sac (blue star), 
(e) the edges of the 
arteriotomy (white 
arrows) on the right 
carotid artery (yellow 
star), (f) suturing the 
aneurysm (blue star) to 
the edges of the 
arteriotomy, (g) the 
suture line (yellow 
arrows) delineating the 
aneurysm base, (h) the 
final formation of the 
aneurysm
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Fig. 8.4 Aneurysms made in different locations: (a, b) 
right MC; (c, d) left and right paraclinoid aneurysms, 
respectively MCA middle cerebral artery, M2 branches of 

the MCA beyond the bifurcation over the insula, Ca A 
carotid artery, DR dural ring, Oph A ophthalmic artery, 
ON optic nerve, III, third nerve

Fig. 8.5 Trainees practicing aneurysmal clipping and management of rupture under supervision; the surgical field can 
be seen on the overhead monitors
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Trainees were able to practice clipping proce-
dures under supervision in a risk-free  environment 
where they can repeat the same step several times 
until they get it done the right way. For residents 
who have never clipped an aneurysm before, this 
was a golden opportunity to test their abilities 
and explore this experience. For other trainees 
who have clipped aneurysms, this was another 
chance to refine their skills in certain stages of 
the procedure and challenge themselves facing 
difficulties that we tend to add during the train-
ing sessions, especially the management of intra-
operative rupture.

 Management of Intraoperative 
Rupture (See Video 8.2)

After practicing clipping and all its maneuvers, a 
small hole was made on the side of the dome of 
each aneurysm. No bleeding can happen under 
low pressure due to the presence of the tissue 
kept attached to the venous graft when the aneu-
rysm was made, and the loose tissue covers the 
hole so the aneurysm will be filled by blood sim-
ulant with some oozing which makes the exercise 
even more challenging. But if the pressure is 
raised, profuse bleeding will occur.

Fig. 8.6 Aneurysm clipping: (a) right MCA aneurysm, (b) the clip on position, (c, d) making sure that no aneurysm 
left under the clip
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Trainees followed the same training scenario 
to clip the aneurysm while the field is filled 
with clotted blood simulant. As they were dis-
secting around the aneurysm or trying to apply 
the clip, we suddenly raised the pressure and 
made the aneurysm bleed profusely. To achieve 
that, we connected an additional blood simulant 
reservoir through a three-way cannula to the 
arterial side in addition to the original arterial 
reservoir and kept it closed but under high pres-
sure up to 220 mmHg, while the original reser-
voir is under normal or even low pressure just 
enough to keep the filling of the aneurysm and 
the vessels. Under this pressure the hole that 
previously existed in the aneurysm will not 
bleed, but when we open the additional reser-
voir and pump the blood simulant under high 

pressure, the aneurysm will bleed as it has  
ruptured, and the blood simulant will fill the 
surgical field (Fig. 8.7).

When the bleeding occurs, trainees were 
instructed to follow sequence of actions that 
will control the bleeding in a short time without 
any additional injury. They practiced pressure 
control and temporary tamponade, using addi-
tional section to allow visualization, clipping 
the bleeding point or the visible part of the 
aneurysm dome, proximal control of the bleed-
ing by clipping the parent vessel, bipolar coagu-
lation control in some cases, and working under 
simulated cardiac arrest.

This was an exciting experience for residents 
of all levels of training as such an opportunity is 
rarely available in the OR.

Fig. 8.7 Management of rupture: (a) right MCA aneurysm (blue arrow), (b, c) bleeding jet from the aneurysm dome 
(green arrows) and suction control of the bleeding, (d) temporary clip on the bleeding point
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 Model Evaluation

Trainees were enthusiastic to work on a cadaver 
that could bleed. They welcomed the opportunity 
to clip cerebral aneurysms and to manage intra-
operative aneurysmal rupture, a procedure that 
they may not have encountered yet. Most of the 
participants in our courses stated that the live 
cadaver session was the part of the course they 
liked the most. The live cadaver model enabled 
trainees to practice aneurysmal clip placement 
and all maneuvers and techniques to control 
intraoperative aneurysmal rupture, including 
tamponade, suction, proximal and distal vascular 
control, temporary clip placement, coagulation, 
and hypotension or simulation of cardiac arrest 
(the pressure in the specimen can be controlled 
through adjustment of the pressure in the arterial 
reservoir). In a previously published study, 91 
(27 faculty members and 64 participants) com-
pleted a questionnaire to rate their personal opin-
ions of the live cadaver model (Table 8.1) [10]. 
Most either agreed or strongly agreed that the 
model was a true simulation of the conditions of 
live surgery on cerebral aneurysms and repre-
sented a realistic simulation for aneurysmal clip 
placement and intraoperative rupture.

 Training Procedures 
and Applications of the “Live 
Cadaver” (See Video 8.3)

Training exercises using the “live cadaver” model 
is not limited to pseudoaneurysm applications; 
the model can be used for practicing all neurosur-
gical procedures. Here we will describe some 
examples on the capabilities of this model and 
other procedures that we made.

To achieve the maximum benefit from the 
specimen and perform all possible procedures 
before the vessels were damaged, we advise to 
start with minimal invasive procedures such as 
endovascular interventions and endoscopic tech-
niques and other procedures that could be per-
formed on the surface before working deep into 
the brain and the skull base.

 Endoscopic Procedures

After a frontal burr hole had been made, the sheath 
of the endoscope was introduced toward the lat-
eral ventricle. The optic apparatus was introduced 
after the introducer had been pulled out, and the 
choroid plexus and the septal and thalamic veins 

Table 8.1 The questionnaire administered after completion of the training course

Question
Strongly 
disagree (%)

Disagree 
(%)

Neutral 
(%)

Agree 
(%)

Strongly 
agree (%)

This model was a true simulation of the 
conditions of live surgery on aneurysms.

1.09 2.19 28.57 68.13

This model promotes the acquisition of 
microsurgical skills.

6.59 21.97 71.42

This model offers benefits not available in 
existing training models.

6.59 21.97 71.42

The tissue characteristics in this model are very 
similar to those of living tissues

3.29 1.09 3.29 32.96 59.34

The scenario of aneurysm clipping and 
intraoperative rupture is realistic

7.69 30.76 61.53

This model could significantly improve current 
training in the management of intraoperative 
cerebrovascular complications

24.17 75.82

This model could add significantly to training in 
microneurosurgical techniques

26.37 73.62

This model will be a valuable addition to the 
medical device development and testing process

1.09 2.19 7.69 23.07 65.93

This model is superior to existing models for 
cerebral revascularization

1.09 4.39 27.47 67.03
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led the way to the foramen of Monro (Fig. 8.8).
The endoscope passed the foramen into the third 
ventricle, and the mammillary bodies and the 
infundibular recess were identified. The floor of 
the third ventricle was perforated in front of the 
BA bifurcation in the area of the tuber cinereum. 
The BA trunk and branches, which were filled and 
pulsating, were identified in the interpeduncular 
cistern. Practicing irrigation and clearing of liquid 
inside the ventricles were achieved, as were 
observing the pulsation of the BA and identifying 
the liquid flow through the fenestra.

 Craniotomy

A large scalp flap was made to allow a variety of 
approaches. The STA was preserved for practic-
ing an STA–MCA bypass. Bleeding vessels were 
ligated, coagulated, or clamped using Raney 

clips. According to the intended procedure, a 
variety of craniotomies were performed with care 
taken to preserve the underlying dura mater. The 
edges of the bone were waxed to control oozing 
points. The dura mater was opened, and leaking 
vessels were coagulated (Fig. 8.9).

 Cisternal and Vascular Dissection

The exposed brain was extremely lifelike 
(Fig. 8.10); the arteries were light red and pul-
sating, the veins were dark red and filled, and a 
clear fluid simulated the release of cerebrospi-
nal fluid when the arachnoid was opened. We 
split the sylvian fissure and followed the 
branches of the MCA down to the carotid and 
basal cisterns, dissecting the branches of the 
circle of Willis and exposing all neurovascular 
structures in the skull base.

Fig. 8.8 During third ventriculostomy. (a) In the burr 
hole, notice the CSF and oozing from the edges of the 
incisions. (b, c) Inside the third ventricle, notice some 
bleeding coming from the pathway of the endoscope 
through the brain paranchima. (d) In the interpeduncular 

cistern, the basilar and arachnoid membranes can be seen. 
FM foramen of Monro, SV septal vein, Th V thalamic 
vein, Ch P choroid plexus, B A basilar artery, A M arach-
noid membranes
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 Vascular Suturing and Anastomosis

A variety of exercises were performed, starting 
with the establishment of an STA–MCA bypass 
(end-to-side anastomosis) and including repair 
of a longitudinal incision or a partial arterial 
defect and a transected artery (end-to-end anas-
tomosis), as well as segmental arterial replace-
ment. These procedures were performed on the 
cortical branches of the MCA and the M2 and 
M3 branches deep within the fissure. We used 
various segments of these branches. Each seg-
ment was dissected for approximately 1 cm of its 
length from the overlying arachnoid membrane. 
Small branches were coagulated and discon-
nected to free the segment. Two vascular clips 
were applied on both sides of the segment, and 
arteriotomies were performed according to the 
kind of repair or anastomosis desired. After 

suture completion, the temporary clips were 
released, establishing flow under pressure and 
allowing detection of the integrity and patency of 
the anastomoses (Fig. 8.11).

 Thrombectomy

Some specimens had a remnant of thrombus 
inside the branches of the MCA; this provided 
the opportunity to perform a thrombectomy and 
resuture the vessel (Fig. 8.12).

 Resection of Artificial Tumors

Gelatinous material was injected into different 
locations of the basal cisterns and within the 
parenchyma to represent a tumor mass so that 

Fig. 8.9 (a) Skin incision; (b) after raising the skin flab; (c) after raising the temporal muscle, notice bleeding from a 
bony crack in the field (yellow arrow); (d) coagulating the dural vessels
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the trainee could practice resection of these 
masses while preserving neurovascular struc-
tures (Fig. 8.13). Skull base approaches, intra-
parenchymal resections, and other procedures 
that we usually practice in cadavers prepared 
using traditional methods were practiced as 
well.

We also applied this method in a whole-
brain specimen obtained at autopsy. In this 
case both CAs were cannulated, allowing a 
variety of vascular exercises on the major 
branches (Fig. 8.14).

Clearly, the “live cadaver” model can be used 
for all kinds of surgical procedures; some has 
been already practiced and under evaluation 
such as carotid endarterectomy, endoscopic 
skull base surgery, transsphenoidal approaches 
with internal carotid artery injury, endovascular 
procedure, and spinal surgery with repair of 
durotomy.

 Future of the “Live Cadaver” Model

Cadavers provide trainees with an excellent 
opportunity and a safe environment to learn basic 
open vascular surgery principles and improve 
their operative confidence and consequently 
patient safety [11–14]. Some authors described 
cadaver models as “the gold standard for techni-
cal skills training” [15].

Adding the lifelike conditions of the living 
body to cadaver models makes it even more valu-
able; this combination is a unique feature of the 
“live cadaver” model not available in any existing 
training model. It allows trainees to practice sur-
gical procedures as if they were performing a real 
surgery in the operating room, using the same 
instruments and techniques, such as suction, 
bipolar coagulation, echo Doppler ultrasonogra-
phy, flow measurement, and other devices com-
mon to the operating room.

Fig. 8.10 (a–c) Different views of the brain surface; notice the filling of the cortical vessels. (d) Notice the CSF escap-
ing the subarachnoid space while opening the sylvian fissure (yellow arrow)
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Fig. 8.11 STA–MCA anastomosis. (a) Detecting the 
STA using micro-Doppler (white arrow). (b) The STA is 
dissected and prepared. (c, d) suturing the STA to a corti-

cal branch in the temporal region; the suture line is shown 
(yellow arrow) and covered with surgicel at the end

Fig. 8.12 Thrombectomy: (a, b) thrombosis filling a seg-
ment of M2 branch of the middle cerebral artery (yellow 
arrows), (c, d) evacuating the clots, (e) reestablishing the 

flow at this segment of the artery (white arrows). 
(Reprinted with permission from Ref. [9] (AANS))
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Health hazard associated with the use of 
cadavers is prominent with fresh tissue. Any 
 hazard can be minimized by following univer-
sal precautions and performing serologic test-
ing before cadaver use. For neurovascular 
exercises we usually use lightly preserved 
cadavers; the model was successfully tested by 
Benet et  al. for a novel embalming technique 
that provides an optimal retraction profile and 
lifelike physical properties while preventing 
microorganism growth and brain decay [16]. 
Lightly embalmed cadavers allow for the pres-
ervation of lifelike tissues and offer more  
durability for long-term repeated use [17]. 

These embalming techniques work better for the 
brain than fresh or cryopreserved specimens.

Settings and preparations of the model may 
seem to be lengthy and demanding but in fact, 
they are not. Preliminary preparation is the same 
traditional preparation for cadaveric dissection; 
the only difference is the final cannulation of the 
vessels and irrigation, which can be achieved 
within 90 min in most cases. We started giving 
instructions to our providers to do the cannula-
tion the way we need instead of the traditional 
cannulation they used to do as this will reduce the 
preparation time and efforts. Preparing the aneu-
rysm model is time-consuming but by itself is 

Fig. 8.13 Artificial 
tumor wrapping the 
neurovascular structures 
in the cellar and 
paracellar region. ON 
optic nerve, CA carotid 
artery, Tu tumor, ACA 
anterior cerebral artery, 
MCA middle cerebral 
artery, Co cotton

Fig. 8.14 (a) Isolated brain is cannulated through the carotid arteries and connected to the reservoir, (b) MCA branches 
over the insula, suitable for all types of micro suturing and bypass exercises
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part of the training. The preparation basically 
includes performing a surgical approach, fol-
lowed by fine and microdissection of the vessels 
and neural structure, and then performing a 
micro-anastomosis to create the aneurysm.

For future use of the “live cadaver,” we are 
working on the development of a new review 
course for the final years of neurosurgery resi-
dents where they spend a full week performing 
all possible neurosurgical procedures that they 
have already learned and the ones that they 
didn’t have the chance to practice and finally be 
able to create their own aneurysms in different 
locations and practice clipping and managing 
complications. Such advanced training would 
be a transitional step forward, and the “live 
cadaver” would be the first surgical case for 
every surgery resident before he moves to his 
own practice. To facilitate use of our model, we 
designed a special pump contained in a com-
pact box along with blood reservoirs (US 
6790043) [18].

In the meantime, with few modifications,  
cardiac pumps that are no longer for clinical use 
work very well, tubes, cannulas and other acces-
sories are readily available in any medical facil-
ity, and blood simulant can be either purchased 
as prepared formula or locally made with tap 
water and water-based coloring materials.

Needless to say, the live cadaver model can be 
used to practice all types of procedures in other 
surgical disciplines. We described the use of the 
whole cadaver for training with traumatic injuries 
and penetrating wounds and for practicing air-
way management [19, 20].

 Conclusion

Pseudoaneurysms created in real human vascu-
lature allows for true simulation of the condi-
tions of live surgery on cerebral aneurysms and 
intraoperative aneurysmal rupture and provides 
a great opportunity for residents and trainees to 
practice these procedures in a realistic surgical 
environment. The “live cadaver” model com-
bines the actual human anatomy with lifelike 
conditions. This model could significantly 

improve the current training in aneurysm sur-
gery and in neurosurgery at large, particularly 
procedures and conditions that residents have 
no adequate exposure to during their residency.
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 Introduction

The practice of spinal surgery is thought to have 
originated in ancient Egypt, around 3000 BC [1]. 
Neurosurgery is a specialty that requires a high 
level of skill, not only because of the complex anat-
omy of the structures of the central and peripheral 
nervous system but also due to the irreversible dam-
age that can be easily caused to the patient. Spine 
surgeons often experience the situation of an obvi-
ous MRI or CT image of spine pathologic condition 
with a rather demanding and complex operation. 
Our clinical experience has shown that patients in 
neurosurgery can be at a very critical condition, so 
there is need for experienced and qualified sur-
geons, who can operate accurately and precisely. In 
an interesting study by Moby et al. at the University 
of Texas Medical Branch, 415 out of 3505 members 
of the American Academy of Neurological Surgeons 
were questioned whether they had operated on a 
wrong level of the spine [2]. Interestingly, it had 

shown that over half of them had made a mistake 
during their career. But also, in the same study, 
researchers also found that the annual risk of wrong 
spine-level operation dramatically reduced over the 
years of practice. Additionally, the introduction of 
novel techniques and equipment for spine surgery 
has opened avenues for physicians to search for 
new ways to upgrade their skills. Several types of 
surgical laboratories have been organized, where 
the intraoperative conditions are being simulated. In 
the past decades, there has been an increasing inter-
est in this type of training, and after trying different 
variations of models, human and animal cadaveric 
models have steered the spine surgery training at a 
new direction internationally. Thus, with the unmea-
surable help of body donors, senior and junior 
trained doctors could have a highly educative expe-
rience. Cadavers offer an exact specimen of the 
human body and offer young surgeons a great 
medium to practice their dissection skills. In cadav-
eric spine surgery simulation, surgeons are trained 
to perform cervical, thoracic, and lumbar spine pro-
cedures maintaining the mechanics and stability of 
the spine and more importantly the spinal cord 
along with its nerve roots.

 Why Do We Need the Cadaveric 
Models in Training for Spine 
Surgery?

Spine is the tree of life. Respect it. (Martha 
Graham)

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75583-0_9&domain=pdf
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Although Martha was not a neurosurgeon but 
a dancer, what she said is absolutely true.

 Role of Spine

The spine holds the load of the upper body and 
hosts the spinal cord  – the pathway through 
which messages from the brain are transferred to 
the rest of the body and backward. The vertebral 
column is very complicated and difficult to 
understand as a structure. It is formatted by verte-
brae which stand in line one above each other 
shaping a type “S” column, the vertebral column, 
which consists of 24 vertebrae and the sacrum (7 
cervical, 12 thoracic, 5 lumbar, and the sacrum) 
forming four curvatures (cervical, thoracic, lum-
bar, and sacral). Between the vertebrae, there are 
the intervertebral discs which connect them and 
absorb and spread the loads from each other. 
Impressively, each vertebra is unique and differs 
from the rest, and yet, with the tone of the mus-
cles and its’ strong ligaments, spine is stable and 
allows three-dimensional movements of the trunk 
[3]. Spine is also divided into three columns: pos-
terior, middle, and anterior [4]. More importantly, 
the spine holds the body in the right position and 
hosts the spinal cord with the exiting nerve roots, 
which give motion and feeling to the body.

 Learning on Cadavers

Knowing that nerve tissue is very sensitive, it is 
clear that accuracy when operating on the spine is 
a prerequisite, because every neural injury can 
lead to devastating and irreversible consequence. 
Sclafani JA. et al. showed that this precious tech-
nical proficiency in minimally invasive spinal 
procedures such as trans-foraminal interbody 
fusions is very difficult to gain. Specifically, the 
complication rate decreases dramatically after 30 
operations and the operation time after the 15th 
operation on average [5]. In another study, 
Gonzalvo A. et al. proved that it takes approxi-
mately 25 cases, meaning 80 screws for a resi-
dent, to correctly place the pedicle screws, 
indicating that this type of procedure is difficult 

to learn [6]. It is obvious that the lack of experi-
ence leads to longer operation time and, in this 
way, raises the cost of each surgery. Unfortunately, 
residents may not be able to reach this number of 
cases throughout their training, and indicatively 
the curriculum in medicine, e.g., in the United 
Kingdom and United States, offers little exposure 
to the fields of neurosurgery during the final years 
of medicine [7]. Additionally, it has been proven 
that students understand better the anatomy 
through cadaveric dissection [8]. Kshettry VR 
et al. found that the 93.8% of neurosurgery pro-
grams in the United States include cadaveric dis-
section during the training – 77% of them practice 
spinal instrumentation – and more importantly it 
was clear that “educators believe that cadaveric 
dissection is an integral part of the training” [7]. 
The Congress of Neurological Surgeons (CNS) 
has established a committee in 2010 to organize 
the education of the residents, for them to be bet-
ter prepared for operations (Fig. 9.1.). The resi-
dents are now educated and perform the same 
operation several times in simulation models; 
therefore, they are more experienced when they 
get involved in the operating room (OR) later in 
their training [9] (Table 9.1). Thus, every budding 
spine surgeon should be encouraged to train on 
cadaveric models as early as possible, to under-
stand the peculiar anatomy of the spine and aug-
ment their surgical skills.

 About Cadavers

From ancient times, around the early third cen-
tury BC, cadaveric dissection was carried out by 
Greek Physicians Herophilus of Chalcedon and 
Erasistratus of Chios. Da Vinci later on, at 
1506 AD, studied the human body in detail [10]. 
In recent years, the cadaveric dissection is part of 
the anatomy lesson in most medical schools 
around the globe, and students sometimes take 
part voluntarily [8]. Apart from it, the cadavers 
have been used by physicians from all the special-
ties to sharpen their skills. Nowadays, the body 
donation rate is still low because very few people 
are eager to donate their or their family member’s 
body to science. Through certain  procedures, 
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experts can conserve the bodies for a long period 
of time at a very good and acceptable condition, 
which is problem solving because this gives a 
great quality of tissue to learn on and provides the 
time to schedule the next training course [11, 12]. 
There are four techniques mainly used (fresh fro-
zen, formalin, Theil’s, and saturated salt solution 
method); each of them has its value [12]. There 
are differences on the quality of tissue they offer 
for training. On the one hand, there is no signifi-
cant difference in the range of motion (ROM) and 
softness of the tissue and joints between Theil’s 
and saturated salt solution embalming method. 
On the other hand, the fresh frozen method seems 
to be the most popular of them, as it offers the 
closest-to-fresh specimen to operate on. It always 
depends on the facility restrictions of the labora-
tory which preservation method is being used, 
though [12]. Tomlinson JE et  al. showed that 
trainees were more satisfied by the Theil’s tech-
nique for preservation of the body when they 
were asked to place pedicle screws in the cadaver 
and evaluate the cadaver’s quality [13].

Additionally, we did not find any studies or 
laboratories globally which conduct pediatric 
cadaveric training except synostosis models, 
which is made of rubber [14]. Specifically in the 
United Kingdom, the minimum age at which 
someone is allowed to donate his body to science 

is 17 years old. The cadaveric dissection is being 
done with respect to the underlying person and 
only for educational reasons. Summarizing, with 
the help of the technology on preserving the qual-
ity of the tissue, training on cadavers will help us 
minimize the morbidity and mortality of the sur-
gery in general.

 Setting Up the Training Lab

There are many cadaveric training laboratories that 
offer the opportunity to neurosurgeons or orthope-
dic surgeons to expertise on the classic techniques 
or get to know the new instruments and new 
approaches, which are emerging in spine surgery 
[7]. If no human cadavers are available, sheep or 
pigs can be used [11, 15]. The sheep’s spine pro-
vides an acceptable specimen for practicing due to 
similarities in the anatomy, so the techniques can 
be repeated likewise in humans especially for lum-
bar procedures [16–18]. Sheep are preferred for 
transthoracic routes, while pigs are suggested for 
anterior transabdominal approaches [10]. Fresh 
tissues in spine surgery are mandatory because 
they closely mimic the actual consistency of soft 
tissues while performing dissections. Animal 
cadavers are easily  available in rural areas and pro-
vide a useful and cheap educational tool [10].

Fig. 9.1 Residents learn 
the anatomy and correct 
pedicle screw 
positioning
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Theater-like conditions are mandatory, as well 
as up-to-date technical infrastructure. C-arm 
mobile X-ray or computer-assisted image-guided 
technology helps the trainees visualize each case 
before and after the operation. Preoperative 
imaging and discussion of each case individually 
with experienced surgeons stimulates potential 
decision-making situations and encourages train-
ees to think about choosing the right surgical 
approach and the appropriate instruments 
depending on the local anatomy.

In summary, the combination of the infra-
structure with the special surgical equipment, 
along with the guidance of the right trainers, 
leads to very qualified physicians.

 Theoretical Part

As the courses are organized to fully train spine 
surgeons from both surgical and theoretical 
aspect, all cadaveric workshops include lessons 
during which trainees can enhance their knowl-
edge. Surgeons are educated through lectures 
highlighting series of aspects and controversial 
cases questioning whether the patient should 
have an operation or not and how (which proce-
dure and approach). Orthopedic and neurologi-
cal surgeons exchange their experience on spine 
surgery as in some cases they operate together.  
A fundamental skill of a surgeon is to know 
when not to lead a patient to surgery; therefore, 
these discussions provide trainees with valuable 
principals. Through these courses, spine sur-
geons have the opportunity to discuss rare and 
difficult cases, types of patients who need spe-
cific management and follow-up, as well as the 
latest techniques in spine surgery. It is known 
that on the ground that spine surgery is very 
elective and that the new guidelines are being 
introduced by surgeons who operate at interna-
tional medical centers, cadaveric courses offer 
unique opportunity for meaningful discussion. 
Berjano P. et al. in his study stated that learners 
were very satisfied by discussing cases with 
experts, as they had the chance to have a useful 
case-based conversation, but more importantly, 
nearly 70% of them changed their opinion on 
the appropriate treatment [19]. Thus trainees 
can assess their level of knowledge and get 
valuable guidance on cases that they haven’t 
experienced before throughout their career. 
Unfortunately, there are discussed cases that 
may not be seen on cadavers such as revisions, 
malignancies or spine metastases, fractures 
(osteoporotic or pathologic), infections, scolio-
sis and deformities, and many special cases. In 
this way, next to high qualified and experienced 
surgeons, through a one-to-one teaching proce-
dure and hands-on training, there is the time 
needed for the trainees to better understand the 
procedures and gain the necessary experience 
required.

Beyond that, the cadaveric laboratories are 
equipped with new high-quality neurosurgical 

Table 9.1 Advantages and disadvantages of cadaveric 
spine surgery [18, 19]

Advantages Disadvantages
Reveal the stress of the 
patient that the surgeon is 
learning on him

Ethical restrictions on 
humans and animals

Enhance skills and 
experience, learn how to 
use mechanical strength

Difficulty in reoperation

Learn the anatomy and 
anatomical landmarks

Not equal to living human

Have guidance from 
experienced surgeons – 
valuable time for 
discussion

Can operate on animal 
tissue

Lack of intraoperative 
stress – have the chance 
of mistake

Operate in a “safe 
environment” – no mistakes 
have clinical complications

Operate with up-to-date 
equipment and become 
familiar with the new 
techniques

Courses can be expensive 
and are held at specific 
places

Become increasingly 
familiar with the theater 
setup

All the spine pathology 
may be not available

The trainee is being 
evaluated continuously

Some procedures are being 
done with assumptions

Training on cases that 
they may not have the 
chance to during the 
residency

The stability of the spine is 
not being tested 
postoperatively as it would 
be in real life

The cost/time of each 
surgery is being reduced

Minimal neural 
intraoperative damage 
cannot be detected

Better quality of service 
in medicine
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equipment. New tools are being presented and 
tested by the trainees, demonstrating their use, 
the developments they have, and how they will 
make the surgery safer. In this way, surgeons are 
getting used to handling these instruments in a 
safe environment and under right guidance. More 
importantly, as technology develops rapidly and 
new innovative equipment is being promoted to 
surgical practice all the time, this exposure to 
new technology is more than necessary. In this 
way, any chance of intraoperative mistakes in the 
real operation is being minimized.

Additionally, trainees experience real-time 
operative simulation in OR setup. Strict atten-
tion to patient positioning is being paid as any 
mistake can change the outcome of a surgery 
[20]. Major postoperative complications such as 
visual loss, perioperative peripheral nerve 
injury, or even death can occur because of bad 
patient positioning [20–22, 33] (Table 9.2). It is 
being made clear that the surgical courses on 
cadavers sharpen the attitude, boosts the confi-
dence and the surgical skills of trainees, and 
builds up the surgical personality of orthopedic 
and neurological surgeons [22, 23].

 Practical Part: Hands On

Thus far, technology has not yet offered us the 
means to functionally conserve neither the spinal 
cord nor the nerves in a condition at which we 
could practice on this very sensitive part of the 
spine with intraoperative neurophysiological 
monitoring (Fig. 9.1.). However, there have been 
cadaveric studies on spinal cord anatomical vari-
ations, so this can be educational for the trainees; 
surgeons can only learn from it as an anatomical 
structure and the anatomical landmarks of the 
spinal cord [24, 25].

In fact, the cadaveric muscles, joints, and ver-
tebrae are in an acceptable condition. When the 
fresh frozen, the Theil’s, and the saturated salt 
solution method are used, the muscles and the 
joints are softer and have wider ROM than when 
formalin is used [12]. This makes the Theil’s 
method ideal for screw insertion training [13]. 
Apart from international courses, which use 
cadaveric models, cadaveric dissection is a part 
of the program of many scientific congresses. 
Trainees learn to identify the anatomical struc-
tures and the anatomical landmarks at each part 
of the spine. In conclusion, nowadays we have 
the means to take advantage of chemistry, con-
serve the bodies in an acceptable condition, and 
learn on human and animal cadavers, conducting 
dissections and a wide variety of procedures on 
the cadaveric spine.

 Learning on the Cadaveric Cervical 
Spine

 Applied Cervical Spine Surgery 
on Cadavers

The most commonly conducted cervical spine 
(CS) operations aim to cure spinal cord compres-
sion and spinal instability. Operating on CS can 
be very demanding, as out of the seven cervical 
vertebrae (C1–C7), two of them, C1/atlas and C2/
axis, have unique shape and the neck hosts vital 
anatomical structures and nerves. And yet, after 
operating in the cervical spine, the neck must be 
functional, with a satisfactory ROM.  Cadaveric 

Table 9.2 Complications associated with inappropriate 
prone patient positioning in spine surgery

Complication 
category Complication
Hemodynamic Pressure on the inferior vena cava, 

pressure of the chest (cardiac 
dysfunction), acute renal failure

Ophthalmologic Ischemic optic neuropathy 
(posterior and anterior), central 
retinal artery occlusions, cortical 
blindness

Neurologic Pneumocephalus, acute cervical 
myelopathy, spinal cord 
compression (infraction), CN VI 
palsy, brachial plexopathy, ulnar 
nerve palsy, lateral femoral 
cutaneous nerve neuropathy, 
meralgia paresthetica

Myocutaneous Acute rhabdomyolysis, ischemic 
limb due to arterial compression, 
compartment syndrome, pressure 
ulcers, femoral head avascular 
necrosis, shoulder dislocation

Abdominal Abdominal compartment syndrome, 
acute bowel ischemia
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spine surgery training includes all these princi-
pals as it offers close-to-reality conditions [25] 
(Fig. 9.2). Trainees are being taught anatomy 
along with the anatomic landmarks and the fun-
damental skills that every spine surgeon should 
acquire. Special attention is being given to the C1 
and C2 surgery, as their unique shape and role 
requires high level of accuracy and experience, 
by specialized surgeons. Most CS procedures can 
be stimulated on cadavers, so they should be 
included in spine surgery education (Table 9.3), 
The bodies can be decapitated or not, depending 
on the laboratory [11]. At the present, most CS 
procedures are being educated on cadavers.

The neck hosts vital organs; surgical approaches 
in spine surgery can be very demanding. 
Complications after cervical spine surgery (CSS) 
can be fatal, so the surgeons’ excellence is manda-

tory (Table 9.4). Postoperative pitfalls are avoided 
through careful analysis of the spinal anatomy and 
pathology, right selection of the patients who are 
led to the OR and right technique conduction.

 Learning on the Thoracic 
and Lumbar Cadaveric Spine

The thoracic spine (TS) and the lumbar spine 
(LS) are formed by 12 and 5 vertebrae, respec-
tively. These two parts of the spine are often 
referred together as many of the surgical proce-
dures include both.

Fig. 9.2 Trainees learn 
the anatomical 
landmarks and the 
surgery of the cervical 
spine

Table 9.3 Operation being learned on cadaveric cervical 
spine

Types of operations on cadaveric cervical spine
Trans-oral odontectomy
C1–C2 fusion and plates
Occiput C1–C2 stabilization
Cervical lateral mass screw and plate fixation
Posterior cervical micro discectomy
Cervical corpectomy
Anterior 
cervical micro foraminotomy – laminoforaminotomy
Anterior cervical discectomy approach
Decompressive procedures – durotomy

Table 9.4 Complications of cervical spine surgery

Complications when operating on cervical spine [26]
Carotid or vertebral artery injury, which may result to 
stroke
Excessive bleeding
Neural root injury (recurrent laryngeal, superior 
laryngeal, and hypoglossal nerve injuries)
Damage to the spinal cord (about 1 in 10,000), 
resulting in paralysis
Quadriplegia
Leakage of cerebral spinal fluid
Pneumocephalus
Damage to the esophagus, trachea, or vocal cords
Nonunion
Screw malposition
Spinal instability
Chronic neck or arm pain
Persistent swallowing or speech disturbance
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 Applied Thoracic Spine Surgery 
on Cadavers

TS has unique characteristics. On the one hand, 
TS surgery includes fewer chances of postopera-
tive complications due to the stability of the tho-
rax and thus less mechanical forces on the 
operated area. On the other hand, though, the nar-
row anatomical distances and relations of the 
nerve roots with the pedicles make TS surgery 
tough [27]. At TS surgery, the most common 
pathologies that can be stimulated on cadavers are 
spinal cord compression of any cause (tumor, disc 
herniation, etc.) and TS stabilization arthrodesis. 
Scoliosis and deformities of the TS are not usu-
ally seen on cadaveric workshops; however, the 
correcting operation can be simulated on them 
following the basic spine surgery principles 
(Table  9.5). The altered anatomy and the diffi-
cultly, sometimes to recognize the anatomical 
landmarks in such cases, show the value of this 
type of training [28]. At specific laboratories there 
is special course on scoliosis and deformities and 
potentially tumor extraction, with specific 
assumptions. Impressively, it was found that 10% 
of the adult deformity surgery presented postop-
erative complications. Although this rate depends 
on many factors, surgeons need to improve their 
skills and minimize the risk of the surgery.

TS arthrodesis and spinal cord decompres-
sions are often followed by spine fusion with 
screws and rods stabilization, if stability is com-
promised. However, learning to correctly insert 
the screws in the pedicle needs experience and 
assistance using intraoperative imaging such as 
fluoroscopy or CT guidance. This so commonly 
applied surgical procedure seems to be difficult 

to learn, and especially at TS, there is experience 
required. Burgeson RK. et  al. studied the time 
and the experience that a resident needed, regard-
less of his year of training, to learn how to insert 
297 screws in the thoracic pedicle. He used 15 
cadavers for his study, and the results demon-
strated that after a certain amount of screws on 
the fourth cadaver for each surgeon, their skills 
improved significantly, indicating the necessity 
of this type of training simulation [29]. The same 
result was proven by Yong Jung’s study, as the 
chances of misplacing pedicle screws using free-
hand technique decrease over the years of experi-
ence [30]. Experience and right guidance seem to 
be major factors in improving the skills in spine 
surgery and minimizing the chances of perioper-
ative complications [31, 32] (Table  9.6). 
Cadaveric TS training has its’ unique value, as 
apart from learning of the approaches posteriorly, 
trainees have the chance to perform laparoscopic 
TS (Figs. 9.3 and 9.4.).

In summary, TS surgery can also be success-
fully stimulated on cadavers, aiding the trainees 
to boost their surgery skills and confidence.

 Applied Lumbar Spine Surgery 
on Cadavers

LS is the part of the spine that most commonly 
presents with pathological conditions.

Table 9.5 Operations being learned at cadaveric thoracic 
spine

Types of operations being learned on cadaveric thoracic 
spine
Thoracic pedicle screws
Surgical approach to thoracic inlet
Surgical approach to thoracic vertebrae – anterior/
anterolateral/posterior
Thoracic wedge osteotomy
Thoracoscopic discectomy

Table 9.6 Complications of thoracic spine surgery

Complications when operating on thoracic spine
Pedicle fractures
Screw misplacement
Screw loosening or pull-out
Dural lesions
Nerve root irritation
Sense and motor deficits
Partial bilateral drop foot
Lower extremity paraplegia
Pleural effusion
Pneumothorax – hemothorax
Thoracic aorta impingement
Injury of the right coronary artery
Cerebrospinal fluid leakage
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Lumbar disc herniation is one of the most 
common diagnosis in the United States reaching 
almost 2% of the population. When surgical dis-
cectomy is needed, lateral, posterolateral, or pos-
terior approach can be used. In these procedures, 
as they are routine for the spine surgeons, there is 
less tolerance for mistakes (Table  9.7), so the 
training on cadavers can give the experience 
needed to the residents. They can perform diffi-
cult approaches at the lumbar spine and get used 
with the anatomy in general.

In addition, decompression and stabilization 
procedures are being done, covering most the 
cases, such as laminotomies, laminectomies, 
laminoplasty, foraminotomy, as well as fusion 
and lumbar interbody cages. Although the 
mechanical stability of the spine cannot be tested 
as it would be in real life, surgeons can effec-
tively improve their performance. Furthermore, 
the complications of lumbar spine surgery are 
being pointed out to the trainees (Table 9.8.).

 Minimally Invasive Surgery 
on Cadavers

As long as endoscopic and robotic surgery are 
increasing in use in clinical practice, there will 
be need for training in these new surgical 
techniques.

Thus, minimally invasive surgery (MIS) has 
drawn the attention of surgeons the last decades. 

Fig. 9.3 Thoracic and lumbar spinal fusion. Trainee’s 
hands-on practice. Under supervision, the thoracic and 
lumbar screws are being placed with fluoroscopic 
guidance

Fig. 9.4 Thoracic and lumbar spinal fusion. Trainee’s 
hands-on practice. Under supervision, the thoracic and 
lumbar screws are being placed with fluoroscopic 
guidance

Table 9.7 Operations on cadaveric lumbar spine

Types of operations being learned on cadaveric lumbar 
spine
Pedicle screws
Interbody fusion – translateral posterior surgical 
approaches
En bloc discectomy
Endoscopic discectomy
Percutaneous spinal fixation procedures
Lumbar interbody cages
Lumbar puncture
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Undoubtedly, patients prefer smaller surgical 
incisions as they offer less postoperative pain 
and a small scar. A systematic review compar-
ing MIS versus open posterior lumbar interbody 
fusion stated that there is less blood loss, quicker 
decrease in postoperative pain, and better func-
tional recovery in patients with MIS [34]. On 
account of this, the MIS is steering surgery in 
new techniques making it mandatory for all sur-
geons to change their surgical approach. 
Additionally, MIS is associated with less post-
operative pain and less complications during 
and after surgery [37]. However, surgical skills 
are acquired basically by experience and not 
theoretically. Sclafani et al. found that the com-
plication rate of the MIS lumbar micro discec-
tomy is reduced after the 30th operation [35]. 
Cadaveric courses offer this opportunity to 
spine surgeons as they can practice these tech-
niques in the safety of the laboratory environ-
ment and learn from the specialists on a 
one-to-one basis.

Abuzayed B et  al. practiced thoracoscopic 
spinal procedures as sympathectomy, discec-
tomy, and corpectomy through lateral approach 
and so indicated this technique for complicated 
cases, which are not suitable for the usually 
used approach [36]. Accordingly, Isaacs RE 
et al. used successfully a posterolateral approach 
to perform micro endoscopic discectomy with-
out entering in the chest cavity, on cadavers, 
pointing out that this approach is safe for the 
patients as it caused minimal damage to the sur-
rounding soft tissue [37].

 Research on Cadaveric Spine

Except for surgical training, cadavers offer us 
the opportunity for academic research on them. 
Anatomic dissections add extra knowledge 
through a better understanding of the anatomy 
and the dynamics of the spine [38]. Liu J and his 
team reviewed the published literature on the 
variation of the cervical vertebrae anatomical 
dimensions, concluding that there are differ-
ences between men and women and more 
impressively between Asian and European/
American population. This is a fact that a spine 
surgeon should certainly take into consideration 
before leading a patient to the OR [38].

Several laboratories are also testing new 
techniques and surgical approaches on cadavers. 
When a new technique is applied, it must be 
tested on anatomical and technical aspects. 
Human body cadavers are an excellent medium 
for surgeons to practice their dissection skills. 
The importance of such cadaveric spinal surgery 
training was being demonstrated in Srikantha U 
et al.’s study, where MIS for atlantoaxial fusion 
was tested in four fresh frozen cadavers before it 
was applied to living patients, successfully [39]. 
Additionally, Ludwig CS et al. compared three 
techniques on pedicle screw placement on 
cadavers – (1) using anatomical landmarks, (2) 
using visual and tactile cues after laminoforami-
notomy, and (3) using computer-assisted guid-
ance – and proved that taking into consideration 
the cervical spine anatomy, the anatomical vari-
ations, and the anatomical structures of the 
neck, pedicle screw placement is demanding 
and should be under image-assisted guidance 
[40]. In Dixon’s D et al. study which was con-
ducted on fresh frozen cadavers, it was found 
that dynamic surgical guidance during screw 
insertion in cervical spine aids the surgeon at 
real-time circumstances, showing the route of 
the screw and thus avoiding any complications 
as shown above [41]. At another study, first 
Kessler and his team studied the use of ultra-
sound guidance on cadavers to find the correct 

Table 9.8 Complications of lumbar spine surgery

Complications after operating on lumbar spine [33]
Dural tear
Motor loss of the lower limb – nerve palsy
Increased leg or low back pain
Screw malposition
Screw/rod breakage or looseness
Pedicle fracture
Cerebrospinal fluid leakage
Adjacent disc herniation
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space for lumbar puncture preoperatively, a skill 
which can easily be used as an alternative of 
intraoperative X-ray when less radiation is 
required [28].

Cadavers are additionally used as a mean to test 
and study the biomechanics of implants which are 
used for spinal reconstructions. In Jerry Y. Du 
et al.’s meta- analysis on the biomechanics of differ-
ent types of screw constructs which are used to sta-
bilize the C1–C2 levels of the CS and which were 
applied on cadavers, it was shown that the currently 
used techniques have significant differences in sta-
bility, so their use and effectiveness should be clini-
cally evaluated [42]. Majid K. et al. used CS of 14 
cadavers to test the biomechanics and stability of 
extender plates when loads can be applied mechan-
ically highlighting the need for further research on 
the materials which are used on the spine [43]. 
Accordingly, Reis MT et  al. showed that the 
4-screw cage or the standard plate with cage is 
more stable than the 2-screw cage especially at 
extension and axial rotation of the CS [44].

First, Junhui et  al. studied the correlation of 
mechanical properties of the lumbar discs with 
endplates and suggested that the quality of the 
endplate is affected by the disc degeneration over 
the years and decompression surgeries. This find-
ing indicates that the extraction of the lumbar 
intervertebral disc changes the stresses of the 
adjacent vertebra, contributing to potentially 
more degenerative changes [45].

Studies like these help surgeons to acquire a 
better understanding of the spine, test ex vivo the 
instrument and the implants which are being 
used, and help them have better postoperative 
results. However, in the aforementioned studies, 
it was clearly stated that the number of the cadav-
ers in each of them was not enough for safe con-
clusions, so further studies are needed.

 Conclusion: Discussion

In conclusion, cadaveric spine surgery training 
and research are nowadays a necessary part of the 
neurosurgery training regardless of the level of 
skills or experience. Despite the assumptions and 

disadvantages of this type of training, evidence 
shows significant impact on the surgeon’s perfor-
mance. It is better from an ethical perspective to 
be more qualified over the years and provide bet-
ter quality of medical practice. Surgery is making 
steps forward in terms of surgical techniques and 
new equipment, so spine surgeons need to follow 
these changes. To respond to this call for new 
knowledge and better training, many surgical 
skill courses on cadavers have been organized. 
Studies show that cadaveric spine surgery train-
ing contributes to the development of surgical 
personalities, in terms of knowledge and skills. 
Thus, the American Association of Neurosurgical 
Surgeons, the European Association of 
Neurosurgeons, and many hospital-based and 
university-based laboratories around the globe 
have organized this type of courses regularly. It is 
essential for the surgeon to be qualified, build his 
attitude, and make right choices.

References

 1. Perez-Cruet MJ, Balabhadra RSV, Samartzis D, 
Kim DH.  Historical background of minimally 
invasive spine surgery. In: Kim DH, Fessler RG, 
Regan JJ, editors. Endoscopic spine surgery and 
instrumentation. New York: Thime; 2004. p. 3–18. 
Attaching top medical students to a career in 
Neurosurgery.

 2. Mody MG, Nourbakhsh A, Stahl DL, Gibbs M, 
Alfawareh M, Garges KJ.  The prevalence of 
wrong level surgery among spine surgeons. Spine. 
2008;33:194–8.

 3. Spinal disorders: fundamentals of diagnosis and 
treatment. Am J  Neuroradiol. 2009.; https://doi.
org/10.3174/ajnr.a1299.

 4. Denis F. The three column spine and its significance 
in the classification of acute thoracolumbar spinal 
injuries. Spine. 1983;8:817–31.

 5. Sclafani JA, Kim CW. Complications associated with 
the initial learning curve of minimally invasive spine 
surgery: a systematic review. Clin Orthop Relat Res. 
2014;472:1711–7.

 6. Gonzalvo A, Fitt G, Liew S, de la Harpe D, Turner P,  
Ton L, Rogers MA, Wilde PH.  The learning curve 
of pedicle screw placement: how many screws are 
enough? Spine. 2009;34:E761–5.

 7. Kshettry VR, Mullin JP, Schlenk R, Recinos PF, 
Benzel EC. The role of laboratory dissection training 
in neurosurgical residency: results of a national sur-
vey. World Neurosurg. 2014;82:554–9.

T. Stamatopoulos et al.

https://doi.org/10.3174/ajnr.a1299
https://doi.org/10.3174/ajnr.a1299


129

 8. Nwachukwu C, Lachman N, Pawlina W. Evaluating 
dissection in the gross anatomy course: correlation 
between quality of laboratory dissection and students’ 
outcomes. Anat Sci Educ. 2015;8:45–52.

 9. Harrop J, Lobel DA, Bendok B, Sharan A, Rezai AR.  
Developing a neurosurgical simulation-based edu-
cational curriculum: an overview. Neurosurgery. 
2013;73(Suppl 1):25–9.

 10. Jones R.  Leonardo da Vinci: anatomist. Br J  Gen 
Pract. 2012;62:319.

 11. Smith A, Gagliardi F, Pelzer NR, Hampton J,  
Chau AM, Stewart F, Mortini P, Gragnaniello C. Rural 
neurosurgical and spinal laboratory setup. J  Spine 
Surg. 2015;1:57–64.

 12. Hayashi S, Naito M, Kawata S, Qu N.  History and 
future of human cadaver preservation for surgi-
cal training: from formalin to saturated salt solution 
method. Anat Sci Int. 2016. https://doi.org/10.1007/
s12565-015-0299-5.

 13. Tomlinson JE, Yiasemidou M, Watts AL, Roberts DJ, 
Timothy J. Cadaveric spinal surgery simulation: a com-
parison of cadaver types. Global Spine J. 2016;6:357–61.

 14. Coelho G, Warf B, Lyra M, Zanon N.  Anatomical 
pediatric model for craniosynostosis surgical training. 
Childs Nerv Syst. 2014;30:2009–14.

 15. Benneker LM, Gisep A, Krebs J, Boger A, Heini PF, 
Boner V.  Development of an in  vivo experimental 
model for percutaneous vertebroplasty in sheep. Vet 
Comp Orthop Traumatol. 2012;25:173–7.

 16. Gragnaniello C, Abou-Hamden A, Mortini P, 
Colombo EV, Bailo M, Seex KA, Litvack Z,  
Caputy AJ, Gagliardi F.  Complex spine pathology 
simulator: an innovative tool for advanced spine sur-
gery training. J Neurol Surg A Cent Eur Neurosurg. 
2016;77:515–22.

 17. Suslu H. A practical laboratory study simulating the 
percutaneous lumbar transforaminal epidural injec-
tion: training model in fresh cadaveric sheep spine. 
Turk Neurosurg. 2012;22:701–5.

 18. 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.

 19. Berjano P, Villafañe JH, Vanacker G, Cecchinato R,  
Ismael M, Gunzburg R, Marruzzo D, Lamartina C.   
The effect of case-based discussion of topics with 
experts on learners’ opinions: implications for spinal 
education and training. Eur Spine J. 2016. https://doi.
org/10.1007/s00586-016-4860-2.

 20. Kamel I, Barnette R.  Positioning patients for spine 
surgery: avoiding uncommon position-related com-
plications. World J Orthop. 2014;5:425–43.

 21. Stambough JL, Dolan D, Werner R, Godfrey E.   
Ophthalmologic complications associated with prone 
positioning in spine surgery. J Am Acad Orthop Surg. 
2007;15:156–65.

 22. DePasse JM, Palumbo MA, Haque M, Eberson CP, 
Daniels AH.  Complications associated with prone 
positioning in elective spinal surgery. World J Orthop. 
2015;6:351–9.

 23. Chambers SB, Deehan DJ.  Cadaveric surgical  
training improves surgeon confidence. The Bulletin of 
the RCS. 2015.

 24. Turnbull IM, Brieg A, Hassler O. Blood supply of cer-
vical spinal cord in man: a microangiographic cadaver 
study. J Neurosurg. 1966;24:951–65.

 25. Breig A, Turnbull I, Hassler O. Effects of mechani-
cal stresses on the spinal cord in cervical spondylo-
sis: a study on fresh cadaver material. J  Neurosurg. 
1966;25:45–56.

 26. Harrop JS, Aarabi B, Shaffrey C, Dvorak M,  
Fisher C. Early versus delayed decompression for 
traumatic cervical spinal cord injury: results of the 
Surgical Timing in Acute Spinal Cord Injury Study 
(STASCIS). PLoS One. 2012;7:e32037.

 27. Ebraheim NA, Jabaly G, Xu R, Yeasting RA. Anatomic 
relations of the thoracic pedicle to the adjacent neural 
structures. Spine. 1997;22:1553.

 28. Kessler J, Moriggl B, Grau T. The use of ultrasound 
improves the accuracy of epidural needle placement 
in cadavers. Surg Radiol Anat. 2014. https://doi.
org/10.1007/s00276-013-1243-9.

 29. Bergeson RK, Schwend RM, DeLucia T, Silva SR.   
How accurately do novice surgeons place thoracic ped-
icle screws with the free hand technique? Spine. 2008. 
https://doi.org/10.1097/BRS.0b013e31817b61a.

 30. Oh CH, Yoon SH, Kim YJ, Hyun D, Park H-CC.   
Technical report of free hand pedicle screw placement 
using the entry points with junction of proximal edge 
of transverse process and lamina in lumbar spine: 
analysis of 2601 consecutive screws. Korean J Spine. 
2013;10:7–13.

 31. Gautschi OP, Schatlo B, Schaller K, Tessitore E.   
Clinically relevant complications related to pedicle 
screw placement in thoracolumbar surgery and their 
management: a literature review of 35,630 pedicle 
screws. Neurosurg Focus. 2011;31:E8.

 32. Lonner BS, Auerbach JD, Estreicher MB,  
Kean KE.  Thoracic pedicle screw instrumentation:  
the learning curve and evolution in technique 
in the treatment of adolescent idiopathic sco-
liosis. Spine. 2009. https://doi.org/10.1097/
BRS.0b013e3181b4f7e8.

 33. Shriver MF, Zeer V, Alentado VJ, Mroz TE,  
Benzel EC, Steinmetz MP.  Lumbar spine surgery 
positioning complications: a systematic review. 
Neurosurg Focus. 2015;39:E16.

 34. Goldstein CL, Phillips FM, Rampersaud YR.   
Comparative effectiveness and economic evalua-
tions of open versus minimally invasive posterior or 
transforaminal lumbar interbody fusion: a systematic 
review. Spine. 2016;41(Suppl 8):S74–89.

 35. Shriver MF, Xie JJ, Tye EY, Rosenbaum BP, Kshettry 
VR, Benzel EC, Mroz TE. Lumbar microdiscectomy 
complication rates: a systematic review and meta- 
analysis. Neurosurg Focus. 2015;39:E6.

 36. Abuzayed B, Tuna Y, Gazioglu N.  Thoracoscopic 
anatomy and approaches of the anterior thoracic 
spine: cadaver study. Surg Radiol Anat. 2012. https://
doi.org/10.1007/s00276-012-0949-4.

9 Use of Cadaveric Models in Simulation Training in Spinal Procedures

https://doi.org/10.1007/s12565-015-0299-5
https://doi.org/10.1007/s12565-015-0299-5
https://doi.org/10.1007/s00586-016-4860-2
https://doi.org/10.1007/s00586-016-4860-2
https://doi.org/10.1007/s00276-013-1243-9
https://doi.org/10.1007/s00276-013-1243-9
https://doi.org/10.1097/BRS.0b013e31817b61a
https://doi.org/10.1097/BRS.0b013e3181b4f7e8
https://doi.org/10.1097/BRS.0b013e3181b4f7e8
https://doi.org/10.1007/s00276-012-0949-4
https://doi.org/10.1007/s00276-012-0949-4


130

 37. Isaacs RE, Podichetty VK, Sandhu FA, Santiago P,  
Spears JD, Aaronson O, Kelly K, Hrubes M,  
Fessler RG. Thoracic microendoscopic discectomy: a 
human cadaver study. Spine. 2005;30:1226–31.

 38. Liu J, Napolitano JT, Ebraheim NA.  Systematic 
review of cervical pedicle dimensions and projec-
tions. Spine. 2010;35:E1373–80.

 39. Srikantha U, Khanapure KS, Jagannatha AT,  
Joshi KC, Varma RG, Hegde AS. Minimally invasive 
atlantoaxial fusion: cadaveric study and report of 5 
clinical cases. J Neurosurg Spine. 2016:1–6.

 40. Ludwig SC, Kramer DL, Balderston RA, Vaccaro 
AR, Foley KF, Albert TJ.  Placement of pedicle 
screws in the human cadaveric cervical spine: 
comparative accuracy of three techniques. Spine. 
2000;25:1655–67.

 41. Dixon D, Darden B, Casamitjana J, Weissmann KA,  
Cristobal S, Powell D, Baluch D.  Accuracy of a 
dynamic surgical guidance probe for screw insertion 

in the cervical spine: a cadaveric study. Eur Spine 
J. 2016. https://doi.org/10.1007/s00586-016-4840-6.

 42. Du Jerry Y, Aichmair A, Kueper J, Label TWDR.   
Biomechanical analysis of screw constructs for atlan-
toaxial fixation in cadavers: a systematic review and 
meta-analysis. J Neurosurg Spine. 2015;22(2):151–61.

 43. Majid K, Moldavsky M, Khalil S, Gudipally M. An 
in-vitro biomechanical study evaluating cervical 
extension plates for stabilizing degenerated adjacent 
levels. Clin Spine Surg. 2016. https://doi.org/10.1097/
BSD.0b013e3182a26734.

 44. Reis MT, Reyes PM, Crawford NR.  Biomechanical 
assessment of anchored cervical interbody cages: com-
parison of 2-screw and 4-screw designs. Neurosurgery. 
2014;10(Suppl 3):412–7; discussion 417.

 45. Liu J, Hao L, Suyou L, Shan Z, Maiwulanjiang M.   
Biomechanical properties of lumbar endplates and 
their correlation with MRI findings of lumbar degen-
eration. J Biomech. 2016;49:586–93.

T. Stamatopoulos et al.

https://doi.org/10.1007/s00586-016-4840-6
https://doi.org/10.1097/BSD.0b013e3182a26734
https://doi.org/10.1097/BSD.0b013e3182a26734


131© Springer International Publishing AG, part of Springer Nature 2018 
A. Alaraj (ed.), Comprehensive Healthcare Simulation: Neurosurgery,  
Comprehensive Healthcare Simulation, https://doi.org/10.1007/978-3-319-75583-0_10

The Use of Simulation 
in the Training for Spinal Cord 
Stimulation for Treatment 
of Chronic Pain

Konstantin V. Slavin and Dali Yin

K. V. Slavin (*) · D. Yin 
University of Illinois at Chicago, Department of 
Neurosurgery, Chicago, IL, USA
e-mail: kslavin@uic.edu; daliyin@uic.edu

10

 Introduction

Low back pain with or without radiculopathy is 
estimated to affect 70% of adults during a lifetime 
in developed countries [1] and is a major health 
problem globally [2, 3]. Low back pain can result 
in functional limitations and consequent disabil-
ity [4] that produce significant medical and eco-
nomic burden on individuals and society. In the 
USA, more than $100 billion are used to treat 
patients with chronic neuropathic pain each year 
[5, 6]. Medications and corrective surgery have 
demonstrated some efficacy for management of 
chronic pain. However, therapeutic effectiveness 
is not always achieved with these treatments, 
which, on other hand, may result in some serious 
adverse effects. Therefore, there is an obvious 
need for a neurosurgeon to learn alternative surgi-
cal techniques for the treatment of chronic pain, 
therefore reducing related disability.

Spinal cord stimulation (SCS) has been devel-
oped as an established treatment for chronic neuro-
pathic pain [7, 8]. The advantages of SCS include 
effectiveness, reversibility, minimal invasiveness, 
and low complication rate, which make it more 
popular than before for pain management. With 

the improvements in leads and battery of SCS sys-
tem, it has become the most commonly used surgi-
cal intervention for chronic pain. Approximately 
14,000 patients around the world undergo SCS 
implantation each year [9]. More than 60,000 SCS 
systems have been implanted in the USA over the 
past 15 years, many with very successful results 
[9]. Recently, two technological innovations, per-
cutaneous paddles and wireless SCS devices, have 
been developed, and these would raise the level of 
neurosurgical interest in percutaneous lead inser-
tion. Despite the advanced technology and large 
number of surgeries involved, 30% of implanted 
patients fail to achieve long-term pain relief in the 
follow-up period [10]. Many factors influence the 
success rates in SCS, including physician experi-
ence, surgical technique, patient selection, and 
postoperative follow-up care [9]. It has been shown 
that surgeons’ experience and surgical skills posi-
tively impact on morbidity and mortality [11, 12]. 
However, SCS is not part of standard neurosurgi-
cal educational curriculum, and training for place-
ment of SCS system is nonmandatory. Since 
implantation and management of SCS systems are 
a multidisciplinary teamwork, any physicians in 
this regard should be familiar with patient selec-
tion, implantation, and follow-up. To increase its 
applicability, guidelines and training requirements 
for SCS device have been issued by the North 
American Neuromodulation Society (NANS) for 
neurosurgeons, orthopedic surgeons, anesthesiolo-
gists, physiatrists, neurologists, and others [9].
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Neurological surgery requires years of train-
ing to obtain the knowledge and technical skills 
in order to provide high-quality patient care that 
is safe and effective. Learning through observa-
tion and operation in the operating room (OR) 
has been the majority of surgical training, which 
has faced too many issues, including patient 
safety, work hour limitations, and cost of OR 
time [13]. On the other hand, surgeons must prac-
tice to improve their skills and to maintain profi-
ciency. SCS is a relatively simple neurosurgical 
procedure; however, it requires training to maxi-
mize therapeutic benefit while minimizing surgi-
cal risks to patients. Moreover, high level of 
functioning in patients with chronic neuropathic 
pain and a small number of surgeons who per-
form SCS has prevented such hands-on training 
in the OR. Therefore, improvement in SCS train-
ing and education is very important for both sur-
geon and patient safety. Fortunately, simulation 
technology offers opportunities to teach surgeons 
and allow them to practice surgical procedures 
outside the OR [14]. It can provide surgeons with 
appropriate training to obtain surgical skills, 
techniques, and knowledge before practicing pro-
cedures on the real patients.

 Simulation Training

Simulation allows surgeons to use models to 
practice surgical procedures in a controlled set-
ting. It has played an important role in providing 
appropriate education and training for neurosur-
geons who can obtain surgical skills and knowl-
edge without compromising care quality or 
patient safety. It is clear that the ideal place for 
the initial acquisition and refinement of surgical 
skills, including SCS, is not in the operating 
room. Moreover, it is necessary for neurosur-
geons to learn surgical technical skills to provide 
safe patient care. Simulation-based training 
enables surgeons to reproduce the SCS tech-
niques in a protected environment for not only 
residency and fellows but also practitioners.

Simulation is currently used in different ways 
in the education, including virtual reality (such as 
computer simulators), physical models (such as 

cadaveric models and synthetic models), and 
mixed-reality simulator with focus on technical 
and nontechnical skills and knowledges. The 
benefits of simulation have been demonstrated in 
neurosurgical training, which provides surgeons 
with opportunities to refine techniques and 
enhances the safety and efficacy of surgical pro-
cedures before the actual clinical practice. 
Surgical techniques used in SCS simulation 
include [1] identification of anatomical land-
marks, [2] the use of fluoroscopy for placement 
of SCS electrodes, and [3] generator implanta-
tion. Simulation would be an efficient learning 
strategy for SCS procedure. Importantly, sur-
geons can go back to simulation training repeat-
edly until they feel comfortable to perform SCS 
procedure. The SCS simulation can help sur-
geons to place electrodes effectively, thus reduc-
ing postoperative complications.

In our practice, we have used percutaneous 
permanent leads and “tunnel trial” technique for 
implantation of SCS system. It is usually done in 
a standard operating room. This technique allows 
us to avoid having the patient go through elec-
trode insertion twice. The main advantage of this 
approach is that the same lead used during the 
trial will be also used as permanent electrode for 
SCS. Moreover, the lead insertion becomes eas-
ier with exposure of the deep fascia, therefore 
making access to the epidural space less compli-
cated and more predictable. Here, in this book 
chapter, we described the simulation of SCS step 
by step for treatment of chronic pain, which may 
be able to provide surgeons and pain specialists 
with a no-risk learning environment for improved 
performance of this procedure. Surgeons can be 
trained using physical models for SCS technique. 
The details are described as following.

 Chronic Pain: Indications 
and Patient Selection

SCS is mainly used to treat neuropathic pain, such 
as failed back surgery syndrome (FBSS), complex 
regional pain syndrome (type I, reflex sympathetic 
dystrophy, and type II, causalgia), peripheral neu-
ropathy, spinal arachnoiditis, lumbar radiculitis, 
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and severe ischemic pain from perivascular  
disease. FBSS is the most common indication for 
SCS. For patients with neuropathic pain, MRI and/
or CT are necessary to rule out pathologies that 
can be treated surgically.

In the use of SCS, appropriate patient selection 
is a major determinant of successful outcome. 
Patients are selected based on correct diagnosis, 
failure with conservative therapy, psychological 
evaluation, medical evaluation, patient expecta-
tions, and SCS trial demonstrating pain relief. 
Understanding of what factors predict a good out-
come from SCS is critical in counseling patients.

 Surgical Techniques of SCS 
Procedure

NANS offers cadaver training course of SCS  
procedures at an annual meetings.

There are medical labs in Medtronic, St. Jude, 
and Boston Scientific, which provide a realistic 
environment that enables a surgeon to simulate 
SCS procedures under the guidance of their 
experts. We have used “tunnel trial” technique for 
SCS procedure, which includes insert of perma-
nent percutaneous electrode(s) from the beginning. 
This SCS surgical technique includes two stages of 
the procedures, with stage one of electrode implan-
tation, and stage two of electrode internalization 
and implantation of SCS generator.

 Stage I: Electrode Implantation

Implantation of electrodes is performed under 
monitored anesthetic care. The patient is placed 
in prone position (Fig. 10.1). The AP view of the 
lumbar spine is obtained with C-arm to deter-
mine incision site (Fig. 10.2). After injection of 
local anesthetic, a 2-cm straight incision is made, 
and a pocket is created under the skin and above 
the fascia by dissection of soft tissue (Fig. 10.3).

First, A 18-gauge Tuohy needle is inserted 
into the epidural space (Fig. 10.4), usually at the 
level of L2–L3 under fluoroscopic guidance 
(Fig. 10.5) with the loss of resistance technique. 
Then guide wire is inserted through the needle 

and removed after confirmation. The first percu-
taneous electrode is inserted through the needle 
into the epidural space (Fig. 10.6) and advanced 
up to the target level, such as T8–T9 under live 

Fig. 10.1 Patient positioned prone on the operating table

Fig. 10.2 Levels of surgery are confirmed with C-arm 
fluoroscopy
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Fig. 10.3 A pocket is created under the skin and above 
the fascia

Fig. 10.4 Paramedian needle insertion

Fig. 10.5 Fluoroscopic image of paramedian needle 
insertion

Fig. 10.6 Percutaneous electrode is inserted through a 
needle
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fluoroscopy. Similarly, the second percutaneous 
electrode is placed through the needle and 
advanced parallel to the first one, all the way to 
the desired level (Fig. 10.7).

After the electrodes are positioned side by 
side in the posterior epidural space, the intraop-
erative stimulation trial is started. The patient 
sedation is stopped prior to initiation of intraop-
erative testing. The electrodes are connected to 
temporary extension wires and screening device 
(Fig.  10.8). By asking the patient about his/her 
sensations, different configurations and 
 stimulation parameters are tested until the patient 
described good coverage of his/her painful areas. 
Repositioning of electrodes may need to be per-
formed to adjust the distribution of paresthesias. 
Once the intraoperative trial is completed, the 
position of the electrodes is recorded with C-arm 
fluoroscopy. The needles are removed, and the 
electrodes are anchored to the fascia (Fig. 10.9).

Two temporary extension cables are tunneled 
subcutaneously on the opposite side of the pro-
posed generator location and brought to the skin 
surface 10  cm away from the original midline 
incision (Fig.  10.10). Extension cables are  
connected to SCS electrodes. The excess of the 
electrodes is coiled above the fascia but below the 
connection with the temporary cables (Fig. 10.11) 
to protect the electrodes during internalization. 
The incision is closed in layers with 2-0 Vicryl 
for the subcutaneous tissues and 3-0 nylon for the 
skin (Fig. 10.12). A nylon suture is used to affix 

Fig. 10.7 The second percutaneous electrode is inserted 
through the needle and advanced parallel to the first one 
all the way to the target level

Fig. 10.8 Electrodes are connected to the screening 
cable for intraoperative stimulation trial

Fig. 10.9 Electrodes are anchored to the fascia. Two 
nonabsorbable sutures are placed over each anchor, which 
is fixed onto the fascia
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the temporary extension cables onto the skin to 
prevent dislodgement and to minimize the risk of 
infection (Fig. 10.12). Extension cables are con-
nected to the screening cable, and the impedance 
of all contacts of electrodes is checked and con-
firmed to be within normal range.

The patient can test the device for about 7 days 
to confirm that the paresthesia is perceived in a 
good place and the pain relief is adequate. If the 
trial is successful, patient will have electrode 
internalization and implantation of implantable 
pulse generator (IPG). On the other hand, if the 
trial fails, lead/anchor/extension cable needs to 
be removed in the OR.

 Stage II: Electrode Internalization 
and Implantation of SCS Generator

This procedure is performed under general anes-
thesia. If the patient is not a driver, the generator 
is usually implanted in the right side of abdomi-
nal area to avoid the seatbelt line. In cases like 
this, patient is intubated and placed in lateral 

Fig. 10.10 Tunneling for extension cables and connec-
tion between electrodes and extension cables

Fig. 10.11 The excess of the electrodes is coiled above 
the fascia but below the connector with the temporary 
cables

Fig. 10.12 Skin incision closure
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decubitus position with his/her right side up. This 
allows access to both lumbar and anterior abdom-
inal regions. After prep, draping, and application 
of local anesthetic, first the suture line in the lum-
bar region is reopened carefully, and the elec-
trodes and extension cables are identified. The 
extension cables are cut and removed. The elec-
trodes are inspected for integrity and checked for 
length to determine abdominal incision site for 
accommodation of generator. In some cases, 
extension cables may be needed.

A second incision is then made on the right 
side of the abdomen between the 12th rib and 
iliac crest. The pocket for the generator is made 
under the subcutaneous plane above the fascia, 
with the thickness of layer of tissue above the 
generator less than 2.0  cm. The electrodes are 
passed through a special passer between lumbar 
and abdominal incisions, connected to a genera-
tor, and secured with setscrews. The generator is 
then placed into the pocket, attached to the under-
lying fascia with nonabsorbable sutures. Finally, 
SCS device is interrogated to confirm that the 
impedance of all contacts is within normal limits. 
Incisions are then closed. Our preference is to put 
the generator into the abdominal wall because of 
easier recharging and programming, as well as 
less discomfort during sitting and lying down. 
Moreover, the abdominal IPG placement may 
cause less stress to electrodes and extension 
cables, therefore reducing the risk of migration or 
fracture.

In summary, this book chapter provides 
information about simulation of SCS procedure 
for treatment of chronic neuropathic pain. 
Through this simulation-based training, we 
hope it would enhance a surgeon’s knowledge, 
skills, and performance in SCS procedure.
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 Introduction to Haptics

Haptics refers to the studies of the sense of touch. 
It enables to “touch” virtual objects simulated in 
a virtual environment. Haptics is to touching, as 
visual is to seeing and auditory is to hearing. 
Therefore, haptic devices allow humans to “feel” 
computer-generated objects.

Haptics is an interdisciplinary field that 
merges concepts from computer science, 
mechanical design, physics, and human percep-
tion. The term haptics was introduced in the early 
twentieth century from the area of psychophys-
ics. Later, on the decade of 1970–1980, haptics 
was focused on telerobotics. During the early 
1990s the first commercially available haptic 
device was born, named SensAble PHANToM. 
In the last 20  years, haptics became an active 
field of research and development worldwide [1].

Unlike computer graphics, which enables a 
unidirectional interaction, haptics is symmetrical 
and bidirectional. Examples of devices that pro-

vide this type of dual interaction are robotic tele-
manipulators, exoskeletons, physical rehabilitation 
and exercise machines, intelligent assistance 
devices, advanced prosthetics, and “near-field” 
telerobotics, to name a few [2].

The unidirectional interaction on usual com-
puter interaction is shown on Fig. 11.1, where the 
user provides input commands to the computer, 
and this device processes the data and prepares a 
new graphics rendered on the display device. 
This is a close loop, but there is no other feed-
back provided to the user besides the images dis-
played [2].

Haptics is a dual cycle interaction, meaning 
that there are two control closed loops. In other 
words, the difference with the previous type of 
unidirectional interaction is that there is not 
only a one cycle as with computer graphics. 
Haptics takes into consideration that there is a 
machine closed loop taking place on the haptic 
device and another closed loop on the sensory 
system of the human. Figure  11.2 describes 
better this type of dual cycle interaction that is 
used in haptics [2].

Haptics rendering is a term utilized to describe 
how the computer generates the forces to be 
applied by the haptic device. Haptics rendering 
cycle is a closed loop based on the user’s hand 
movement (input) and the detection of such 
movements to recreate the forces (output) 
Fig. 11.3 [1].
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Fig. 11.1 Unidirectional 
interaction. (Adapted 
from Mansor et al. [2])

Fig. 11.2 Dual cycle 
interaction. (Adapted 
from Mansor et al. [2])
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 Haptics Disciplines

Haptics is divided in three disciplines (Fig. 11.4):

• Human haptics
• Machine haptics
• Computer haptics

 Human Haptics

Human haptics merges human perception, cogni-
tion, and neurophysiology. Human perception is 
achieved by both tactile (skin) and kinesthetic 
(muscle and bone) stimuli. The tactile sensation 
includes perception of temperature, texture, slip, 

Fig. 11.3 Haptics 
rendering cycle. 
(Adapted from Salisbury 
et al. [1])

Fig. 11.4 Haptics disciplines. (Adapted from Salisbury 
et al. [3], CS277 Lecture January 2011)

11 Introduction to Haptics



144

vibrations, force, and pain. Kinesthetics consists 
on the process involved in controlling the mus-
cles and knowing where each part of the body is 
based on the information from the nervous sys-
tem [3].

Kinesthesia is the sense that detects bodily 
position, weight, or movement of the muscles, 
tendons, and joints. The perception of the shape 
of an object by means of touch is called “tactual 
stereognosis.”

In human perception, there are different types 
of receptors [3, 4]:

• Four types of mechanoreceptors
• Two types of thermos receptors
• Two types of nociceptors (free nerve endings 

for pain)
• Three types of kinesthetic receptors

The sense of touch relies on a vast number of 
sensors in both the skin and the musculoskeletal 
system that work in conjunction with the motor 
control system to enable sensing of mechanical 
stimuli. Haptics does not utilize an extensive 
bandwidth. The stimuli can be sensed temporally 
at 1  Khz and with a spatial discrimination of 
1  mm. There is an extraordinary sensitivity to 
certain stimuli such as 300  Hz for vibration 
(0.1  um and raised edges under 1  um). While 
haptics does not excel as a high-bandwidth chan-
nel for structured information such as characters, 
words, or text, it does excel at 3D object recogni-
tion [3, 4].

 Types of Haptic Devices

Haptic devices can be classified according to 
Salisbury et al. [3, 4] by:

• Kind of stimulus: This represents the type of 
pressure, force, or sensation that the device 
provides. It can be an array of pins that move 
vertically or laterally. There are also shear dis-
plays that provide a sensation of different fric-
tion on the fingers.

• Degrees of freedom: They represent the num-
ber of possible movements that the device can 

perform. It can be one such as the one found 
on pedals or steering wheels and two for mice, 
stylus, and joysticks. It can reach up to six 
degrees of freedom like the ones for teleopera-
tors and training phantoms.

• Transmission type: For tactile response, they 
can be (1) by impedance, as increasing the 
force on which the user needs to apply to 
move a device, or (2) by admittance, which 
uses an active sensor to provide a larger range 
of forces.

• Grounding location: It refers to where the 
device is placed for a point of interaction; the 
categories are divided in grounded or exoskel-
etal. A grounded device is not a wearable 
device; an example would be a joystick. The 
exoskeleton can be several types of wearable 
devices such as the ones developed by 
CyberForce, UTAH/Sarcos Research Arm, 
Rutgers Master, and PERCRO Human 
Interface. There are also hybrid wearable and 
exoskeleton devices, such as the inertial reac-
tion device used on video game controllers, 
which provide vibration depending on the 
effect.

• Others: sensing quality, actuator quality, and 
bandwidth communication.

 Components of a Haptic Device

Typical haptic devices are mainly composed of 
actuators and sensors.

 (A) Sensors allow haptic device to “feel” the 
interaction with the user. Either force or 
capacitive field sensors are used by the con-
troller of the device to know when the user is 
in contact with the haptic device. Force sen-
sor generally consists of a “spring” that 
changes its electromechanical properties 
based on the deformation obtained after the 
force has being applied. Encoders are also 
sensors in the haptic device. They are gener-
ally placed on the shaft of an electrical motor 
to determine its position, speed, and accel-
eration. They used to determine the location 
of each movable part of the arm of the haptic 
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device. There are two main types of encod-
ers: (1) optical and (2) magnetoresistive [5].
 (1) In optical encoders, a focused beam of 

light is aimed at a photodetector that 
gets pulses of light and interrupted light 
after a certain number of degrees. The 
encoders can detect a finite number of 
degrees on an absolute or a referential 
frame [5] (Figs. 11.5 and 11.6).

 (2) Magnetoresistive sensors are built using 
materials that change their electrical 
resistance when an external magnetic 
field is applied. Capacitive field sensors 

usually have a charge that is placed on 
specific points that change their proper-
ties the reception based on the presence 
of the external physical elements that 
divide them. When a user touches some-
thing or there is a collision, the electrical 
field gets disturbed, and a “contact” 
event is perceived. There are compo-
nents where a resistance depends on the 
angle between the magnetization vector 
of the ferromagnetic material and the 
direction of the current flow (Fig. 11.7).

 (B) Actuators allow the user to feel the force 
applied by the haptic device. Examples of 
typical actuators are (1) DC brushed motors, 
(2) brushless motors, (3) servomotors, and 
(4) pneumatic and hydraulic motors.
 (1) DC brushed motors have an armature 

that rotates inside a field magnet or coil. 
The armature has a commutator that 
changes the polarity of the armature 
windings on each rotation one or two 
times. The change in polarity forces the 
rotation to take place on the shaft. After 
each change in polarity, the shaft rotates 
more degrees. The brushes keep the 
same polarity, and those are the ones 
that transmit the polarity to the windings 
placed on the commutator [6] (Fig. 11.8).

 (2) In brushless motors, the windings do not 
rotate. There are permanent magnets 

Fig. 11.5 How the encoders work on a referential frame

Fig. 11.6 Absolute encoder: can tell the position of the 
shaft in an absolute frame of reference
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attached to the shaft. The windings 
change the polarity and attract the per-
manent magnets of the shaft to a differ-
ent position. These changes of polarity 
on the electromagnets that are the wind-
ings enable the rotation of the shaft. The 
brushless motors do not wear that easily 
over time, so these motors are usually 
used to provide vibration feedback on 

the elements of haptic devices that 
require long period of work and reliabil-
ity. These vibration feedback elements 
are also used on video game controllers 
[6] (Fig. 11.9).

 (3) There are also servomotors that work by 
a combination of a controller, an encoder, 
and an internal motor. The servomotors 
use an electrical pulse of  variable width 

Fig. 11.7 Capacitive sensor

Fig. 11.8 DC brushed 
motor showing the 
commutator and brushes
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or pulse width modulation (PWM) as a 
control signal that activates the internal 
motor to provide and keep the desired 
position. Generally, the  servomotors 
reach between 0° and 180°. These are 
the motors used in the joints of the haptic 
devices and robotic arms [7].

 (4) In pneumatic and hydraulic motors, the 
flow of different fluids inside a chamber 
can change the pressure, texture, and 
strength of a surface. These pumps consist 
of a motor that controls the flow of fluid or 
air through the pump based on the pres-
sure feedback that it receives. These types 
of actuators are used on small devices that 
have a touchable surface that changes 
based on the element it simulates.

 Examples of Haptic Devices

HaptX created a haptic glove named HaptX 
GloveTM that allows the user to feel the texture 
and temperature of different objects using several 
small actuators. The company is also currently 
working on an exoskeleton that will enable fully 
immersive environment for the user into a virtual 
world. This project will be beneficial for teaching 
applications and the game industry [8] (Fig. 11.10).

Dexmo, developed by Dexta Robotics, is a 
haptic device that works similarly to a hand 
glove, with multiple actuators attached to each 

finger that allow the user to feel the virtual 
objects. When coupled with a second device, via 
Dexmo+Handuino interface, it can measure the 
resistance provided by real objects and reproduce 
a virtual replica of the object [9] (Fig. 11.11).

Gloveone is a wearable glove that has a haptic 
actuator for each finger as well. This glove pro-
vides sensations based on the relative position of 
the virtual represented hand and the virtual envi-
ronment [10] (Fig. 11.12).

Geomagic Touch X and Geomagic Touch 
(Figs.  11.13 and 11.14), formerly known as 
SensAble Desktop and Omni, respectively, are 
two 6-DOF haptic devices manufactured by 
Geomatic. Being the most popular commercially 
available haptic devices used for research and 
development, they provide a relatively strong 
force feedback in a compact size [11, 12].

 Examples of Haptic Medical 
Simulators

PalpSim was developed by Bangor University 
and Istituto Italiano di Technologia (Italian 
Institute of Technology) and their medical part-
ner Royal Liverpool University Hospital. PalpSim 
is a device that shows a virtual environment on 
the screen and allows interaction with the user 
using a palpable surface and a haptic device that 
works as a syringe or another surgical instru-
ment. The palpable surface detects the force and 

Fig. 11.9 Brushless 
motor
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updates the force that needs to be applied back to 
the user. Therefore, there is a real-time interac-
tion that is being shown on a haptic or touchable 
display, a haptic device, and a visual display [13] 
(Fig. 11.15).

The Bimanual Haptic Simulator for Medical 
Training, developed by Virtual Reality Group, 
RWTH Aachen University, uses two haptic 

devices to simulate bimanual surgical proce-
dures. One haptic device is used to palpate the 
anatomical 3D model and the other one to handle 
a virtual needle. A projection screen positioned 
behind the haptic devices shows the virtual 
patient, the virtual representations of the sur-
geon’s hands, and the virtual instruments [14] 
(Fig. 11.16).

Fig. 11.11 Dexmo. (Courtesy of Dexta Robotics Inc., 2018 [9], used with permission)

Fig. 11.10 AxonVR. (Courtesy of HaptX Inc., ©2018 [8], used with permission)
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Fig. 11.12 Gloveone. 
(Courtesy of 
NeuroDigital 
Technologies, 2018 [10], 
used with permission)

Fig. 11.13 Geomagic Touch. (Courtesy of 3D Systems, 
2018 [11], used with permission) Fig. 11.14 Geomagic Touch X. (Courtesy of 3D 

Systems, 2018 [12], used with permission)

ImmersiveTouch developed by the University 
of Illinois at Chicago is a 3D augmented reality 
and haptic simulator for medical procedures. 
ImmersiveTouch combines one or two haptic 
devices, a 3D monitor, an electromagnetic tracker, 
and a half-silvered mirror to create an augmented 
reality environment. The haptic devices allow the 

user to manipulate virtual  representations of the 
virtual instruments and interact with the virtual 
patient anatomy. The tracking device determines 
the position and orientation of the user’s head to 
display the proper 3D perspective and perfectly 
match virtual and real objects in the augmented 
reality environment [15] (Fig. 11.17).
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Fig. 11.15 PalpSim. (Courtesy of Tim Coles, 2011 [13], used with permission)

Fig. 11.16 Bimanual haptic simulator for medical training. (Courtesy of Ullrich et al. [14], used with permission)

Fig. 11.17  
Immersivetouch 
simulator. (Luciano 
et al. [15], used with 
permission)
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 Conclusions

Haptics-based medical simulation is currently an 
active field of research in the scientific commu-
nity and will continue to be for the next decades. 
Realistically simulating those tactile and kines-
thetic sensations perceived during surgery, while 
interacting with intricate patient anatomy and 
with an extensive range of soft and hard body tis-
sues, is technologically challenging, but it has 
without a doubt the potential to improve surgical 
training.

Even though the basic principles presented in 
this chapter about human-computer interaction, 
actuators, and sensors that enable humans to per-
ceive force and torque will most likely remain 
fundamentally unchained, both haptic 
 exoskeletons and grounded stand-alone devices, 
as well as the multidisciplinary areas of human 
perception, and machine and computer haptics, 
will continue to evolve.

Advanced medical simulation and training 
that coherently provide multiple stimuli, from 
visual to auditory to touch, have already shown 
promising results. We envision they will continue 
to increase their levels of realism and sophisti-
cated human-computer interaction to enhance 
medical education, with the ultimate goal of 
improving surgical outcomes and increasing 
patient safety.
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 Competency Assessment Post- 
simulation in Neurosurgical 
Training

Interest in implementing VR simulation in gradu-
ate medical education has grown over the past 
decade, especially within surgical specialties. For 
instance, the use of VR simulators in general sur-
gery training has been well-studied, and research 
examining its use for laparoscopic cholecystec-
tomy practice demonstrated that those groups 
who practiced with the simulator were less likely 
to have errors or make critical mistakes and com-
pleted the procedure quicker [1].

Similarly, the inclusion of VR simulators in 
neurosurgical training has expanded recently, 
and its goals are multifold. VR simulation pro-
vides a safe environment to practice technical 
skills with no risk to the patient, which becomes 
an increasingly important objective as advocacy 
for transparency in patient surgical outcomes and 
the involvement of residents in cases has pro-
gressed [2, 3]. The development of surgical skills 
among trainees on a lifelike model for a variety 
of procedures within a safe environment to 
improve patient outcomes encaptures the overall 
purpose of incorporating VR simulation into 

residency [4]. Multiple VR simulators have been 
produced in an effort to address these needs, 
including but not limited to Surgical Theater ®, 
NeuroTouch ®, Simbionix ® ANGIO Mentor ™, 
and ImmersiveTouch ®. These technologies will 
be discussed in more detail in other chapters. 
Additionally, the Congress of Neurological 
Surgeons (CNS) established a Simulation 
Committee in 2010 and recently published an 
overview of a simulator-based educational cur-
riculum, including vascular, cranial, and spine 
components [5]. This committee aimed to create 
both virtual reality and physical simulations to 
maximize resident education, improving out-
comes both safely and efficiently, and using an 
algorithm to standardize assessments among 
participants.

 Procedures

VR simulators overall provide training on a vari-
ety of neurosurgical procedures along a spectrum 
of complexity, and the performance of these pro-
cedures as well as structured curriculums has 
been studied among neurosurgical residents. 
Among spine-based techniques, a 90-min curric-
ulum on the anterior cervical discectomy and 
fusion with written and practical pretests, didac-
tics and hands-on training, and subsequent  
posttests has been published, indicating improve-
ment from baseline scores among participants [6]. 
Another study examined a 2-h educational 
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 curriculum for posterior cervical decompression, 
including laminectomy and foraminotomy exer-
cises, and demonstrated improved posttest didac-
tic and technical scores [7]. Additionally, the 
CNS Simulation Committee developed a simula-
tion model for durotomy and cerebrospinal fluid 
leak repair both within the lumbar spine [8] and 
cervical spine [9].

Simulated endovascular procedures have sim-
ilarly been studied. A 2-h resident simulator- 
based course on diagnostic cerebral angiography 
available at two CNS annual meetings showed 
significant improvement in posttest-written 
assessment and practical skill scores [10]. 
Additionally, another small, pilot study assessed 
technical skills in performing a diagnostic cere-
bral angiogram on the Simbionix ® ANGIO 
Mentor ™ system, and participants improved 
procedure and fluoroscopy time over five attempts 
[11]. A study of VR-based simulation for endo-
vascular aneurysm repair, also using Simbionix 
® ANGIO Mentor ™, demonstrated faster proce-
dural times, better device sizing, and fewer com-
plications after training with the simulator [12]. 
Furthermore, simulated carotid artery stenting 
improved procedural and overall fluoroscopy 
times, as well as successful cannulation of the 
common carotid artery and sizing and deploy-
ment of embolic protection device [13]. A longi-
tudinal analysis of participants over 30 days with 
five participants showed overall performance 
improvement in diagnostic cerebral angiogram, 
embolectomy, and coil embolization, as mea-
sured by total procedure time, fluoroscopy time, 
contrast dose, packing densities, number of coils 
used, and number of stent-retriever passes [14].

Many simulated cranial procedures have also 
been designed, from ventriculostomy placement 
to cerebral aneurysm clipping and brain tumor 
resection. The CNS Simulation Committee 
implemented a trauma module at two annual 
meetings, including ventriculostomy and crani-
otomy procedures; participants performing ven-
triculostomies demonstrated improved burr hole 
placement, catheter location, and procedure com-
pletion time [15], and those participating in cra-
niotomies for traumatic brain injury bettered 
their incision planning, burr hole placement, and 

craniotomy size [16]. Similarly, utilizing the 
ImmersiveTouch ®, neurosurgical residents 
improved their ability to perform ventriculos-
tomy, with an increase in successful first-pass 
attempts [17]; in using a novel mixed-reality sim-
ulator, residents placed ventriculostomy catheters 
more accurately and in less time after practicing 
with the device [18]. VR simulators have also 
implemented in vascular procedural training; for 
instance, using the ImmersiveTouch ® virtual 
reality platform with real-time sensory haptic 
feedback to rehearse cerebral aneurysm clipping, 
neurosurgical residents reported usefulness of the 
simulation in preparing for surgery [19]. An 
application of the NeuroTouch ® VR simulator 
for practicing the endoscopic endonasal transs-
phenoidal approach has also been developed 
[20], and a study on simulated practice of endo-
scopic endonasal procedures using this platform 
showed improved operative performance among 
residents [21]. Several additional studies have 
also examined the NeuroTouch ® platform in 
simulated brain tumor resection [22–24]. The 
National Research Council of Canada published 
their conceptual framework for a simulation- 
based curriculum utilizing the NeuroTouch ®, 
which developed five standardized training mod-
ules for technical skill acquisition in neurosurgi-
cal oncology, including ventriculostomy, 
endoscopic nasal navigation, tumor debulking, 
hemostasis, and microdissection [25].

 Skills Development and Performance 
Metrics

Advocates of the incorporation of virtual reality 
simulation into neurosurgical education argue 
that VR simulators strengthen cognitive task pro-
cessing, technical skills, and understanding of 
operative and neuroanatomy [4]. Advancing 
technology has become increasingly realistic as 
the VR platforms have become both more immer-
sive and interactive, adding haptic feedback to 
visual and audio cues. Simulators such as 
Simbionix ® ANGIO Mentor ™, NeuroTouch ®, 
and ImmersiveTouch ® include tactile feedback 
to represent the force required of the user to 
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 perform a particular task with a specific instru-
ment and to replicate the texture of the tissue. 
Better visualization of operative anatomy 
improves understanding of relationship between 
key structures; current technology, including the 
Surgical Theater ®, allows cut-throughs and spe-
cific tissue selection to view the neuroanatomy, 
including patient-specific imaging data and 
reconstructions, which may prove useful not only 
in the study of the pertinent structures but also in 
the design of surgical approaches.

VR simulators offer longitudinal tracking of 
learning and improvement among objective per-
formance assessments, which represents another 
advantage of simulator-based training within 
neurosurgical residency. Further, simulator-based 
curriculums can be incrementally designed, pro-
viding increasing number of tasks with growing 
complexity and layering of possible complica-
tions. The NeuroTouch ® platform provides 
reports on specific computer-generated metrics, 
which derived 13 performance metrics and cate-
gorized into tier 1, tier 2, or tier 3 [23]. Tier 1 
metrics aim to evaluate safety and quality and 
include volume of tumor and brain resected as 
well as blood loss. Tier 2 metrics assess motor 
skills, such as instrument tip path length, time 
taken to resect the brain tumor, pedal activation 
frequency, and sum of applied forces. Advanced 
tier 2 and tier 3 metrics measure complex motor 
and cognitive bimanual skills interactions, 
including sum of forces applied to different 
tumor regions, instrument tips average separation 
distance, efficiency index, simulated aspirator 
path length index, coordination index, and simu-
lated ultrasonic aspirator bimanual forces ratios 
[23, 24, 26]. These metrics have further been 
studied to assess proficiency among varying level 
of experience, from novice to expert, which 
enabled the authors to establish goal benchmarks 
for neurosurgical residents [27].

In several published studies, a variety of VR 
simulator platforms appropriately discriminate 
among level of expertise, which further enhances 
their utility in neurosurgical education and com-
petency assessment. Seventy-one residents par-
ticipated in a study of the simulation-based 
training in percutaneous trigeminal rhizotomy 

using the ImmersiveTouch ®; as PGY level 
increased, the distance from ideal entry point 
decreased, as well as the distance from the target, 
and more senior residents had better final scores 
[28]. Another study assessing performance in 
brain tumor resection on the NeuroTouch ® 
device with eight different lesions varying in 
color, stiffness, and border complexity success-
fully differentiated from novice and expert par-
ticipants [23]. Using the Simbionix ® ANGIO 
Mentor ™ to assess performance in carotid artery 
stenting, a study of 33 participants in 82 simu-
lated procedures appropriately discriminated 
between operator experience with metrics of flu-
oroscopy time, incomplete coverage of the lesion 
by the stent, and coverage of the lesion with 
devices other than a 0.014-in. wire prior to filter 
deployment [29].

 Limitations of Simulation 
in Training

Although VR simulation provides many advan-
tages in neurosurgical training and certainly 
enhances graduate medical education, it does not 
replace hands-on experience of live, real-time 
operating. The simulated procedures are not per-
fectly realistic, but haptic and visual feedback 
have improved drastically over recent years. The 
cases are also not truly three-dimensional; how-
ever, with the advancement of holographic tech-
nologies, such as the Microsoft HoloLens, this 
limitation may be short-lived. Furthermore, cur-
rent simulators are generally not patient-specific, 
which limits their utility in operative planning 
and practice; however, recent technological 
advancements, including newer iterations of 
Surgical Theater ®, may incorporate patient- 
specific details, allowing for improved preopera-
tive anatomical visualization. Furthermore, 
although the benefits of VR-based simulators in 
neurosurgical education may be easily recog-
nized, the literature on these technologies and on 
educational curriculums based on them is limited 
to small studies and affected by publication bias. 
Larger studies to validate VR simulators in neu-
rosurgical education are required.
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To date, only one publication illustrates the 
cost and financial feasibility of including simula-
tion in neurosurgical training. To quantify the 
total costs and benefits of incorporating 
simulation- based curricula remains a challenging 
task. Gasco et  al. discuss the development of a 
simulation program for neurosurgical residents at 
the University of Texas Galveston [30]. Within 
this study, 180 procedures among six residents 
were analyzed, and both junior and senior resi-
dents self-reported improvement in performing 
procedures following simulations. This simula-
tion program included cadaver simulations, phys-
ical simulators, and computer-based platforms 
and cost $341,978.00 initially with $27,876.36 
annually afterward, although industry collabora-
tion defrayed expenses through academic grants 
and equipment rentals. In this study, costs com-
prehensively included materials, equipment, 
space, and operating room time, which do not 
necessarily translate from one program to 
another, depending on the resources available 
and the specific program contents of the simula-
tion curriculum (i.e., strictly computer-based ver-
sus cadaver and physical simulators).

 Conclusion and Future Directions

Although simulations are not formally included 
in neurosurgical training across residency pro-
grams, one might easily imagine the incorpora-
tion of VR-simulated case scenarios into board 
examinations. Many studies are ongoing to con-
firm the validity of VR simulators in a variety of 
neurosurgical procedures and among trainees, 
and as these simulators continue to improve, an 
expansion of their use in graduate medical educa-
tion becomes more likely. As imaging quality 
improves, computing power expands, and simu-
lation software advances, the application of VR 
simulators in neurosurgery will similarly grow, 
especially as patient-specific data may be incor-
porated into future procedure simulations. 
Currently, VR simulators provide an avenue for 
basic procedural skill acquisition among resi-
dents. In the future, as support from national pro-
fessional societies and industry spreads and new 

technologies emerge, simulators will become 
more affordable, readily available, and effective 
adjuncts to neurosurgical education.
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 Introduction to Neurosurgery

Neurosurgery is the surgical treatment of 
 disorders, which affect any portion of the ner-
vous system including the brain, the skull base, 
and the spinal cord. Most neurosurgical inter-
ventions are reaching into a highly complex 
anatomical space, especially when targeting the 
skull base for tumors, when dealing with vascu-
lar structures and cranial nerves or when reach-
ing into the ventricular system, the deep brain, 
or the brain stem. Often the surgeon is con-
fronted with an enormous spacious complexity 
and additionally faces the challenge to identify 
and dissect on the optimal surgical corridor and 
to apply the right strategy and technique to 
accomplish the surgical aim.

 Planning of Neurosurgery: The Key 
to Minimal Invasiveness

During surgery, the neurosurgeon must navigate 
a safe route through a highly complex three- 
dimensional space  – a procedure that requires 
careful preplanning and a comprehensive under-
standing of the patient’s intracranial structures 
and anatomy. It is thus crucial that before embark-
ing in such navigation, the surgeon plans the path 
with whatever information is made available at 
that time. Preoperative planning is a crucial step 
toward successful neurosurgery.

The aim of the planning is to let the surgeon 
critically reflect – and later perform – on the ideal 
approach according to the individual pathoanat-
omy of the patient as well as the individual per-
sonal experience, attitude, and capability of the 
surgeon, ideal in the sense of minimizing explor-
atory dissection, brain retraction, and the expo-
sure of neuronal structures not relevant to the 
surgical mission.

 Tools for Planning a Neurosurgical 
Intervention

When undertaking surgical planning, the neuro-
surgeon usually relies on a series of radiological 
images derived from preoperative investigations 
such as magnetic resonance imaging (MRI) with 
all its subdomains as MR angiography (MRA) or 
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diffusion tensor imaging (DTI), computed 
tomography (CT), and X-ray angiography 
(Fig. 13.1). No single imaging modality is suffi-
cient to provide the full view of the patient’s con-
dition: MRI is the most complete for soft tissue 
but lacks the detail of the bone. CT provides good 
bone imaging and, with contrast injected, good 
detail of the vessels but lacks soft tissue detail. 
Comprehensive planning of a surgical approach 
needs imaging contributions from all the differ-
ent imaging modalities, and these must be com-
bined into one unique 3D mental model of the 
site of the operation – since only a 3D model can 
fully reveal the accurate spatial relationships 
between intracranial structures. Building this 
mental 3D model is a significant challenge 
involving the integration of numerous multi-
modal images, and it is further complicated by 
the fact that the images vary in slice thickness, 
scale, and patient orientation.

Computer-based 3D neurosurgical planning 
tools emerged in the early 1980s when computer 
technology began to allow acceptable graphics 
rendering. Although pioneering attempts faced 
long processing times and were restricted to CT 
data, they were found to be useful in enhancing 

the surgeon’s 3D perception. The 3D 
 reconstructions were presented as static screen 
photographs from different angles. Since then, 
3D image reconstructions built from CT, MRA, 
and CTA image sequences have been success-
fully used to plan craniofacial surgery and vascu-
lar neurosurgery.

There are certain key features that a surgical 
planning system must have to try to minimize the 
number of intraoperative surprises and maximize 
the safety of the procedure.

 Easy to Interact 3D Views

The surgical planning system should naturally 
provide 3D views, from any angle, so that the sur-
geon can explore the best approach to the lesion: 
the approach with the least structural obstacles 
liable to get damaged and result in neurological 
deficit along the surgical path. Most planning 
systems do that, but unfortunately, the neurosur-
geon must interact with the reconstructed 3D 
image in an awkward, nonintuitive 2D way – by 
moving a screen-bound cursor with a mouse, 
with the help of the keyboard. This is a 

Fig. 13.1 Multiple imaging modalities are needed to obtain the complete picture of a patient
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 considerable restriction given the complex 
manipulations that the surgeon must perform on 
the 3D image for surgery planning. For example, 
simulating the removal of bone to access a surgi-
cal target or manipulating the image to simulate 
surgical views, these interactions can be tortuous 
using a mouse and keyboard.

These 3D manipulations should allow select-
ing a target point and simulating the surgical 
viewpoint. It should be easy to add and remove 
structures from view, to peel them away so that 
the surgeon can see beyond the surrounding brain 
or vessels, and know what lies behind.

The planning should allow zooming in and out 
along a trajectory as though it was the surgical 
microscope, to anticipate obstacles along the way, 
and should provide these views stereoscopically, 
involving both eyes to get a clear understanding of 
the depth relationships between structures.

 Simulation Tools in 3D

In addition to these visualizations resulting from 
the manipulations, the surgeon would like to per-
form certain simulations on the data of the 
patient, that is, try different scenarios to help 
decide the best approach.

It would be important, first of all, to easily 
measure distances (from bone to the lesion, 
within the lesion space, also distances along the 
skin and bone) and to get a sense of the con-
straints that will be faced during the intervention. 
It should also be desirable to annotate key land-
mark points. The annotations are helpful to mea-
sure progress during surgery (say, at a particular 
vessel bifurcation), as well as maintain overall 
orientation, especially since the orientation of an 
intraoperative viewpoint varies depending on 
head and microscope position.

It is also key to locate the best position for the 
craniotomy and to decide on its size and exact 
extent. And use that craniotomy to judge if access 
will be unimpeded. And if not, widen it, or relo-
cate it, until the best position and size are found. 
The craniotomy is key in that once done, it fixes 
the rest of the surgical procedure and determines 
how much access there is to the lesion.

 The Dextroscope in the Virtual 
Reality Technology Context

There are a number of approaches to achieve the 
surgical planning goals specified above (for a 
comprehensive review of the field, see Alaraj 
et al. [1, 2]). They could be classified either by 
their emphasis on education (medical knowl-
edge as well as skills training) or on patient-spe-
cific clinical decision-making. All systems 
ultimately aim at complementing the education 
of neurosurgeons using computers, so that skills 
and decisions can be rehearsed ahead of the criti-
cal time of the intervention. But given the limita-
tions of the current technology, they have to 
focus either on:

 1) Surgical Skills, to deliver a generic and real-
istic training scenario (say, the sequence of 
steps in temporal bone surgery, including 
both the hand movements necessary to carry 
out drilling, the simulation of different bones, 
and the sensation of touching soft tissue). 
The difficulty of automatically converting 
DICOM data to correct biomechanical mod-
els results in having to rely on generic patient 
models.

 2) Decision-Making, to provide accurate 3D 
information on a specific patient for the plan-
ning of the surgery. The difficulty of know-
ing the patient’s biomechanical tissue 
properties results in “rigid” 3D data with 
which to plan the approach for the specific 
individual.

Although no doubt the ultimate VR simulation 
should combine both in a single system, the dif-
ficulty at this stage of extracting detailed mechan-
ical computer models from patient-specific 
DICOM data has forced this division of work. A 
survey of the literature by Malone et  al. [3] 
revealed that surgical simulators are evolving 
from platforms used for preoperative planning 
and anatomic education into programs that aim to 
simulate essential components of key neurosurgi-
cal procedures, bounded by graphics/volume 
 rendering, model behavior/tissue deformation, 
and haptic feedback.

13 Patient-Specific Virtual Reality Simulation for Minimally Invasive Neurosurgery
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Surgical skills simulators were pioneered by 
O’Toole et  al. [4] and Hill et  al. [5], and they 
used a similar ergonomic setup to the 
Dextroscope (with the addition of force feed-
back). Commercial examples of surgical skills 
simulators are the NeuroTouch [6] or the 
ImmersiveTouch [1] systems. They all use haptic 
devices that transmit force feedback to the user 
so that the impression of touching tissue can be 
conveyed. Examples of decision-making sys-
tems are any of the planning software available 
in current commercial navigation systems 
(Brainlab, Germany or Medtronic Inc., CO, 
USA) or more recently the surgical theater sys-
tem. Here is a short overview.

Other examples of surgical skills simulators are:

• TempoSurg (Spiggle & Theis Medizintechnik 
GmbH, Overath, Germany): University of 
Hamburg group created TempoSurg with oto-
laryngology applications in mind. 
Nevertheless, the model simulates temporal 
and petrous bone surgical approaches that are 
relevant to cranial base neurosurgery.

• University of Illinois, Chicago, introduced 
ImmersiveTouch (Immersive Touch Inc., 
Chicago, Illinois), a VR environment with 
haptic feedback based on a mirrored 3D image 
or a helmet. Modules exist for the simulation 
of some neurosurgical procedures like ven-
triculostomy, craniotomy, pedicle screw 
placement, and cataract surgery.

• NeuroTouch: A virtual reality medical simu-
lation platform developed by the National 
Research Council Canada and currently 
under license to CAE Inc. (a manufacturer of 
patient simulators for the practice of techni-
cal skills, diagnosis, and interprofessional 
team training for emergency care) under the 
name CAE NeuroVR. The system makes use 
of two side- by- side monitors to produce a 
stereoscopic effect uses and engages the user 
with two haptic feedback devices. It is 
intended for training and has modules for 
tumor debulking, soft tissue dissection, bipo-
lar hemostasis, and transnasal–transsphenoi-
dal path simulation.

Examples of decision-making planning 
 systems are:

• Surgical theater (Israel) offers planning (SRP) 
and navigation (SNAP) software. SRP pro-
vides interactive, immersive reconstruction 
that can be seen on a touchscreen and through 
the use of a VR headset, such as Oculus Rift® 
or HTC Vive®. SNAP enhances the surgeon’s 
current operating room workflow by enhanc-
ing the existing surgical navigation system 
along with other tools and technologies while 
using the capabilities of VR.  The surgeon 
interacts with the 3D data using the mouse or 
a video game console.

• Surgical planning modules incorporated into 
neurosurgical navigation systems like CURVE 
(Brainlab, Germany) and StealthStation 
(Medtronic Inc, CO). These modules are oper-
ated with mouse and keyboard on a regular 
monitor. Image segmentation and measure-
ment tools allow the planning and simulation 
of surgical access routes and viewpoints.

 The Dextroscope: A Tailored Virtual 
Reality Approach

The Dextroscope was intended to address the 
needs of neurosurgical planning. It automatically 
integrates imaging sequences from multiple 
modality sources into a single, 3D dataset repre-
senting the virtual patient that will be operated. 
And then it provides an interactive environment 
to allow the surgeons to manipulate this virtual 
patient and plan the ideal surgical trajectory – for 
example, by simulating interoperative viewpoints 
or the removal of bone and soft tissue.

The Dextroscope was designed to be a practi-
cal variation of virtual reality which introduced 
an alternative to the prevalent trend of full immer-
sion of the 1990s. Instead of immersing the whole 
user into a virtual reality, it just immersed the 
hands of the neurosurgeon into the patient data. 
There is no justifiable need for more. The 
Dextroscope started as a research project in the 
mid-1990s with the name The Virtual Workbench 
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[7–14] and started commercialization in 2000 
with the incorporation of the company Volume 
Interactions Pte Ltd.

 Technical Setup of the Dextroscope

In the Dextroscope, a stereoscopic image (involv-
ing left and right eye views) is displayed on a 
monitor and reflected via a mirror into the user’s 
eyes (see Fig. 13.2). The user works from a seated 
position with forearms positioned on comfortable 
armrests. Wearing a pair of stereoscopic glasses – 
synchronized with the display  – the user looks 
into the mirror to see a stereoscopic image that 
seems to float behind the mirror. When reaching 
with both hands behind the mirror, the user expe-
riences the sensation of having the hands in the 
same workspace as the 3D object. The fact that 
object and hand movements take place in the 
same apparent position allows for careful, dexter-
ous work (Fig. 13.3).

In one hand the user holds an ergonomically 
shaped handle with a switch that, when pressed, 
allows the 3D image to be moved freely as if it 

were an object held in real space. The other hand 
holds a pencil-shaped stylus that is used to select 
a variety of tools from a virtual control panel and 
perform detailed manipulations and operations 
on the 3D image (Fig. 13.4). The virtual work-
space provides a set of tools for volume 
 exploration, image segmentation, and color and 
transparency adjustment. With a virtual fork, 
objects can be uncoupled from their surroundings 
for closer inspection. Drawing and measurement 
tools are applicable at any point and angle in 3D 
space. Virtual drilling and suctioning enable the 
simulation of surgical corridors. A selection of 
aneurysm clips of different sizes and shapes can 
be picked and virtually tested when planning the 
clipping of an aneurysm.

While working the user does not see the real 
stylus, handle, or the hands as they are hidden 
behind the mirror that is totally opaque. Instead, 
the user sees computer-generated imagery cali-
brated to appear in exactly the same position as 
the real handle and real stylus. The virtual images 
change as the user selects different tools (a drill, 
a measurement tool) and works on the virtual 
patient data model.

Fig. 13.2 (a, b) The Dextroscope virtual reality environment
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Fig. 13.3 A view of the Dextroscope imagery, showing 
the brain cortex (extracted from MRI T1), the vessels 
(extracted from MRI T1 with contrast), white matter tracts 

(extracted from DTI, labels, TMS points, and the control 
interface at the bottom)

Fig. 13.4 The handle (a) and stylus (b)
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This setup allows to intuitively interact and 
manipulate the 3D data using the hands in a simi-
lar manner to how they would manipulate a real 
object. Apart from being much faster and natural 
than using a mouse and keyboard, this setup also 
provides the surgeon with a greater degree of 
control over the 3D image – with the hands liter-
ally being able to reach inside to manipulate the 
image interior. The 3D image is now no longer 
just a passive image but an active 3D virtual rep-
resentation of the patient’s anatomy. This high 
degree of interactivity and control is particularly 
useful when working with complex datasets con-
taining numerous imaging modalities (MRI, 
MRA, CT, DTI, etc., each with its own orthogo-
nal image planes) and their additional segmenta-
tions (tumor, vessels, and white matter tracts). In 
these cases, interpretation of the structures within 
the 3D image is particularly difficult and requires 
an interactive investigation of the image rather 
than passively looking at static views.

 Stereo Real-Time Visualization

The Dextroscope interactivity will be of little use 
if it were not for the real-time volume-rendering 
implementation in the software. The volume ren-
dering is additionally multimodal in that it can 
render more than one volume simultaneously to 
produce final images that correctly match what 
would be seen if two volumes were to be shown 
to the naked eye. Furthermore, the display is ste-
reoscopic and needs to render images for the 
right and left eyes.

 Ergonomics of 3D Interaction

 Background on 3D Interaction
Schmandt [15] pioneered the manipulation of 2D 
icons over a surface that was an integral part of 
the 3D space. The interaction with the surface 
icons was done using a 2D “graphics tablet” 
which was made to coincide with the virtual sur-
face where the icons appeared. Schmandt also 
experimented with 3D interactions using a 3D 
tracker, although the two modes (2D and 3D) 

were not properly integrated together. Subsequent 
work by Sowizral on the virtual tricorder [16] 
introduced the idea of using passive haptic feed-
back on a small handheld board within a head- 
mounted display environment.

Handheld boards or “pen-and-tablet” inter-
faces are a response to the frustrations experi-
enced by researchers in trying to interact with 
menus floating in space [16–18]. This method 
seems to be gaining popularity in the VR com-
munity since it provides an unequivocal and inex-
pensive way to operate on buttons. Handheld 
boards provide the necessary passive haptic feed-
back while holding the buttons. Perhaps their 
main shortcoming is having to devote one hand to 
hold the board itself. Floating menus, on the 
other hand, use some kind of virtual pointer com-
bined with physical button-click to manipulate 
widgets. Using these types of interfaces is hard to 
perform precise movements, such as dragging a 
slider to a specific location or selecting from a 
pick list. The difficulty comes from the fact that 
the user is pointing in free space, without the aid 
of anything to steady the hands.

Take for example Deering [19] who uses a 
hybrid 2D/3D menu widgets organized in a disk 
layout. Menus pop up in a fixed position relative 
to the current position of a 6 DOF wand and are 
then selected by hand relative movements. His 
approach tries to compromise the advantages of 
2D window interfaces with 3D work, but the lack 
of support in 3D interactions still detracts from 
its usability.

 The Dextroscope Approach
To be applicable in clinical routine, a virtual real-
ity environment must be easy and comfortable to 
use and support shared sessions where many 
medical experts work together to discuss the 
same patient. The “classic” head-mounted dis-
play usually associated with virtual reality does 
not meet these needs  – being cumbersome to 
wear and poorly suited to group working interac-
tion where users frequently wish to switch 
between the virtual reality environment and the 
real world to interact with their colleagues. In 
contrast, the Dextroscope provides an open and 
robust environment in which the user works in a 
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normal seated position wearing stereoscopic 
glasses that do not require exact positioning on 
the user’s head and so can be quickly removed 
and replaced again. With arms resting in a relaxed 
position, the user perceives the stereoscopic vir-
tual image within natural reach – delicate work 
can now be performed for hours without strain. A 
second monitor lets observers easily view the vir-
tual reality environment and see exactly what the 
user sees.

The Dextroscope uses a 3D/2D paradigm of 
interaction that combines precise 3D manipula-
tion of volumetric data with unambiguous inter-
action with widgets (Fig. 13.5). The interactions 
take place within the Dextroscope console, a 
90 cm wide, 70 cm deep, and 40 cm high physical 
encasing, which holds the stereoscopic screen 
display and provides housing for the input device 
system. The encasing is designed to provide 
comfortable support for the arms and a smooth 
bottom surface against which the tip of the stylus 
can rest.

Precise 3D interaction is ensured by a combi-
nation of resting the lower arms on the armrest 
and pivoting the hands around the wrist. The 
position and orientation of the user’s hands are 
obtained by a radio-frequency tracking system 
(manufactured by Polhemus Inc. (Colchester, 
Vermont)). This tracking system controls two 3D 
input devices, one for each hand and each 

 including a single button switch. One input 
device is shaped like a pen for dexterous work 
(the stylus) and the other like a joystick (the han-
dle), to control the pose of the patient data. While 
resting the arm, the wrist can easily access a 
space of interaction of 20–30 cm3, accurately and 
comfortably. By sliding the arms along the arm-
rest, a wider space is available. This approach 
was found to simplify the command structure 
while remaining expressive.

Unambiguous 2D interaction is achieved by 
providing passive haptic feedback by means of a 
virtual control panel whose position coincides 
with the physical surfaces encasing the system. 
The stylus interacts with the widgets as though it 
was a mouse, in a similar fashion to [16]. The 
physical surfaces provide a hard medium against 
which the stylus switch can be pressed firmly and 
unequivocally to operate virtual buttons, sliders, 
and curves. The virtual control panel only pops 
up when the tip of the stylus touches the physical 
surfaces surrounding the 3D space (e.g., the top 
of the table) and remains invisible otherwise. 
This eliminates confusion by keeping the screen 
clear from cluttering objects while boosting 
graphics performance (fewer objects to redraw). 
The physical surface is smooth so that the tip of 
the stylus slides effortlessly over it enabling slid-
ers and multiple buttons to be operated 
comfortably.

3D interaction space

3D interaction space20 cm

Casing
2D interaction
below this line

25 cm

Fig. 13.5 Schematic view of 3D and 2D interactions in 
the Dextroscope. Left, in 3D, the user’s forearm rests on 
the casing, which provides a smooth surface that allows 
reaching into the 3D space with the hand, doing wrist- 

based 3D interactions. Right, to interact with the virtual 
control panel, the user touches the base of the casing with 
the stylus, which shows the 3D panel, and relies of “pas-
sive haptic feedback” to firmly select buttons and sliders
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The use of shadows cast by the stylus provides 
additional depth cues that help with interactions. 
When the shadow is cast over the 3D objects, say 
the skull, it helps judge distances and reinforces 
the depth perception that stereoscopy provides. 
This facilitates, for example, placing a point over 
a surface to do a measurement or make a crani-
otomy. When used over the virtual control panel, 
it makes it easier to understand distances to but-
tons, the angle of the stylus with respect the 
panel, etc. (see Fig. 13.6).

 The Virtual Control Panel
The virtual space is divided by software into two 
regions: one close to the surface of the encasing 
system and the other the rest of the space (refer to 
Fig. 13.5).

The user interacts with virtual 3D objects in 
the reach-in manner common to most virtual 
reality systems. The user moves the stylus 
toward the object of interest, and when reached, 
the switch on the stylus is pressed to indicate 
the desired action (grab, delete, resize, etc.). 
While the control panel is enabled, the 3D 
objects floating above it can either be fully dis-
played or be displayed in lower resolution to 
speed up the interactions with the 2D panel or 
be made invisible.

The virtual control panel contains 3D wid-
gets such as buttons, sliders, curve-control pan-
els, list boxes, and file dialogs (see Fig. 13.7). 

Widgets are grouped by function, such as 
 visualization, registration, segmentation, and 
reporting.

The virtual control panel area visible at any 
one time is approximately 50 cm × 25 cm. The 
angle of inclination of the physical surface is 
chosen to maximize the visible area of interac-
tion. A 0° surface (parallel to the floor) forces the 
user to stretch the arm to reach the buttons further 
away. And a 90° one reduces the amount of avail-
able 3D space to interact. Therefore we used a 
compromise angle of 25° one to bring the control 
panel closer, for easier reach.

 Preparing the Virtual Patient: 3D 
Image Reconstruction

The Dextroscope reconstructs 3D images from 
any tomographic data acquisition in DICOM for-
mat including most sequences of MRI (MRA, 
MRV, f-MRI, DTI), CT, CTA, PET, SPECT, and 
exported series of rotational X-ray angiography 
in tomographic format. The data is first loaded 
and previewed in the standard 2D interface where 
adjustments are made to thresholds, contrast, and 
brightness. Filters may be applied and cropping 
performed. Subsequently, the user can launch the 
virtual reality application to interact with the 
loaded data in the Dextroscope 3D interface con-
sole itself.

Fig. 13.6 Depth cues. The use of a shadow cast over 
objects (both volume data and the virtual control panel) 
helps the user to judge distances to objects and eases 3D 

interactions. (a) Stylus casting shadow over virtual con-
trol panel; (b) Stylus casting a shadow over the skull to 
position a measurement point
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 Virtual Reality Tools for Planning 
and Simulation

Within the Dextroscope virtual reality environ-
ment, there is an extensive set of virtual tools to 
work with the 3D patient data. Here is a list of 
some of the most relevant.

 Image Fusion
To get the planning started, it is essential to 
ensure that all the data image modalities (which 
come from different scanners and for which the 
patient’s head may have been at different orienta-
tions) are co-registered into the same coordinate 
space. A 3D interface for registration module is 
provided in the Dextroscope for this purpose. 
This module allows to co-register automatically 
any modality to any other modality: CT to MRI, 
MRI to MRA, tomographic series of X-ray angi-
ography to CT, etc. The basic algorithm is based 
on the mutual information algorithm [20].

 Segmentation Tools
Segmentation means extracting surgically rele-
vant structures from the original DICOM data. 
This stage is required since the structures of 
interest for the surgeon (vessels, tumor) con-
tained in original raw data DICOM do not come 
separated from each other, and they need to be in 
order to be suitable for exploration in the VR 
environment. Typical structures that can be seg-
mented are tumors, blood vessels, aneurysms, the 
skull base, cranial nerves, or the ventricular sys-
tem. Segmentation is done either automatically 
when structures are clearly demarcated by their 
image intensity or semiautomatically involving 
some user interaction.

Automatic Segmentation Tools
The Dextroscope provides automatic tools to iso-
late (segment) the cortex from a T1 MRI; arteries 
or veins from MRA, MRV, or CTA; or the ven-
tricles from T2 MRI.

Fig. 13.7 Screen capture from the Dextroscope. This 
image shows a moment during the planning of a typical 
neurosurgical procedure involving several imaging 
modalities: MRI (to visualize the tumor and nerves), 

MRA (arteries, in red), MRV (veins, in blue) and CT (for 
the skull, white). The optical chiasm from the MRI is seg-
mented (yellow). At the bottom, there is the virtual control 
panel
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Other automatic tools just need the user to 
point at the desired structure to segment, for 
example, to point at the surface of the skin (from 
CT or MRI) to get a mesh of the skin or a tumor 
that has good contrast from surrounding tissue or 
a vascular segment from a vessel tree (e.g., con-
taining an aneurysm). Also, color management is 
automated to perform manual coloring opera-
tions on any structure.

Semiautomatic Segmentation Tools
When there is no significant density contrast 
between a tumor and the surrounding tissue, an 
outlining tool, the contour editor, is available to 
let the surgeon decide the extent of the tumor. 
The outlining tool lets the surgeons draw outlines 
over the original scan slices (see Fig.  13.8). 
Although the drawing is done on a slice-by-slice 
basis, the volume of interest remains in context 
during the outlining, facilitating the appreciation 
of the shape of the tumor. This gives context to 
the contour operation and helps decide what to 
include or not in the contour based on the 3D 
visualization [21].

DTI Tractography
Although the processing of the MRI DTI data to 
extract all the possible tracts is automatic, the 
actual selection of individual tracts or groups of 
tracts (the tractography) that pass through a spe-
cific region of interest depends on what region 
needs to be inspected. The Dextroscope provides 
a 3D interface that allows the surgeon to define a 
cube-shaped region of interest in 3D space by 
bringing in anatomical context from the MRI 
orthogonal planes and other segmentations (like 
a tumor) (see Fig.  13.9). As the ROI is moved 
freely in 3D, the tracts intersected by the ROI 
appear in real time giving immediate feedback to 
the surgeon to fully understand their paths.

Measurement Tools
The Dextroscope provides manual tools for dis-
tance measurements between two points, which 
can be selected naturally with the stylus, just by 
pointing directly to the point of the structure of 
interest. In addition, curved measurements can be 
made along surfaces such as the bone or the skin, 
the latter are useful to bring planning measure-

Fig. 13.8 Contour editor 3D interface. Interface showing 
the MRI floating above the contouring panel, which is part 
of the control panel, and where the contours are being 

drawn with the stylus working firmly against the base cas-
ing of the Dextroscope. The resulting contours are seen 
within the context of the MRI in 3D
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Fig. 13.9 DTI 3D interface. Each cube serves as region of interest (ROI) through which tracts pass. Two ROIs define 
the space through which a tract must pass. The segmented brain provides additional context to the ROI positioning

Fig. 13.10 Measurements in 3D. They can be straight lines (as seen in the craniotomy) or geodesic over a surface like 
the skull

ments into the operating room to locate the 
 position of the craniotomy [22]. Volumetric mea-
surements of selected structures like a tumor are 
also supported, as well as angles (see Fig. 13.10).

Volume Editing (“Drill”) Tools
In order to simulate bone or tissue removal, the 
Dextroscope provides an interactive “virtual 
drill” tool. The tool works by changing the voxel 
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properties of the volume data so that they change 
from visible to invisible. If applied to bone tissue, 
the drill appears to make a craniotomy to simu-
late views into a surgical corridor toward the 
lesion (see Fig. 13.11). The drill can be undone 
by using the “restore” tool which simply changes 
the voxel properties to the original value.

Approach Tool/Line of Sight Setting
The approach tool allows the user to define a tra-
jectory to the lesion. It involves specifying in 3D 
the target and entry points (see Fig. 13.12). Once 
defined, the tool allows the surgeon to align the 

view to the trajectory, rotate around the line of 
the path to get the head orientation that will later 
be used to operate, and slide the point of view 
along the trajectory to simulate what would be 
seen by the surgical microscope. The magnifica-
tion of the view can also be adjusted.

Simulation of Clip Placement
For the planning of aneurysm surgery, a variety 
of virtual clips is available. Original aneurysms 
clips (Aesculap, Germany) were scanned with a 
high-resolution CT and then individually seg-
mented in 3D. The clips can be picked up with 

Fig. 13.11 The drill 
tool making a 
craniotomy on the bone 
of the CT (a). And the 
restorer (b) closing the 
previous craniotomy
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the virtual stylus representing a forking instru-
ment and then virtually be placed over the neck 
of an aneurysm. This allows approximating the 
ideal shape, size, and position of one or several 
clips in order to completely obliterate an 
aneurysm.

See Video 13.1

 The Dextrobeam and DextroVision

 The Dextrobeam

The 3D visualization and interactive 
 demonstration capabilities of the Dextroscope 
make it useful as a tool for medical educators 

with which to convey 3D information to medical 
students. But in order to reach a larger group of 
people such as in a classroom or auditorium, a 
variation of the Dextroscope was manufactured 
called Dextrobeam. The Dextrobeam is an inter-
action console which serves as a platform for 3D 
interaction and is intended to work in combina-
tion with a large stereoscopic projection screen 
[23–26]; see Fig. 13.13.

The software running on the Dextrobeam is 
the same as the one running on the Dextroscope, 
but it is calibrated to work in a different space: by 
directly looking at a screen instead of through a 
mirror that reflected the images. The way the 
interaction with the 3D data is carried out in the 
same way, and the user can transition from work-

Fig. 13.12 The surgical planning interface. (a) 
Positioning the target and entry points to define a path 
within the 3D image. (b) Aligning the view along the path. 

(c) Zooming along the path simulating a microscope view. 
(d) Reaching the target point of the path
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ing on the Dextroscope to the Dextrobeam with-
out having to learn a new interface:

Working without the reflecting mirror can be 
done in two different ways. One way is using a 
stereoscopic projection system with which to 
reach a large audience (see Dextrobeam below). 
Another is working in front a computer monitor 
(see DextroVision below).

The Dextrobeam was used successfully as a 
neurosurgical teaching platform in several CNS 
(Congress of Neurological Surgeons) presenta-
tions (see Fig. 13.14), as well as presentations by 

several teams around the world. We can highlight 
the following:

• Dept. Neurosurgery, Johannes Gutenberg 
University Mainz (Germany). In Mainz, 
courses are conducted on a regular basis to 
teach clinical neuroanatomy and demon-
strate planning of minimally invasive 
procedures.

• Dept. Neurosurgery, St Louis Hospital (MO, 
USA). The neurosurgeons in St Louis have 
been using the Dextrobeam to support their 

Fig. 13.13 A schematic 
showing the Dextrobeam 
setup

Fig. 13.14 The Dextrobeam at the Congress of Neurological Surgeons, 2006. The projection screen (a) and the audi-
ence wearing stereoscopic glasses (b)
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Practical Anatomy and Surgical Education’s 
hands-on cadaver workshops.

• Dept. Neurosurgery, National Neuroscience 
Institute and National University Hospital 
(Singapore). The neurosurgical team is con-
ducting courses using the Dextrobeam to 
teach anatomy and surgical approaches.

 The DextroVision

The DextroVision represents the transition from 
the Dextrobeam to a lighter, configuration to be 
used on the user’s desktop. It uses the 3D inter-
face of the Dextrobeam but uses whatever table-
top is available to the user, as long as it is free 
from metallic interference. This saves space since 
it only uses a small footprint but sacrifices the 
ergonomics of the interaction of the Dextroscope. 
The tracking system is embedded into a specially 
designed box to house the electronics and the RF 
emitter. The box also serves as a base on top of 
which to place a stereoscopic computer monitor 
(Fig. 13.15). In the figure, a laptop’s docking sta-

tion is used in between the box and the monitor, 
which enabled to make the system portable.

The virtual control panel still appears inclined 
toward the user since a flat panel coinciding with 
the table would be at an angle difficult to view. 
This mismatch of real surface versus virtual sur-
face has not been a problem (it is effectively like 
the 2D mouse which moves on a flat table but 
appears on a plane perpendicular to it) and brings 
the benefits of a reduced space that compensates 
for the loss of 3D interaction ergonomics.

The DextroVision was never commercialized.

 Fields of Application and Illustrative 
Cases

The Dextroscope has been used for the patient- 
specific planning of a broad variety of neurosur-
gical procedures since 2000 [24, 23, 25]:

• Aneurysms [27–30]
• Cerebral arteriovenous malformations [26, 

31, 32]
• Cranial nerve decompression (in cases of tri-

geminal neuralgia and hemifacial spasm) 
[33–35]

• Cavernomas [36, 37]
• Meningiomas (skull base, convexity, falcine, 

or parasagittal) [24, 26, 38–41]
• Ependymomas or subependymomas [29, 42]
• Transnasal approaches [43–45]
• Keyhole approaches [46–48]
• Epilepsy surgery [49]

It has also been reported for deep brain and 
skull base tumors [50, 51] (pituitary adenomas, 
craniopharyngiomas, arachnoid cysts, colloid 
cysts, cavernomas [37, 52] hemangioblastomas, 
chordomas, epidermoids, gliomas [53], jugular 
schwannomas, aqueductal stenosis, stenosis of 
Monro foramen, hippocampal sclerosis) [24, 
26, 29, 51].

In addition, spine pathologies such as cervical 
spine fractures, syringomyelia, and sacral nerve 
root neurinomas have been evaluated [29].

For other uses of the Dextroscope in neurosur-
gery, refer to [22, 54–56, 56–64].Fig. 13.15 The DextroVision
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The Dextroscope was also used for the plan-
ning of the separation of the several craniopagus 
twins. The first separation was done in 1998  in 
South Africa, and was successful, and was led by 
a team headed pediatric neurosurgeon Dr 
Benjamin Carson of the Johns Hopkins Medical 
Institutions. Subsequently, in 2001, Drs Keith 
Goh and Chumpon Chan used the Dextroscope 
for the planning of the successful separation of 
craniopagus twins from Nepal at the Singapore 
General Hospital [65–67].

In 2004, at the Johns Hopkins Children’s 
Centre in Baltimore, a 100-member medical 
team led again by Ben Carson used Dextroscope 
to plan the surgery to separate conjoined twin 
sisters [67]. Its contribution was reported to be 
crucial  – illustrating the complex hemody-
namic network of the twin’s brains and helping 
plan approaches to the minute divisions that 
ensured proper circulation. In 2007 a team 
from King Fahad National Guard Hospital in 
Riyadh, Saudi Arabia, also used the 
Dextroscope in the planning of the separation 
of craniopagus twins.

The usefulness of the system increases with 
the complexity of the surgical task, especially 
when aiming at minimizing the invasiveness or 
optimizing the approach.

 Vascular Neurosurgery: A Core 
Application of the Dextroscope

 Aneurysms
The surgical obliteration of an intracranial 
aneurysm is a delicate maneuver and prone to 
manifold considerations and limitations. The 
understanding of the unique architecture of an 
aneurysm is by far the most important factor 
determining the success and the clinical out-
come of aneurysm surgery. This includes the 
shape and size of the aneurysm’s neck and 
dome as well as its relationship to feeding and 
draining vessels and neighboring structures. In 
addition, the  surgeon needs to anticipate the 
most suitable sizes, shapes, and positions of 
clips while also taking into account the limita-
tions of the surgical corridor. The software 

available on PACS workstations or neuro-navi-
gation systems is able to display 3D images of 
an aneurysm and its surrounding vasculature. 
However, the surgical corridor, dependent on 
other intracranial or bony structures, cannot be 
reliably simulated with these systems, and it is 
thus sometimes difficult to conceive the spatial 
relations of the aneurysm as it will appear in the 
surgical view.

The Dextroscope VR environment integrates 
the preoperative available tomographic imaging 
information and allows it to be presented in its 
inherent, 3D form. In 2007, Wong et  al. [30] 
reported the use of the Dextroscope for the plan-
ning of aneurysm clipping in a total of 13 cases 
and concluded that preoperative simulation 
“enhances the understanding of the surgical 
anatomy” and “provides an opportunity for pre-
operative rehearsal.” This group did not, how-
ever, report on clinical or radiological outcomes. 
In 2016, Kockro et al. [28] reported on a retro-
spective consecutive series of clipping of 115 
aneurysms including 85 incidental, unruptured 
aneurysms in 77 patients and 30 ruptured aneu-
rysms in 28 patients which were all planned 
with the Dextroscope. For the unruptured aneu-
rysms, the mortality of the surgical procedure 
was 0%, and morbidity (modified Rankin score 
mRS >2) was 2.6%. The rate of complete aneu-
rysm obliteration on postoperative imaging was 
91.8%. For the ruptured aneurysms, the mortal-
ity was 3.6%, the morbidity (mRS>2) 7.1% and 
the rate of complete aneurysm clipping was 
90%. This data shows that virtual reality plan-
ning is associated with excellent clinical out-
comes while maintaining rates of complete 
aneurysm closure equivalent to benchmark 
cohorts. Interestingly a subgroup of surgeons, 
the ones that were beginners in the field of cere-
brovascular surgery, showed comparable of 
even superior clinical results as compared to 
their experienced colleagues. See Fig. 13.16 for 
case illustration.

 AVMs Arteriovenous Malformations 
(Arteriovenous Malformations)
The surgical excision of a cerebral arteriovenous 
malformation is clearly one of the most techni-
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cally challenging neurosurgical procedures. 
Imperative to surgical success is the precise 
understanding of the vascular architecture form-
ing the malformation. The individual surgical 
strategies of reaching the malformation, dissect-
ing the nidus, and obliterating the feeders and 
draining veins rely directly on the anticipation of 
vascular spatial relationships, and hence surgical 
planning by simulating intraoperative perspec-
tives is particularly useful in these cases. 
Preoperative planning is especially difficult if the 
mental 3D picture of the lesion needs to be estab-
lished based on 2D angiography or MRA/
CTA. Although MRA and CTA may be displayed 
in 3D on PACS or navigation workstations, a 
comprehensive surgical planning is limited by 
the rather simple segmentation and manipulation 
tools. A stereoscopic display with an intuitive 3D 
interface greatly aids the planning procedure by 
enhancing comprehensive spatial understanding 
[26, 31, 32]. See Fig. 13.17 for case illustration.

 Microvascular Decompression Surgery
A variety of clinical symptoms is caused by the 
compression and irritation of cranial nerves by 
one or several arteries or veins. The most com-
mon vascular compression syndrome is trigemi-
nal neuralgia, caused by a vessel branch or loop 
of usually the superior or anterior inferior cere-
bellar artery conflicting with the trigeminal 
nerve. The second most common cranial nerve 
compression syndrome is a hemifacial spasm, 
caused by vascular compression of the facial 
nerve. The only therapeutic option of vascular 
compression syndromes that solves the problems 
origin rather than inflicting damage on the 
involved cranial nerve is microsurgical decom-
pression surgery. During this surgical procedure, 
the vessel, which is compressing a cranial nerve, 
is carefully dissected off the nerve and its arach-
noid surrounding, and subsequently a Teflon pad 
is positioned between the nerve and the vessel. A 
precise understanding of the three dimensionality 

Fig. 13.16 Aneurysm case: Large left-sided aneurysm of 
the middle cerebral artery (MCA). (a) Shows a view over 
the surgeon’s shoulder on a screen. The aneurysm dome is 
exposed in the Sylvian fissure, and the MCA main trunk 
leading toward the aneurysm is clearly visible. The aneu-
rysm dome is partially cropped; the virtual pen, serving as 
volume exploration and pointing tool, is seen on the right. 

(b) Shows a view from more posterior, exposing the 
branching M2 superior and inferior trunks. The clip posi-
tioning of the clip parallel to the axis of the M2 trunks is 
being planned. (c) Intraoperative view. A temporary clip 
on the MCA main trunk has been placed and the aneurysm 
clip is being placed as virtually planned
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Fig. 13.17 AVM case. Large right parieto-occipital 
AVM, fused MR angiographic (red) and MR venographic 
(blue) images. (a) View from right superior–posterior–lat-
eral, showing the bilateral middle meningeal arteries and 
the right occipital artery as the superficial feeders. The 

arterialized, enlarged vessels of the nidus mainly drain 
into the sagittal sinus. (b) View from anterior. The 
enlarged and curvy right-posterior cerebral artery is seen 
as the deep feeding vessel; the anterior portion of the 
venous drainage is clearly displayed

of the neurovascular conflict simplifies the sur-
gery by reducing the amount of exploratory dis-
section and increasing the accuracy of placing 
the decompression pad (see Fig. 13.18 for case 
illustration).

 Cavernomas
Cavernomas are benign vascular lesions com-
prising of a magnitude of small venous cavernous 
structures separated by thin tissue formations. 
Cavernomas can cause hemorrhages extending 
into the surrounding brain tissue, and they are 
often the origin of seizures. Symptomatic caver-
nomas need to be considered for microsurgical 
removal, and complete excision often leads to 
complete relief of symptoms. While the actual 
microsurgery of excising the cavernoma might be 
a straightforward procedure, the identification of 
a suitable path toward a cavernomas can be an 
enormous challenge, especially when reaching 
into the deep brain or the brain stem. The plan-
ning of deep-seated cavernoma surgery, there-
fore, requires spatial consideration of all 
surrounding  structures, and the success of sur-
gery is highly dependent on detailed approach 
planning (see Fig. 13.19 for case illustration).

 Installations

The Dextroscope and the Dextrobeam systems 
were in operation at the medical institutions 
listed in Table 13.1.

 DEX-Ray: Extension 
into the Operating Room

Image-guidance technology is now pervasive in 
neurosurgery. It is usually referred as surgical 
navigation, computer-assisted surgery, navi-
gated surgery, or stereotactic navigation. Similar 
to a car or mobile Global Positioning Systems 
(GPS), image-guided surgery systems, like 
Curve Image Guided Surgery and StealthStation, 
use cameras or electromagnetic fields to capture 
and relay the patient’s anatomy and the sur-
geon’s precise movements in relation to the 
patient to computer monitors in the operating 
room. These sophisticated computerized sys-
tems are used before and during surgery to help 
orient the surgeon with three-dimensional 
images of the patient’s anatomy.
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Fig. 13.18 Microvascular decompression case. Left- 
sided trigeminal neuralgia. (a) Simulated view toward the 
left trigeminal nerve, which is rendered semitransparent. 
Behind the nerve a descending and branching superior 

cerebellar artery is shown to compress the nerve; (b) The 
intraoperative view with the offending vessel exactly as 
virtually anticipated; (c) Shows the Teflon pad being 
placed between the nerve and the artery

Fig. 13.19 The DEX-Ray system showing the stereoscopic monitor and the drawer housing the camera probe (a) and 
(b) the camera probe being held the hand
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Table 13.1 Users of the Dextroscope technology

Medical/research institution Main use
Hirslanden Hospital (Zurich, Switzerland) Neurosurgery planning, teaching
Johannes Gutenberg University Hospital (Mainz, 
Germany)

Neurosurgery planning, teaching, and medical education

Hospital del Mar (Barcelona, Spain) Neurosurgery planning
Stanford University Medical Center (San Francisco, 
USA)

Neurosurgery and cranio-maxillofacial surgery planning

St Louis University Hospital (St Louis, USA) Neurosurgery planning, teaching
Johns Hopkins Hospital (Baltimore, USA) Radiology research
Rutgers New Jersey Medical School (Newark, USA) Neurosurgery, ENT, planning, and teaching
Hospital of the University of Pennsylvania 
(Philadelphia, USA)

Neurosurgery and cardiovascular radiology planning

Weill Cornell Brain and Spine Center (New York, 
USA)

Neurosurgery planning

Université Catholique de Louvain, Cliniques 
Universitaires St-Luc (Brussels, Belgium)

Neurosurgery planning

Istituto Neurologico C. Besta (Milan, Italy) Neurosurgery planning
Royal London Hospital (London, UK) Neurosurgery planning
Faculty of Medicine, University of Barcelona 
(Barcelona, Spain)

Neurosurgery planning, research, and neuroanatomy

Inselspital (Bern, Switzerland) ENT planning
School of Medicine, University of Split (Split, Croatia) Neurophysiology research
National Neuroscience Institute (Singapore) Neurosurgery planning
SINAPSE Institute (Singapore) Neurosurgery research
Prince of Wales Hospital (Hong Kong) Neurosurgery and orthopedics planning
Hua Shan Hospital (Shanghai, China) Neurosurgery planning
Chong Qing 3rd Military Hospital (Chong Qing, 
China)

Medical education

Advanced Surgery Training Centre of the National 
University Hospital (Singapore)

Medical education

Fujian Medical University (Fuzhou, China) Neurosurgery and maxillofacial surgery planning

DEX-Ray is a navigation system which 
enables intraoperative image guidance by means 
of real-time overlay of 3D patient information 
over a video stream obtained by a camera inte-
grated into a handheld pointer [68]; see 
Fig. 13.20. It is thus an augmented reality neuro-
surgical navigation system. The handheld probe 
functions as a viewing, pointing, and interaction 
device allowing the switching on or off of 3D 
patient information. The probe also enables the 
changing of magnification and altering of trans-
parency to fine tune the see-through effect of the 
image. It was developed as an intraoperative 
extension of the Dextroscope.

The camera looks over the probe’s tip into the 
surgical field (see Fig.  13.21). The camera’s 

video stream is augmented with co-registered, 
multimodality 3D graphics and landmarks 
obtained during neurosurgical planning with 3D 
workstations. The handheld probe functions as a 
navigation device to view and point at and as an 
interaction device to adjust the 3D graphics.

DEX-Ray has been tested to be accurate in 
the laboratory. DEX-Ray has been tested clini-
cally in over 140 cases at the NNI in Singapore 
(comparing it to the StealthStation from 
Medtronic) and at the Hospital Clinic in 
Barcelona, Spain (comparing it with Vector 
Vision from Brainlab). The results indicate that 
navigation with DEX- Ray improves the image 
interpretation issues present in conventional 
navigation [68].
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Fig. 13.20 The display of DEX-Ray showing the probe’s view and the augmented vasculature overlaid over the video 
image

DEX-Ray provided accurate and real-time 
video-based augmented reality display. The sys-
tem could be seamlessly integrated into the surgi-
cal workflow. The see-through effect revealing 
3D information below the surgically exposed 
surface proved to be of significant value, espe-
cially during the macroscopic phase of an opera-
tion, providing easily understandable structural 
navigational information. Navigation in deep and 
 narrow surgical corridors was limited by the 
camera resolution and light sensitivity.

The system was perceived as an improved 
navigational experience because the aug-
mented see-through effect allowed direct 
understanding of the surgical anatomy beyond 
the visible surface and direct guidance toward 
surgical targets.

 Dextroscope and Other Surgical 
Specialties

The Dextroscope has been applied also outside of 
neurosurgery to benefit any patient presenting a 
surgical challenge: an anatomical or structural 
complexity that requires planning of the surgical 
(or interventional) approach. See, for example, 
ENT, orthopedic, trauma, and craniofacial [69–74], 
cardiology [75], and liver surgery [76, 77].

Furthermore, the Dextroscope virtual real-
ity environment helps bridge the gap between 
radiology and surgery – by allowing the radi-
ologist to easily demonstrate to surgeons 
important 3D structures in a way that surgeons 
are familiar with.
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 Conclusion

Moving from the second to the third dimension 
of imaging data analysis for surgery planning has 
contributed greatly to the outcome of modern 
surgery. Three-dimensional patient-specific volu-
metric models fusing together different imaging 
modalities (CT, CTA, MRI, MRA, DTI) enable 
surgeons to better understand the patient’s anat-
omy and plan complex operations.

Accurate fusion of multimodal image data is 
essential for 3D surgery planning systems, as are 
powerful software tools such as data segmenta-
tion. However, an essential ingredient often over-
looked by most planning systems is that the 3D 
patient models should be manipulated by the sur-
geon in an easy, intuitive, and flexible manner. 
Most surgical planning systems utilize mouse 
and keyboard for this purpose – a 2D means of 
working with a 3D object. This 2D interface 
approach is nonintuitive, cumbersome, and 
because of the potential ambiguity arising when 
directing 3D movements using a 2D device, can 
often result in unintended position and orienta-
tion of the data.

The ideal planning environment would per-
fectly resemble the conditions faced during sur-
gery, with the difference that virtual structures 
can be safely viewed from all angles, can be 
made to be see-through to understand what lies 
beneath, and can be manipulated without causing 
damage. In short, ideal planning allows perfect 
anticipation of all parameters and stages that 
define the surgical procedure. This minimizes 
guesswork and exploratory dissection and signif-
icantly increases patient safety. Ultimately the 
virtual surgical planning scenario could be super-
imposed to the surgical field in a way that allows 
operating while constantly being surrounded by a 
3D synthetic environment providing information 
about all structures beyond the visible walls of 
the surgical cavity. Combined with the right 
microsurgical instruments, surgery would then 
turn into a succession of well anticipated and 
controlled steps, leaving little room for error and 
enabling the surgeon to safely implement the 
most effective surgical strategies.
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 Introduction

Neurosurgery is one of the most technically 
demanding surgical specialties, characterized by 
sophisticated procedures that require refined 
skills and a high level of competency. 19.1% of 
neurosurgeons in the United States have malprac-
tice claims brought against them every year, 
causing it to be one of the most litigious among 
all medical subspecialties [1]. Learning the pre-
cise and delicate surgical techniques necessary to 
reach expertise requires many years of directed, 
hands-on training. Currently, creating a compre-
hensive training program that meets all the edu-
cational requirements is a challenge; constantly 
evolving, minimally invasive techniques and 
increasing demand for expert-level surgical care 
prove difficult training environments, particu-
larly when combined with work-hour restrictions 
and high operative costs.

At the end of the nineteenth century, the 
Halstedian model marked the first major shift in 
surgical training: patient contact gained a central 
role, and the need for a standardized curriculum 
was recognized [2]. Operative experience was the 
gold standard in twentieth-century training, based 

on the three-step model of “watch- perform- 
teach.” The trainee learns by watching  experienced 
individuals perform the task, applying what he 
understood to complete the task independently, 
and teaching what he learned to someone else, 
thus providing a direct transfer of information and 
knowledge from teacher to trainee.

Although this direct apprenticeship model 
has been the mainstay since the previous cen-
tury, it has its own limitations. Besides possible 
harm to patients by the trial-and-error approach, 
extreme variability exists among patient anat-
omy, case variety, and mentor availability. 
Furthermore, educational opportunities may 
potentially take a higher priority than patient 
safety and procedure efficacy, which physicians 
must always put first [2, 3, 4].

Indirect apprenticeship provides the necessary 
foundation for surgical training and complements 
to the operative experience in order to achieve a 
more graded and enhanced education for train-
ees. Additionally, it is less ethically burdensome 
as it provides an overall safer surgical experience 
for the patient. Due to technological advances, a 
large volume of resources is now available to 
supplement surgical education. Textbooks, vid-
eos, and lectures are easily accessible and attain-
able, providing extensive anatomical detail and 
vast technical insights that can be obtained inde-
pendently of the operative room. However, these 
modes of learning lack of the basic, hands-on 
components of the operative experience and 
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graded tactile feedback that is required to master 
surgical skills. The gap between these two 
 training models has been filled by simulation, a 
widely used educational tool in the medical field. 
Simulation is defined as the technique of imitat-
ing the behavior of certain situations or processes 
by means of a suitable analogous situation or 
apparatus, particularly for the purpose of study or 
personnel training [1, 5, 6].

Simulation in the medical field has historical 
roots dating back from early animal and human 
cadaver dissections in the sixth century BC, pri-
marily performed to learn anatomy [1].

Simulation in medicine has gained a critical 
role in the education process over recent years, 
mainly in the surgical field. It has been applied to 
various training levels and is equipped with a 
large range of artificial environments where 
trainees can safely practice and gain experience. 
Types of simulation include the following:

• Physical Simulation: Provides realistic, tactile 
feedback to the trainee and may be animate or 
inanimate.
 – Animate Simulators: Include live or cadav-

eric models of animals or humans. Although 
human cadavers provide suitable surgical 
anatomic models, they lack dynamic prop-
erties, such as bleeding, pulsation, or physi-
ological reactions to surgical insult that a 
trainee is required to learn to manage dur-
ing his or her training. Live animal models 
provide a more sophisticated tool for 
dynamic feedback and response in the event 
of surgical error but differ in anatomy.

 – Both cadaveric and live animate simulators 
offer three-dimensional displays of anat-
omy and tactile feedback by manipulation. 
However, the fiscal, ethical, and biological 
restrictions weighted against limited real-
ism (tissue rigidity for human cadavers, not 
perfectly reliable anatomy for animals) and 
use (not reusable for multiple similar 
approaches) confine its application.

 – Inanimate Simulator: Much more readily 
available for use than are inanimate simulators 
and include synthetic models and box trainers. 
These tools allow trainees to learn basic motor 
skills and to develop hand-eye coordination in 

a reproducible environment but generally have 
limited reliability, realism, recordable metrics, 
and tactile feedback and usually only address 
partial components of tasks.

• Human Patient Simulation: Sophisticated, 
computer-driven mannequins have been 
developed to teach normal physiological 
responses, rehearse critical situations, and test 
a trainee’s managing capability. Some limita-
tions of this training modality are cost and 
time constraints, as evidenced by the need for 
a dedicated and trained staff.

• Web-Based Simulation: With the right Internet 
and computer access, this form of simulation 
can be easily accessible, has limited cost, and 
allows the trainee to obtain standardized 
knowledge and decision-making assessments. 
Computer-generated surgical models now 
allow the trainee to practice a variety of proce-
dures with different degrees of visual feed-
back. However, haptic cues are still missing.

• Three-Dimensional Technology Simulation: 
Three-dimensional reproduction of neurosur-
gical instruments and pathology with multi- 
material printers allow high-fidelity 
stereoscopic and haptic reproduction. 
Additionally, this information can be recorded 
and reviewed in three-dimensional videos. 
This is particularly helpful for preoperative 
planning and improves anatomical under-
standing of a patient’s specific pathology. 
However, it is currently an expensive and 
time-consuming technology and less suitable 
for training for emergency settings.

• Virtual Reality Simulation: Based on computer- 
generated graphics, virtual reality simulation 
offers recreation of human anatomy and surgi-
cal models obtained from radiologic images in 
a virtual space. This provides a more accurate 
representation of reality and adds the option to 
broaden the scope of trainable models [1, 7].

 Virtual Reality (VR) Simulation

VR simulation has improved operating room per-
formance in laparoscopic and endovascular sur-
gery and recently gained a critical role in 
residency training, becoming a required part of 
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core curricula [8, 9, 10]. VR simulation in neuro-
surgical training programs is emerging as a pos-
sible answer to the question of how to teach 
sophisticated techniques in a safe environment, 
but further trials are needed to test the impact on 
in  vivo neurosurgical skills [7, 11]. Interest in 
neurosurgical VR simulation has increased over 
time due to the introduction of newly enhanced 
technologies. Three different virtual systems 
exist thus far [1]:

• Simplified: Three-dimensional anatomic rep-
resentations offer the user only a passive 
visual interface without any other sensory 
interaction. It is the most basic form of VR 
and image reconstruction which utilizes 
cadaveric dissection images that are integrated 
into a simulated intraoperative environment to 
provide volumetric representations of generic 
surgical procedures (e.g., virtual dissector) 
[12, 13]. Volumetric representation may also 
be reconstructed from a patient-specific imag-
ing study (e.g., Dextroscope) to aid in preop-
erative surgical planning [14].

• Augmented: Three-dimensional reconstruc-
tion can be manipulated by the user in this 
form of simulation, demonstrating real-time 
tissue deformation and providing an interac-
tive experience. In addition to visual feedback 
from the manipulation performed, additional 
software may offer acoustic feedback during 
surgical task assessments (e.g., audiovisual 
ventriculostomy simulators or Robo-Sim 
endoscopic neurosurgical simulator) [14].

• Immersive: Immersive simulation seems to be 
the most promising system among the current 
existing VR simulators. The simulator-user 
interaction provides both visual and haptic 
feedback, yielding a more realistic experience 
by the manipulation of virtual models. This 
VR system enables training of hand-eye coor-
dination in inherent, metric models that facili-
tate the acquisition of sophisticated 
psychomotor skills.

Introduced for the first time in 2005, three dif-
ferent haptic VR systems have been produced:

ImmersiveTouch by the University of Illinois at 
Chicago (Illinois) [4, 8, 17, 18] ImmersiveTouch 
was the first system to provide seamless integra-
tion of haptic and stereoscopic visual rendering in 
VR. This system includes head and hand electro-
magnetic tracking to compute the viewer’s per-
spective by his or her head and hand movements 
around the virtual anatomic reconstruction. The 
continuously evolving technology of 
ImmersiveTouch has allowed for practicing vari-
ous neurosurgical  procedures with the opportunity 
for skill level assessments (Fig. 14.1).

TempoSurg by the University of Hamburg 
(Germany) [15] TempoSurg provides an interac-
tive computer-user interface to offer surgical prac-
tice on a three-dimensional, virtual temporal bone 
through a phantom arm that simulates the surgical 
drill and foot pedal. This system has different sur-
gical corridors available for training but is limited 

Fig. 14.1 Senior Neurosurgical Resident Boot Camp 
Training Course 2015. ImmersiveTouch platform is 
designed to introduce important principles of neurosurgi-
cal care to trainees under direct supervision (Used with 
permission of ImmersiveTouch)
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to this specific anatomical area and  provides a low 
graphic resolution of important structures, such as 
various vessels and nerves, whose avoidance is 
essential for neurosurgery [16].

NeuroTouch by Montreal University 
(Canada) [7] NeuroTouch focuses on training 
short, specific neurosurgical tasks with bilateral 
manipulation of three-dimensional anatomic 
models. The system has options to select differ-
ent surgical tools, increase difficulty level, 
track metrics, and time the user. It is mainly ori-
ented to simulate partial tasks of neurosurgical 
procedures in order to address basic skill 
requirements for a trainee: ventriculostomy, 
endoscopic nasal navigation, tumor debulking, 
hemostasis, and microdissection.

 ImmersiveTouch

In recent years, the traditional “learning by 
observing” method has faced increasing pres-
sures of new minimally invasive and percutane-
ous techniques along with legal/ethical concerns 
of patient safety. The need to address alternative 
methods of neurosurgical training has become 
imperative. ImmersiveTouch was the first system 
to add haptic and kinesthetic feedback to exist-
ing augmented virtual reality reconstructions 
(2005; Fig. 14.2).

It is equipped with four hardware components 
[18]:

• Three-dimensional stereodisplay with high 
resolution (1600  ×  1200 pixels) and high 
visual acuity (20/24.74) that provides clear 
vision of small anatomical details, with more 
realistic and efficient operative learning.

• Head tracking through stereoscopic goggles 
equipped with an electromagnetic sensor that 
allows virtual reality scene adjustment accord-
ing to viewer’s perspective by means of real- 
time computation.

• Hand tracking through an electromagnetic 
sensor located inside the SpaceGrip that tracks 
the surgeon’s hand. It defines the cutting plane 

and the light source in order to integrate hand 
position in the virtual environment.

• A haptic stylus that simulates surgical tools, 
provides position and orientation information, 
computes collision forces with the virtual 
head, and generates tactile feedback.

ImmersiveTouch software uses four intercon-
nected modules to acquire, process, and render 
seamless integration of graphic and haptic data 
[4, 18]:

• Volume data pre-processing (VTK 4.5): two- 
dimensional images generated by MRI or CT 
are analyzed, segmented, and combined to cre-
ate a virtual three-dimensional volume of the 
patient’s head. The virtual head is made of 
polygonal isosurfaces corresponding to the dif-
ferent anatomic layers. Each isosurface is qual-
ified by specific features to match real tissue 
behavior under defined haptic stimulations.

• Head and hand tracking (pciBIRD): Dual sen-
sors allow both computation of the viewer’s 

Fig. 14.2 ImmersiveTouch platform setup. The trainee 
looks into the screen that creates three-plane CT recon-
struction (different modules available) wearing stereo-
scopic googles that track head positioning and adjust 
virtual reality scene to viewer’s perspective. The non- 
dominant hand controls the SpaceGrip that allows the 
model positioning adjustment, and the dominant hand 
holds the haptic stylus that simulates the surgical tool 
(Used with permission of ImmersiveTouch)
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perspective according to his or her head 
 movements and adjustment of both the cutting 
plane and light source according to his or her 
hand position.

• Haptic rendering (Ghost 4.0): Each three- 
dimensional isosurface of the virtual volume 
is defined by four parameters: stiffness, vis-
cosity, static friction, and dynamic friction. 
Through the haptic stylus and rapid refresh 
rate, the user can interact with three- 
dimensional multilayer surgical models and 
obtain realistic visual feedback of tissue 
deformation. The three-dimensional multi-
layer virtual volume also provides distinct tac-
tile feedback according to the different 
textures of isosurfaces and generates various 
haptic forces computed from collisions with 
the stylus in virtual reality. Integration of 
visual and haptic feedback is the key feature 
of this virtual reality system and offers more 
effective training of hand-eye coordination.

• Graphic rendering (Coin 2.3): The virtual 
three-dimensional model is displayed through 
a special camera node that depicts the stereo-

scopic perspective in a frame-sequential fash-
ion adjusted to the viewer’s head position. The 
perspective is further adjusted in volumetric 
depth through SpaceGrip control.

This haptic-based, three-dimensional, and vir-
tual system is a valuable tool to learn new skills 
and to improve surgical proficiency through rep-
etition and practice; it combines the advantages 
of generic virtual reality simulation with the dis-
tinguished properties of immersive VR 
(Table 14.1).

The flexibility of virtual reality applied to 
ImmersiveTouch technology has brought on the 
development of a library of anatomical variations 
and training modules. Several neurosurgical 
skills are addressed and assessed by this plat-
form, but proficiency, improvement, and transfer 
of these abilities on live neurosurgical fields have 
not been proven. In order to justify the high 
expense of this sophisticated technology, full 
validation of its usefulness in neurosurgical train-
ing is required. ImmersiveTouch modules should 
be evaluated along three main characteristics:

Table 14.1 Advantages of VR and ImmersiveTouch simulation systems

Virtual reality [7, 16, 17, 18] ImmersiveTouch [4, 16, 18, 20]
Practice in a harmless environment, which addresses 
the ethical issues of patient safety
Multiple and variable learning modules focusing on 
different surgical procedures and tasks
Repeatable and reusable modules, guaranteeing 
consistent skill training and maintenance with 
minimal financial burden
Proven results for laparoscopic surgery (not currently 
for neurosurgery)
Transfer of expertise and knowledge independently 
of the operating room
Objective measurements and the ability to assess 
competency through scoring systems
Unsupervised self-learning with immediate feedback
Uniform and standardized educational learning
Preoperative planning and rehearsal

Perspective adjustment to viewer’s head position through 
stereoscopic goggles equipped with electromagnetic sensor
Three-dimensional volume depth adjustment through hand 
tracker electromagnetic sensor (SpaceGrip)
Real-time interaction with a three- dimensional simulated 
surgical field through a superimposed virtual tool (this 
feature is also present in other VR systems like TempoSurg 
or Dextroscope)
Haptic rendering with kinesthetic and tactile feedback, 
providing real-time force generation according to both the 
user’s hand position in the field and the virtual tool’s collision 
with specific three-dimensional isosurface characteristics
Immediate stereoscopic feedback of “blinded” procedures, 
whose performance is based on correct detection of external 
landmarks (e.g., ventriculostomy), through a cutaway tool in 
which it is possible to look “inside” the three-dimensional 
model after the task is performed (direct trajectory control on 
“open head”)

VR = Virtual reality
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• Discrimination of surgical abilities already 
owned by the trainee

• Enhancement of personal skills through 
 practice in simulated modules

• Realistic learning transferable in vivo

 Ventriculostomy [4, 18, 19, 20]

The first generation of ImmersiveTouch ventricu-
lostomy simulator showed limited usefulness for 
teaching and measuring neurosurgical expertise. 
Nevertheless, second-generation ameliorations 
were introduced including viewer-centered per-
spective and precise overlapping of the haptic 
device stylus with its virtual representation in the 
simulated field. Ventriculostomy is one of the 
most commonly performed procedures in neuro-
surgery, allowing for measurement of intracranial 
pressure and drainage of cerebrospinal fluid 
when needed. It is usually one of the first surgical 
procedures a neurosurgical resident performs. 
For this reason, and for its simplicity compared to 
other neurosurgical interventions, it is the most 
frequently reproduced technique by virtual 
simulators.

This module is aimed at improving trainee 
ability to place a ventricular catheter using exter-
nal landmarks with as few attempts as possible. 
ImmersiveTouch helps in learning the psycho-
motor skills by use of hand-eye coordination in 
the three-dimensional environment with haptic 
feedback of the technical gesture performed. The 
haptic stylus works as a ventricular catheter with 
exact overlapping onto the virtual reproduction 
in the three-dimensional workspace; the user has 
the option to visualize the trajectory of the cath-
eter by means of virtual lines traced through the 
virtual head. The trainee can choose among three 
burr-hole options and measure the distance from 
external landmarks to one of the selected burr 
hole to aid in correct catheter placement 
(Fig. 14.3a, b). The second-generation software 
is enriched with a bone drilling module that sim-
ulates the burr-hole performance in order to have 
step-by-step replication of the procedure 

(Fig. 14.3c, d). The user plans his or her  trajectory 
with the help of a corresponding projection from 
a three-plane CT scan reconstruction displayed 
on screen, easing the stereo-tactical learning 
process. While introducing the catheter into the 
virtual head, the trainee perceives the haptic 
feedback corresponding to actual brain consis-
tency. As the catheter enters the virtual ventricle, 
a giveaway “pop” sensation is felt over the hap-
tic stylus. A chromatic code indicates the out-
come of the procedure: in a successfully 
performed ventriculostomy, the catheter turns 
green (Fig. 14.3e). To enhance the stereo-tactical 
education, the trainee can directly verify final 
catheter position inside the virtual head by open-
ing it with virtual scissors (Fig.  14.3f, g). The 
software has broadened its module library, 
including 15 different ventricular anatomies 
with normal, shift, and slit/compressed ventri-
cles. Ventriculostomy is currently the only mod-
ule that has been tested and verified as a realistic 
learning alternative to actual procedures. The 
discriminative power of a trainee’s abilities is 
also accurate, as proven during the 3-day Top 
Gun competition at the 2006 annual meeting of 
the American Association of Neurological 
Surgeons (AANS). Seventy-eight neurosurgical 
fellows and residents were evaluated on an 
ImmersiveTouch module for ventricle cannula-
tion and evaluated based on the distance from 
the virtual catheter tip to the foramen of Monro. 
The score generated from this module proved to 
be consistent with distances calculated retro-
spectively from postoperative CT scans of actual 
freehand ventriculostomies [20]. The enhancing 
capacity of this module on resident skills was 
verified through the demonstration of increased 
success after repeated practice of normal and 
abnormal ventricle catheterization on simulated 
modules [11, 19]. The practical learning poten-
tial was assessed by comparing in  vivo proce-
dural outcomes before and after practice on 
simulated modules on a group of 12 residents. A 
positive effect on the overall success on first- 
attempt cannulation after simulated practice was 
statistically significant [11].
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Fig. 14.3 (a) Virtual head reconstruction from three- 
plane CT. (b) The trainee can measure the distance from 
external landmarks to help him in choosing the correct 
burr-hole placement. (c, d) Bone drilling module that 
simulates the burr-hole performance. (e) At the end of the 
catheter positioning trial, the software computes the posi-

tion accuracy providing a score. If the outcome of the per-
formance is successful, the catheter turns green. (f, g) 
Direct verification of the final catheter position inside the 
virtual head: (f) axial projection, (g) coronal projection 
(Used with permission of ImmersiveTouch)
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 Bone Drilling [19]

This module was first introduced as a partial 
component of the ventriculostomy module (see 
Fig. 14.3c, d) and then was further developed and 
separately added to the library of virtual surgical 
interventions. Bone drilling is an essential skill 
common to all neurosurgical procedures and 
often requires certain dexterity to prevent dam-
age of delicate structures located directly beneath 
the skull. Learning the tactile feedback of differ-
ent bone components assumes vital importance. 
In the simulated drilling module, the bone is 
removed in a piecemeal fashion. Current options 
allow practicing different tasks within larger 
modules, such as burr holes for ventriculostomies 
or anterior clinoidectomies for aneurysm clip-
pings, or stand-alone modules, such as occipital 
craniectomies or temporal bone drilling. No spe-
cific study has been developed to assess the edu-
cational efficacy of these simulated tasks.

 Trigeminal Rhizotomy [19, 21]

This intervention is most often performed through 
a percutaneous approach (Fig. 14.4a). Exact rec-
ognition of external landmarks is crucial for a 
successful procedure. The simulation is aimed at 
providing familiarization with specific external 
points on the virtual head to practice the correct 
trajectory to reach the foramen ovale (Fig. 14.4b). 
The haptic stylus mimics the needle used in a real 
rhizotomy, offers tactile perception of tissues 
along the selected trajectory, and turns green 
when the trainee reaches the correct final location 
(Figs. 14.4c, d). The task can be eased by the use 
of simulated fluoroscopic guidance. After com-
pletion, the user can directly compare the tip of 
the needle to the ideal target by opening the head 
with virtual scissors (Fig. 14.4e).

Validation of this module as an assessment 
tool was demonstrated during the American 
Association of Neurological Surgeons’ Top Gun 
2014 competition. Ninety-two neurosurgery resi-
dents were tested for a simulated percutaneous 
trigeminal rhizotomy, and their performance was 
scored by evaluating the distance from the ideal 

entry point, ideal target, and number of 
 fluoroscopy images acquired. Senior residents 
showed significantly more successful outcomes 
than junior residents, validating this module as a 
good predictor of surgical experience. However 
an overall suboptimal score for all the residents 
was found, regardless the year of training, high-
lighting the need for more practice of this sophis-
ticated kind of surgical procedure. In regard to 
this specific procedure, data on effective learning 
and practical application are currently missing.

 Hemostasis [22]

Three-dimensional representation of the virtual 
surgical cavity after evacuation of a hematoma is 
reproduced, and multiple bleeding vessels are 
randomly distributed over its surface in this mod-
ule. It addresses the ability to utilize cautery 
appropriately and implements different task dif-
ficulties as time duration increases. The difficulty 
level can be tailored to the user’s skill level. 
Cauterization is evaluated as successful when the 
user touches the bleeding vessel with both bipo-
lar tips for 2 sec; excess of this time frame will 
cause injury to adjacent simulated tissue. The 
usefulness of this module as an educational tool 
was tested through an effectiveness self- 
assessment questionnaire; medical students per-
ceived higher benefit compared to neurosurgical 
residents, most probably because surgically inex-
perienced trainees (such as medical students) are 
the ideal training target for this basic and low- 
fidelity task. This simple module is specifically 
directed to develop elementary surgical skills, 
such as binocular vision, and to assess personal 
orientation. In the future, multiple aspects of this 
task could also be validated: depth perception, 
precision of dexterity, optimal timing, and 
strategy.

 Aneurysm Clipping [23]

The increased treatment of cerebral aneurysms 
with endovascular technique has decreased 
the surgical opportunities for trainees to par-
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ticipate in operative aneurysm clipping. A 
 three- dimensional, immersive virtual reality 
environment has also been created for this com-
plex surgical intervention, and development of 
virtual training seems to be the best suitable alter-
native to learn this demanding technique.

ImmersiveTouch created the first simulated 
prototype of middle cerebral artery aneurysm 
clipping. The complexity of this module stems 
specifically from the calculation burden in repro-
ducing three-dimensional blood vessel wall 
deformations at multiple points simultaneously 
when the blades of the virtual clip contact the 

aneurysm. Two-handed practice is offered. The 
module also simulates intraoperative rupture, in 
case of excessive aneurysm manipulation or force 
of the clip, providing valuable kinesthetic and 
tactile feedback. The simulator allows the selec-
tion and placement of different virtual clips when 
the aneurysm neck is exposed sufficiently. Future 
development of this prototype could include 
score assessment according to patency of the par-
ent vessel, strength of retraction, duration of 
retraction, complete neck obstruction, and proper 
clip selection. Currently, the validation of the 
above training module has been assessed only 

Fig. 14.4 (a) Virtual head reconstruction in rhizotomy 
module. (b) To enhance the optic feedback, the simulator 
provides on request different simulation planes. In the 
example the projection of the needle’s ideal entry point on 
the skull is shown. (c) Virtual rhizotomy: the trainee 
attempts to reach the final target. The haptic stylus simu-

lates the needle. (d) At the end of the task, the needle turns 
green if the attempt of the rhizotomy was successful. The 
software provides the accuracy score of the procedure. (e) 
Direct verification of the final needle position inside the 
virtual head. Simultaneous CT scan display is provided by 
the software (Used with permission of ImmersiveTouch)
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through a survey of residents who tested the 
 simulator. It was positively rated as a helpful tool 
to improve anatomical understanding, surgical 
approach selection, and practical skills training. 
The highest score from this model was achieved 
by senior residents, who had more live operative 
expertise than junior residents in aneurysm clip-
ping. The module might play a possible role in 
enhancing pre-existing skills rather than affect-
ing the beginning of the learning curve. However, 
further improvements for more sensitive haptic 
feedback are required, and further trials are 
needed to validate the usefulness of this sophisti-
cated module.

 Lumbar Puncture [19]

This is a very frequently performed procedure – 
not only by neurosurgical residents but also by 
residents of other disciplines such as anesthesiol-
ogy, neurology, or emergency medicine. Variation 
in size and anatomy between each patient may 
turn this basic procedure into a challenge; there-
fore, practice on a library of different anatomic 
models may assist the trainees in detecting the 
external anatomic landmarks, improve successful 
initial attempts, and reduce complications. 
ImmersiveTouch provides a three-dimensional 
model of the spine overlaid by soft tissue 
(Fig. 14.5a), providing tactile feedback on needle 
insertion (Fig. 14.5b). The final position is con-
sidered correct if the virtual needle tip is located 
within the thecal sac (Fig. 14.5c–f).

 Pedicle Screw Implant [19, 24, 25]

This module utilizes thoracic and lumbar mod-
els (Fig. 14.6a). Referring to bony landmarks, 
the trainee practices cannulation of the pedicle 
with a virtual pedicle finder (Fig.  14.6b, c). 
Haptic feedback is once again added to simu-
late real, open surgery. Soft tissue retraction 
and virtual bone drilling tasks are simulated, 
the latter of which produce force feedback 
according to drill frequency and position. The 
drill is activated under the user’s control. 

Simulated image guidance helps beginners to 
select and monitor the correct trajectory of the 
screw in three directions (Fig.  14.6d). At the 
end of the procedure, the trainee can directly 
correlate the virtual experience with his or her 
technique by opening the spine model with vir-
tual scissors and observing screw position 
(Fig. 14.6e). This module is focused on learn-
ing the internal spinal bone structures and uti-
lizing fluoroscopy image references to assist in 
screw insertion. During the Top Gun competi-
tion held at the annual meetings of the American 
Association of Neurological Surgeons of 2006, 
2009, and 2012, this module was tested for dis-
crimination and enhancement abilities. Pedicle 
screw insertion scored by ImmersiveTouch cor-
related with retrospective evaluation of operat-
ing room screw placement, proving the 
discriminative capability of the module. 
Furthermore, greater screw placement accuracy 
and fewer fluoroscopy requests were achieved 
after practice with the partial task simulator 
during the competition.

 Percutaneous Spinal Fixation [26]

Adopting partial tasks from previous modules, 
ImmersiveTouch also developed a percutaneous 
spinal fixation module (Fig. 14.7a). Learning this 
minimally invasive technique is a demanding 
task due to the need for surgical precision and 
exact detection of anatomical landmarks. Here, 
haptic perception assumes primary importance; it 
aims to improve anatomical understanding by 
force feedback recognition in order to minimize 
fluoroscopic guidance requests and reduce the 
amount of radiation exposure during pedicle 
screw placement (Fig. 14.7b, c). The amount of 
radiation exposure is measured by the duration of 
time the foot pedal is pressed to obtain the fluoro-
scopic images. The effectiveness of this module 
was tested at the 2010 AANS annual meeting and 
the 2011 Chicago Review Course in Neurological 
Surgery. These two trials showed that practice 
with these modules improves final percutaneous 
needle position accuracy and reduces fluoro-
scopic exposure.

D. Brunozzi et al.
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 Vertebroplasty [19]

Combining the tasks of pedicle screw placement 
and percutaneous spinal fixation brought about 
the creation of the percutaneous vertebroplasty 
simulation module. This procedure also relies 
heavily on sight and touch for proper execution. 
While no trials have currently been conducted to 
verify its usefulness as an educational tool, previ-
ously published results for other spinal modules 
support the hypothesis that this module would 
minimize errors.

 Limitation and Future Directions [1, 
7, 8, 16, 19, 27]

Through the combination of existing partial task 
simulators, ImmersiveTouch has created multiple 
new modules reproducing several neurosurgical 
procedures to prepare for live neurosurgical 
interventions such as cerebral tumor resection, 
hematoma removal, and Jamshidi needle biopsy. 
In the near future, several of the following cranial 
and spinal modules will also be available:

Fig. 14.5 (a, b) Three-dimensional model of the spine 
overlaid by soft tissue. The haptic stylus simulates the 
needle (b). (c, d, e) At the end of the task, the needle turns 
green if the attempt of the lumbar puncture was success-
ful. The software provides also the needle projection on 

the CT scan view in coronal (c) and sagittal (d) sequences 
and on the axial 3D reconstruction (e). (f) At the end of the 
task, the needle turns red in failed attempt of lumbar punc-
ture (Used with permission of ImmersiveTouch)

14 Role of Immersive Touch Simulation in Neurosurgical Training



196

• Nasal cavity procedures
• Third ventriculostomy
• MicroDexterity
• Suturing
• Anterior cervical discectomy
• C1–C2 transarticular screw fixation
• Lumbar microdiscectomy
• Lumbar laminectomy
• Lateral mass fixation
• Minimally invasive DLIF

At the present time, further educational tools 
are needed to create standardized competency 
acquisition in neurosurgical training and address 

legal and ethical concerns regarding patient 
safety. Over recent years, haptic and computer-
ized simulations have replaced older forms such 
as cadavers, animals, or physical models. Among 
all the existing haptic simulators, ImmersiveTouch 
technology seems to be the most versatile, repro-
ducing all main neurosurgical procedures and 
addressing the progressive stages of training. 
Documenting a baseline level of competency 
within surgical curricula has only been evaluated 
in general and laparoscopic surgical training pro-
grams [7, 19]. Despite not having been systemati-
cally introduced in neurosurgical education 
programs, societal expectations of flawless 

Fig. 14.6 (a) Lumbar model with soft tissue retraction 
and bone landmark exposure. (b, c) The haptic stylus 
simulates the surgical tools: the pedicle finder (b) and the 
pedicle probe (c). (d) Screw positioning and simulated 
sagittal image guidance that might help beginners to 

select the correct trajectory during the whole procedure. 
(e) At the end of the task, the trainee can verify the accu-
racy of his or her procedure by observing directly the 
screw trajectory on the virtual spine (Used with permis-
sion of ImmersiveTouch)

D. Brunozzi et al.
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 outcomes and current work-hour limitations 
make virtual reality simulators an appealing 
teaching tool for educators. Virtual reality simu-
lation modules also objectively document 
achievement of minimum standard skills and 
progress in surgical learning through scored 
assessments. Such modules have been proven to 
shorten the learning curve, especially for novice 
residents. Additionally, virtual reality modules 
may also play a potential role for experienced 
surgeons to maintain acquired skills, restore 
lapsed procedural skills, learn new techniques, or 
become acquainted to the specific anatomy of 
each patient prior to surgery. Due to their versa-
tility, training modules can be tailored to the spe-
cific needs of a training program or physician.

In addition to their advantages, virtual reality 
simulations also possess limitations as a compre-

hensive learning tool. There is an innate learning 
curve associated with the virtual reality technol-
ogy itself, and the difficulty of becoming familiar 
with the technical components of the virtual envi-
ronment may not reflect the actual surgical 
 difficulty. Also, simulated proficiency may not 
necessarily translate into operative dexterity; fur-
ther randomized studies are needed to validate all 
of the existing simulation modules.

Virtual reality modules still need ameliora-
tions in visual and haptic feedback for the most 
complicated surgical interventions, in which 
practice is essential; however, calculation burden 
may interfere with a close-reality rendering. 
More work is necessary before virtual reality 
simulation becomes a mainstay in neurosurgical 
training and formally approved for educational 
use in the neurosurgery residency curriculum.

Fig. 14.7 (a) Lumbar percutaneous model overlaid by 
soft tissue. (b) Lumbar percutaneous model, bone view. 
The software provides on request the bone view during 
the needle positioning to verify the trajectory selected 
against the fluoroscopic image guidance (top left of the 
figure). (c): At the end of the task, the trainee can verify 

the accuracy of his or her procedure over the 3D recon-
struction of the spine model. The software provides the 
final score based on the needle position accuracy and on 
the number and length of fluoroscopic shots used during 
the procedure (Used with permission of ImmersiveTouch)
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 Introduction

Recent reforms in neurosurgical training 
 requirements set forth by the Accreditation 
Council for Graduate Medical Education 
(ACGME) have changed the way education is 
delivered to residents, as well as what informa-
tion should be disseminated and what milestones 
need to be met. Limiting workweek hours firstly 
creates implications for patient-volume-depen-
dent training in fields such as neurosurgery, 
where patient exposure traditionally provides 
opportunities for residents to enhance their surgi-
cal skills [1, 2]. Additionally, the changing land-
scape of the healthcare economy set forth by 
legislative reforms has largely emphasized 
patient outcomes and more efficient delivery. 

Less tolerance from both healthcare institutions 
and consumers for surgical errors and 
 postoperative complications has resulted in 
increasing pressures on providers to establish 
more efficient care practices [3, 4]. These reforms 
create an ideal environment for highlighting and 
implementing surgical simulation to not only 
enhance the educational experience for trainees 
but also to improve patient outcomes in the field 
of neurological surgery.

Simulators have been used with great success 
in other fields, including the military and oft- 
quoted area of aviation. War game simulations 
were used in the 1900s by German and Prussian 
armies, with the Prussian Kriegspiel being cred-
ited for the French victory in the Franco-Prussian 
war [5]. Flight simulation has also been very suc-
cessful in the training of armed forces pilots as 
well as commercial aircraft pilots. Indeed, man-
datory simulated water landings prescribed for 
commercial pilots are partially credited for the 
successful landing of the US Airways craft on the 
Hudson River in 2009 [6–9]. The benefits of 
rehearsal prior to action within these fields have 
been recognized and adopted by the medical 
community to reduce errors, which in the field of 
healthcare can have profound consequences on 
quality of life.

Though the concept of simulation has been 
integrated into medical education and planning 
as far into the past as 600 BC with the use of 
clay models [9], its application to surgical 
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specialties including neurosurgical training in 
recent years has shifted from tactical modules 
toward virtual simulation. Simulators have 
already been adopted for specialized training in 
laparoscopy, basic life support, and advanced 
trauma life support courses where hands-on 
education and simulation allow for develop-
ment and refinement of skills in a controlled 
setting, prior to applying these skills in an 
actual patient care scenario [9–11]. Like other 
surgical fields, neurosurgery has embraced 
modern technology in the form of virtual and 
augmented reality in order to increase proce-
dural exposure and planning [6]. These simula-
tion platforms provide rehearsal opportunities 
that promote the best operative experience and 
patient outcomes via acquisition of competency 
in critical aspects of procedures. Physicians 
have a duty to their patients to be able to per-
form tasks with competence and skill, and 
implementation of simulation into training will 
allow for more rapid development of profi-
ciency [12]. It has also been demonstrated that 
early implementation of tactile, or haptic, feed-
back in simulator use is associated with 
increased learning, and a study by Seymour and 
colleagues demonstrated increased psychomo-
tor skill and hand-eye coordination when simu-
lators were used by trainees compared to a 
cohort without simulator training [13].

The immense variation in cerebral aneurysm 
presentation is one particular area in which the 
use of simulation is readily applicable. Clinical 
presentation, location, size, and morphology of a 
particular aneurysm all factor into treatment 
approaches and render this disease entity more 
complex and intricate. With the recent emergence 
of, and rapid advancements in, endovascular 
techniques for the treatment of aneurysms, 
opportunities to perform intracranial clip ligation 
has greatly decreased due to the larger risk of 
morbidity relative to endovascular treatments 
such as coiling [14, 15]. Though much debate 
remains on which treatment modality is superior 
when comparing microsurgical approaches with 
endovascular therapies, treatment planning often 
considers both aneurysm characteristics and 
patient anatomy and has not eliminated the neces-

sity of clip ligation. Additionally, the ability to 
perform aneurysm clipping remains a level 3 
milestone as indicated by the ACGME, which 
suggests that new methods of educational deliv-
ery are required to ensure appropriate acquisition 
of skills [16, 17]. The role of simulation plat-
forms for surgical clipping therefore has a role in 
skills training for neurosurgical residents and for 
optimizing patient outcomes through rehearsal.

 Historical Progression of Surgical 
Training

Surgical training has remained largely unchanged 
since its inception. The Halstedian technique, 
described by Dr. William S.  Halsted of Johns 
Hopkins University in 1889, set the foundation 
for the apprenticeship model of surgical training 
and highlighted experiential learning based on 
exposure, practice, and close supervision 
(Fig. 15.1). Eventually, the realization that basic 

Fig. 15.1 Portrait of William Stewart Halsted, the sur-
geon responsible for advances in early medical education 
as well as pioneering the first surgical residency in 
America (With permission from Alan Mason Chesney 
Medical Archives, Johns Hopkins Medical Institutions)
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surgical skills could be fragmented into modules 
in the absence of patient exposure led to a gradual 
transition away from a pure Halstedian approach 
[18]. Ensuing development of surgical skills labs 
allowed the substitution of specific skill develop-
ment in place of pure operative exposure by pro-
viding patient-independent rehearsal 
opportunities in simple techniques such as knot- 
tying, suturing, and basic laparoscopic technique. 
The use of instructional materials and textbooks 
in conjunction with these skills labs remains 
common practice in modern institutions. Given 
the tangible nature of surgery, further advances 
included the use of porcine and human cadavers 
in anatomical labs. Cadaveric use has played a 
large role in simulation and continues to provide 
trainees with opportunities to rehearse with tissue 
feedback near real-life situations, which has been 
shown to aid resident training and improved ana-
tomic understanding and technical skills intraop-
eratively [19–21]. Resource and space limitations, 
however, create substantial obstacles against the 
standardized use of cadavers [22]. Further, ana-
tomical variation among different cadaveric 
models makes this type of educational module an 
imperfect simulation of actual cases. These 
restrictions, compounded by the dawn of com-
puter and imaging technology in the past three 
decades, have promoted simulation to the fore-
front of a continually evolving neurosurgical 
training agenda.

Explosive advancements in robotics and imag-
ing within the past century continue to challenge 
modern methods of surgical training with intro-
duction of minimally invasive and robot-assisted 
techniques. The rising popularity and demand of 
such procedures greatly decreased patient vol-
ume for cases requiring more invasive approaches 
and hold implications for burgeoning surgeons 
that rely on patient exposure for mastery of com-
plex procedures. As the demand for training in 
these areas has risen, virtual reality and the use of 
technological simulation have concomitantly 
risen to fill such demands [20, 23, 24]. Simulation 
technology has made great advancements in the 
endoscopic, laparoscopic, and endovascular 
realms particularly because many of the proce-
dures involve similar technological equipment 

and rely on video monitor guidance [6]. Studies 
in these fields have demonstrated that the effects 
of pre-procedural simulation are readily appre-
ciable through enhanced operative prowess and 
reduced error rates [25–28].

 Use and Evolution of Simulation 
in Neurosurgery

At the 2011 Congress of Neurological Surgeons 
national meeting, the first simulation course was 
initiated and included elements of vascular, spi-
nal, and cranial simulation, primarily incorporat-
ing virtual reality and physical simulators. After 
initial review of the course and feedback from 
attendees of the course, a standardized educa-
tional curriculum was established in 2012. The 
course included a pretest, short didactics, demon-
stration of the simulator, and hands-on use of the 
simulator followed by a posttest and debriefing. 
By far, the majority of the time was spent utiliz-
ing the hands-on aspect of the simulator, with 
facilitators available to answer questions and give 
feedback on performance [22]. Specifically, a 
trauma module was developed to improve educa-
tion and performance in a decompressive hemi-
craniectomy module. Lobel and colleagues 
demonstrated significant improvement in inci-
sion planning, burr hole placement, size of the 
decompressive craniotomy, and scores from pre-
test to posttest, with the most significant improve-
ments made by the novice trainees [29]. This 
continues to reinforce the importance of simula-
tion prior to application of surgical skills on real 
patients.

Simulation is highly applicable to the field 
of neurosurgery given the routine use of image 
guidance for navigation and planning as well as 
the inherent high-risk procedures involved. The 
advent and standardization of high-resolution 
imaging in the early 1980s with magnetic reso-
nance imaging (MRI) and computed tomogra-
phy (CT) paralleled the advent of simulation 
technology. Reconstructed scans provided an 
opportunity to create anatomically accurate, 
three-dimensional (3D) models of the human 
anatomy [20]. These initial endeavors offered 
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visualization of anatomic structures without the 
use of human cadavers, but basic 
 computer- mouse user interfaces were nonethe-
less limited in providing sensory and motor 
rehearsal valued by surgeons. Virtual dissection 
eventually transitioned from standardized 
patient images to individualized scans that were 
able to reflect case-specific pathology and pro-
vide more relevant simulation. One of the earli-
est entries into the market was Dextroscope and 
VizDexter software, which integrated patient-
specific images and projected a 3D hologram in 
front of the user to allow for virtual visualiza-
tion and surgical planning [30]. Secondary 
applications of the technology have since 
allowed users to recreate higher definition 
images of intracranial nerves and vessel and 
rehearse clip ligation for intracranial aneurysm 
management. Most simulation platforms now 
use this method of tissue segmentation to recre-
ate patient-specific 3D anatomy [20].

The initial applications of virtual dissection 
targeted the visualization of important skull base 
structures, where the understanding of complex 
anatomical relationships in the region could be 
most readily augmented by 3D anatomical visu-
alization. Modern technological applications 
have since grown to encompass nearly every 
facet of the neurosurgical field including cerebro-
vascular, spinal, and tumor resection procedures, 
as evidenced by the growth of literature on simu-
lation applications in recent years [31]. Currently, 
the status of virtual reality simulation is now 
attempting to provide more realistic user inter-
faces by enhancing sensory and motor experience 
through features such as tissue deformation and 
haptic feedback [32].

The ImmersiveTouch platform (Chicago, 
Illinois), like Dextroscope, projects a volume- 
rendered image using patient-specific MRI or 
CT data, and 3D model parameters are further 
defined by stiffness, viscosity, and friction to 
project tactile feedback to the user during ven-
triculostomy rehearsal [33–35]. 
ImmersiveTouch has also been developed to 
simulate aneurysm clipping, which has demon-
strated positive feedback from trainees that the 
haptics were realistic, and the simulator was 

useful for preoperative planning and rehearsal 
[33]. More recent virtual reality simulators that 
also offer opportunities for preoperative 
rehearsal include NeuroSim (Germany) and 
NeuroTouch (Canada), which have developed 
platforms for microsurgical applications such 
as aneurysm clipping and tumor resection [36, 
37]. NeuroTouch allows for a full procedure to 
take place skin-to-skin but may make sacrifices 
in the form of realism [32]. Even so, the ability 
to perform complete procedures, even with 
slightly less realism, may be of great benefit to 
trainees early in their career [38].

 Use of Surgical Theater 
in Aneurysmal Clipping

Surgical rehearsal platforms that offer rehearsal 
of clip ligation are relatively novel developments 
in the field of surgical simulation. Intracranial 
aneurysm treatment is a particular area in which 
the rise of minimally invasive embolization and 
coiling procedures has diminished resident expo-
sure to more invasive aneurysm clipping. This is 
further reflected in practice, where an increasing 
amount of aneurysms are continuing to be treated 
via endovascular means. The fewer aneurysms 
being treated in an open fashion have diminished 
the experience of younger neurosurgeons and 
residents in this crucial aspect of training. Given 
the variability in aneurysm morphology, coiling 
techniques cannot be readily universalized, and 
the ability to perform clip ligation remains a criti-
cal technique in which proficiency needs to be 
demonstrated in neurosurgical trainees [16].

The surgical rehearsal platform (SRP) devel-
oped by Surgical Theater LLC (Mayfield, Ohio) 
is a response to the increasing demand of simula-
tion technology to minimize the burden of 
patient-volume-dependent exposure during train-
ing. Surgical Theater consists of the SRP for pre-
operative planning and the Surgical Navigation 
Advanced Platform (SNAP) for high-resolution 
3D image reconstruction. The software, devel-
oped in part by ex-Israeli air force engineers, was 
inspired by aviation technology originally 
intended for flight simulation in air force pilot 
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training. Since receiving FDA clearance in 2013, 
the platform has been used at institutions across 
the United States to plan for intracranial tumor 
resection, AVM embolization, intracranial aneu-
rysm treatment, and spinal procedures. These 
centers include University Hospitals Case 
Medical Center, University Hospitals Rainbow 
Babies and Children’s Hospital, Ronald Reagan 
UCLA Medical Center, Mount Sinai Hospital, 
Mayo Clinic, and NYU Langone Medical Center, 
among other nonacademic institutions [39].

The technology requires a personal computer, 
two liquid-crystal/light-emitting diode monitors, 
two 3D controllers, and 3D stereoscopic goggles, 
which work synergistically to provide a realistic 
surgical theater environment for users. Software 
used by SRP uses quad-buffering technology for 
enhanced graphics resolution. Visual reconstruc-
tion involves a 20-minute segmentation of 
patient-specific DICOM images that produces 
volume-rendered images of the aneurysm and 
relevant surrounding tissue. Haptic feedback on 
the platform is incorporated through the use of a 
pair of SensAble Technologies PHANTOM 
Omni haptic devices, which allows users to navi-
gate the virtual reality environment and receive 
sensory feedback during simulation. Surgeons 
are able to modify tissue segmentation and virtu-
ally handle any surgical instruments used in the 
operative setting. Additionally, the program 
allows for a 360-degree field of view rotation 
within the operative field, which provides visual-
ization of adjacent neurovascular structures oth-
erwise inaccessible to the surgeon (Fig.  15.2). 
Tissue deformation also offers users a more 
responsive virtual model that simulates the 
mechanical and sensory feedback experienced 
during an actual procedure. Further customizable 
options include scaling, color, and tissue window 
adjustments for soft tissue, bones, or vessels. 
These enhanced visual features allow for sur-
geons to practice and review their clip applica-
tion for complete occlusion by viewing the 
aneurysm from an otherwise inaccessible angle 
[15] (Video 15.1).

While the patient-specific image rendering 
allows for more realistic case preparation for the 
surgeon, it does not include the ability to rehearse 

bony removal aspects of the procedure and is 
intended specifically for the rehearsal of 
 aneurysmal clipping. Surgeons are able to choose 
the appropriate clips for the specific patient and 
plan for an optimal surgical approach prior to the 
scheduled procedure (Fig.  15.3). Partial aneu-
rysm occlusion results in an aneurysm remnant, 
which can lead to rebleeding and secondary rup-
ture, both intraoperatively and perioperatively, 
and an increase in morbidity and mortality. The 
primary intent of the SRP is to provide neurologi-
cal surgeons an avenue for rehearsal in order to 
minimize such post-procedural complications. 
Other secondary benefits of this software include 
minimizing clip attempts, clip removals, and time 
under anesthesia, which may impact patient 
outcome.

 Surgical Theater in Preoperative 
Planning and Rehearsal: How It 
Works

Let us consider a theoretical patient who presents 
after spontaneous subarachnoid hemorrhage, 
with the CT angiogram demonstrating an anterior 
communicating (ACom) aneurysm. The patient 
is stabilized, and the decision is made that this 
particular aneurysm is more favorably treated uti-
lizing open microsurgical techniques. The 
patient’s DICOM image datasets are loaded into 
the SRP, and processing of the data occurs. The 
datasets undergo segmentation and can be defined 
by volumes of interest. Once this processing is 
complete, tissue quality may be altered based on 
Hounsfield units by tailoring unique threshold 
values. Defining proper threshold values allows 
for future tailoring of the image during rehearsal, 
when different tissue layers can be subtracted to 
reveal the underlying cerebrovasculature. SNAP 
is preloaded with default tissue segmentation val-
ues based on preloaded DICOM scans from over 
100 cases from various hospitals. While render-
ing the two-dimensional image, the user can 
employ these threshold windows as a starting 
point and later manually fine-tune the segmenta-
tion. At this point, the user may choose to alter 
the color palate, thus highlighting areas of pathol-
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ogy and allowing for visualization of the bone, 
brain, and vessel, hollow vessel view, or any 
combination therein. Multiple DICOM datasets 
may also be fused to enhance visualization of the 
anatomical relationships between structures. For 
instance, the CT angiogram of the aforemen-

tioned ACom aneurysm can be added to a 
 secondary MRI dataset to gain a better apprecia-
tion for the tissue environment surrounding the 
target vessels. Adjusting transparency levels of 
tissue segments can enhance vascular definition, 
and further altering clipping planes allows the 

Fig. 15.2 (a) Preoperative CT angiogram depicting a 
pericallosal artery aneurysm. (b–e) Varying views demon-
strating application of clips during preoperative surgical 
planning with surgical rehearsal platform. (f) 

Intraoperative view demonstrating clip reconstruction 
based on preoperative planning (With permission from 
Journal of Neurosurgery Publishing Group. Ref. [40])

Fig. 15.3 (a) Intraoperative view and (b) surgical rehearsal platform comparison demonstrating usefulness of the sur-
gical rehearsal platform (With permission from Journal of Neurosurgery Publishing Group. Ref. [40])

C. Ju et al.
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user to traverse different layers of anatomy. This 
allows users to subtract irrelevant tissue layers, as 
defined by their threshold values, to isolate 
 relevant vasculature. For convenience, different 
threshold and intensity settings can be saved and 
toggled during the planning session.

Once the patient data has been manipulated 
to give the best approximation of the pertinent 
anatomy to be encountered intraoperatively, the 
treatment planning session may proceed, which 
allows the operator to plan trajectories and per-
form measurements. Users can interact with the 
image by rotating, customizing corridor param-
eters, and linking to a 3D controller (Figs. 15.4 
and 15.5).

To plan the craniotomy for aneurysm treat-
ment, surgeons must decide on optimal 
approaches for skull entry. In the theoretical 
patient with a ruptured ACom aneurysm, the sur-
geon may consider performing a supraorbital 
keyhole approach and would prefer to evaluate 
the corridor placement. Though the simulation 
platform was intended for rehearsal of the clip 
application, users have the ability to plan for the 
bony removal procedure by employing a virtual 
drill tool and visualizing what cerebrovascular 
structures are revealed with different cranioto-
mies. After measuring and planning for laterality 

and angle of entry based on the imaging dataset, 
the surgeon may link the 3D controller to the drill 
tool and proceed with visualization of bony 
removal on the desired skull region most appro-
priate to reveal the target aneurysm. With supra-
orbital or keyhole craniotomies, for instance, the 
surgeon is able to create a corridor with the drill 
and rehearse clip ligation within a limited work-
ing angle (Fig. 15.6). Should the simulated entry 
result in a suboptimal field of view of the aneu-
rysm, the user can alter the degree of anatomy 
removed or simply change the boundaries of the 
corridor by repositioning it on the monitor until 
an optimal placement is found. The surgeon then 
has the ability to assess the corridor placement 
and working view by altering the camera angle or 
zooming into the image. As the image is rotated, 
the extent of anatomy removed can be preserved 
allowing the user to evaluate corridor placements 
in different skull regions and determine how 
large the bony opening will need to be for an 
optimal approach. Multiple trajectory markers 
leading toward the area of pathology can also be 
mapped into the 3D scene, and the previously 
designed corridors can be snapped onto these 
markers for the surgeon to review. A virtual real-
ity headset further immerses the user into the 
anatomical environment of the patient case by 

Fig. 15.4 (a) Surgical rehearsal platform and (b) intraoperative view demonstrating how preoperative planning is used 
for clip selection and rehearsal (With permission from Journal of Neurosurgery Publishing Group. Ref. [40])
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Fig. 15.5 Patient presented with subarachnoid hemor-
rhage and was found to have a right PICA dissecting aneu-
rysm. He underwent right far lateral craniotomy for 
occipital artery (OA)-PICA trapping and bypass. (a) 
Coronal CT angiogram demonstrating the aneurysm. (b) 
Right vertebral injection oblique view conventional 
angiogram demonstrating the PICA aneurysm. (c) 
Preoperative viewing utilizing Surgical Theater, with 

arrow depicting the aneurysm. Cone represents surgical 
view. (d) Postoperative axial CT angiogram with arrow 
depicting the occipital artery en route to its anastomosis 
with the right PICA. (e) Postoperative Surgical Theater 
depiction of the OA-PICA bypass with arrow highlighting 
the surgical clip; the bypass is also visualized. (f) CT 
angiogram reconstruction with arrow highlighting the 
occipital artery and PICA anastomosis
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providing an opportunity to “fly in” through the 
corridor and alter camera angles for maximal 
understanding of the aneurysm’s feeding arteries 
and proximity to surrounding vasculature. A 
reverse view projects vascular structures deep to 
the target aneurysm that would have otherwise 
been hidden from view intraoperatively. Thus, 
even prior to rehearsal, the surgeon is provided a 
wealth of visual information to develop the opti-
mal approach and treatment plan.

In practice, surgeons must choose from hun-
dreds of clips with unique curvatures and lengths, 
and selection of the appropriate clip is crucial to 
the outcomes of the procedure. With the SRP, 
surgeons are able to link the clipping tool to the 
3D controller and rehearse aneurysm treatment 
with a selected clip through the designed corri-

dor. As the clip approaches the target aneurysm, 
the surrounding vessels undergo visible 
 deformation to simulate the interaction between 
tools and tissue. The user can then zoom in or 
rotate the image to review the clip application in 
its entirety, identify any residual aneurysm neck, 
and change the clip used or the approach if 
necessary.

Once the procedure has been rehearsed to sur-
geon satisfaction, the navigation session may 
proceed intraoperatively. SNAP can be brought 
into the operative suite where it is linked with 
external navigation systems such as BrainLab 
(Munich, Germany) or the Medtronic Stealth 
Station (Dublin, Ireland) to allow for accurate 
intraoperative navigation and visualization of the 
previously defined anatomy utilizing the 3D 

Fig. 15.6 Surgical Theater in action. (a) Surgical view 
through a supraorbital craniotomy viewing an anterior 
communicating artery aneurysm. (b) Rotated view exam-
ining the surgical corridor from the contralateral side. (c) 

View from above of a left posterior communicating aneu-
rysm (arrow). (d) Surgeon’s-eye view of the surgical cor-
ridor through the supraorbital craniotomy
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model generated above for real-time navigation 
and feedback. Data from the rehearsed procedure 
including tools and measurements can be saved 
and exported into SNAP to provide “guided drill-
ing” and subsequent intraoperative navigation.

 Technological Validation

A recent blinded, prospective, randomized study 
looked at the improvement of aneurysmal clip-
ping measures with and without prior rehearsal 
on the SRP [40]. Metrics assessed in the study 
included the total amount of microsurgical time, 
number of clip attempts, and total number of 
clips used. Patients were randomized to a 
 treatment or control group that determined 
whether the surgical team would be exposed to 
preoperative rehearsal on the SRP. Video record-
ings of the surgeries were then analyzed for the 
metrics delineated above. The results demon-
strated a significant improvement in the time 
spent and number of clip attempts per clip, which 
alludes to an overall improvement in operative 
efficiency and increased comfort with the surgi-
cal instruments involved. This reinforces the 
power this tool has in its utilization to help 
improve patient care.

Further studies validating the use of SRP for 
aneurysm clipping rehearsal should investigate 
the effects on patient outcomes in a larger trial. 
The promising results of rehearsing aneurysm 
clip placement has encouraged Surgical Theater 
LLC to expand the technology for rehearsing 
transnasal pituitary tumor resection, microvascu-
lar decompression, and skull base procedures. 
These expansions have already impacted patient 
care and surgical planning, allowing for 3D visu-
alization of individual patient anatomy and criti-
cal relationships between pathology and various 
neurovascular structures of interest (Fig. 15.7).

 Conclusion

Surgical Theater and similar platforms have seen 
increased utility in the field of healthcare due to 
dramatic advancements in imaging and computer 
technology within recent decades. The platform 
gives trainees the opportunity to rehearse aneu-
rysm clipping with minimal risk by providing 
virtual tools to interact with patient-specific, 
radiological data. Construction of a 3D tissue 
model allows the surgeon to design and visualize 
optimal treatment trajectories and paths, while 
the rehearsal platform and 3D controllers preex-

Fig. 15.7 Surgical Theater depicting a meningioma (a) 
from the front and (b) from above. Note the detail and 
contrast of tumor compared with vasculature. Also note 

how the right middle cerebral artery origin is encased in 
tumor proximally and draped over the tumor distally

C. Ju et al.
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pose surgeons to the procedure. Reduced 
 opportunities to perform clip ligation as a conse-
quence of rising minimally invasive, endovascu-
lar treatments encourage simulation platforms 
like Surgical Theater to provide surgical trainees 
an alternative avenue for hands-on, low-risk 
exposure to aneurysmal clipping. There is evi-
dence that rehearsing procedures prior to a case 
promotes greater intraoperative efficiency, but 
further studies are necessary to correlate rehearsal 
with improved patient outcomes. The next step 
for Surgical Theater will be to expand its plan-
ning and rehearsal capabilities to a greater variety 
of neurosurgical procedures outside of aneurysm 
clipping and provide both surgeons and trainees a 
platform for developing skills and technical 
understanding.
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 Introduction

Traditional neurosurgical training, mainly 
obtained in the operating room by assisting more 
experienced surgeons, may no longer meet the 
educational requirements of the current high- 
demanding standardized neurosurgical curricu-
lum due to the expanding range of minimally 
invasive and highly sophisticated surgical tech-
niques, cost of operating room utilization, con-
cerns for patient safety, and trainee duty-hours 
restrictions [1–4]. Virtual reality (VR) simulators 
have been developed and utilized over the past 
decade in multiple surgical fields, which allow 
technical skills to be learned in a safe and con-
trolled environment. Currently, several neurosur-
gical VR simulators have been created for cranial 
procedures, with training modules that range 
from simple tasks, such as ventricular catheter 
insertion or hemostasis, to complex procedures, 
including tumor resection, aneurysm clipping, 
and endoscopic approaches [1, 5].

Novel simulators have integrated haptic 
feedback to the virtual experience, achieving 
realistic model manipulation. Among the VR 
systems that incorporate visual and haptic feed-

back, NeuroVR™ simulator (CAE Healthcare, 
Canada) provides one of the most realistic inter-
actions with 3D cranial model [1–6]. Created by 
the National Research Council of Canada, with 
the support of the Neurosurgical Simulation 
Research Centre at Montreal Neurological 
Institute and Hospital and also with the collabo-
ration of an advisory pan-Canadian network of 
subject matter experts, NeuroVR™ underwent 
iterative validation through surveys, discus-
sions, interviews, and collective semiannual 
meetings between the experts, in order to define 
the features to be developed in simulation, basic 
tasks, performance metrics, and levels of diffi-
culty [1, 3].

NeuroVR™ simulator reproduces a three- 
dimensional neurosurgical field with a stereo-
scopic view and ergonomics of an operating 
room microscope. It allows bimanual manipu-
lation of the 3D cranial model, and each simu-
lated surgical tool on either side of the device 
 provides the user with haptic feedback. A set of 
VR tasks are defined by different levels of dif-
ficulty, and feedback on the results of the pro-
cedure performed are provided. Additionally, 
NeuroVR™ assesses innovative metrics of the 
operator’s performance, allowing objective 
measurements of the psychomotor skills [2, 5]. 
The training modules of NeuroVR™ are 
designed to meet the basic and advanced skill 
requirements of graduating neurosurgical resi-
dents into sequential acquisition, and their reli-
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ability and validity have been assessed in 
multiple studies [5–13].

 NeuroVR™ Platform [2, 3, 5, 11, 14]

The neurosurgical simulator includes a 3D 
graphic rendering system that dialogues with a 
bimanual haptic rendering system and with one 
or two computers that run the simulation soft-
ware engine (Fig. 16.1).

The graphic rendering system consists of a 
binocular eyepiece, a large LCD screen, and an 
accompanying touch screen. The binocular eye-
piece features ergonomics of an operating room 
microscope that generates stereoscopic view of 
the visual field (Fig. 16.2). Height and tilt angle 

of the eyepiece are adjustable by the operator. A 
24-inch LCD screen with 1280x1024 resolution 
as well as zoom and focus control shows the vir-
tual surgical workspace in a high degree of 
visual realism with the haptic virtual tools dis-
played on it in real time. The size and distance 
of the LCD screen from the eyepiece provide a 
field of view of 30 degrees and focus that 
reduces eye strain; the height of the screen is 
adjustable to the operator standing position. A 
25-inch touch screen for navigation through a 
graphical user interface displays task instruc-
tions and performance results. Additionally, it 
works as an auxiliary display for external 
observers that may follow the procedure sharing 
the operator’s simulated view when the display 
is not used as graphical interface.

The haptic rendering system components 
combine two haptic tools with an open plastic 
head. The haptic apparatuses, one for each hand, 
simulate different neurosurgical instruments 
and allow for bimanual manipulation of the cra-
nial model (Fig. 16.3). The haptic system tracks 
the position of the devices within the surgical 
field and renders the appropriate resistance of 
tissues with which the tools interact. Handles 
are crafted to the same dimension as actual sur-
gical instruments. Their position may be 
adjusted with output knobs, and the framework 
includes adjustable wrist rests. Nine neurosurgi-
cal tools are available: bipolar forceps, 
 microscissors, suction, neuroendoscope, neuro-
navigation pointer, microdebrider, microdrill, 
endoscope, and ultrasonic aspirator. Their func-
tion can be controlled with two floor pedals, one 
for each handle control. These two haptic tools 
are accompanied by an open plastic head, whose 
empty space simulates the craniotomy defect, 
which corresponds to the virtual surgical field as 
it appears on the screen.

The main computer has two quad-core proces-
sors (Intel, Santa Clara, California) that run the 
simulation software. By integrating graphics and 
haptics information, it computes collisions 
between haptic handles and virtual tissue surface, 
generates tissue deformation and topology 
changes through real-time image updating, and 
provides force feedback to the operator.

Fig. 16.1 Picture of NeuroVR™ simulator. It includes a 
3D graphic rendering system connected to a bimanual 
haptic rendering system and with the computer that runs 
the simulation software engine (© 2017 Images courtesy 
of CAE Healthcare)

D. Brunozzi et al.
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In order to increase the accuracy of tissue-tool 
interactions, freshly excised brain tissue was 
studied, and different mechanic and thermal pro-

prieties were explored to obtain a realistic model. 
Bleeding is triggered when vascularized tissue is 
dissected, and the bleeding rate is  proportional to 
the vessel size that cross the surface and to the 
vascularization level of the dissected tissue. Cast 
shadows are computed and displayed on the 
 surgical field, and an audible heartbeat synchro-
nous to the image of pulsating brain tissue is inte-
grated to enhance operative realism.

 NeuroVR™ Modules [1, 3, 4, 14]

In an attempt to define standardized training 
modules for neurosurgical skill acquisition and to 
meet the new educational paradigms, appropriate 
tasks were identified and developed by the 
National Research Council of Canada, targeting 
different levels of practice. The main neurosurgi-
cal procedures were analyzed by cognitive tasks 
and subdivided into elemental technical subtasks 
that could be tailored for specific competencies 
(Table  16.1). Training modules were created 
using the different technical tasks, which then 
progress from simpler unilateral instrument han-
dling to more complex bimanual procedures 
based on actual patient cases. Metrics specific for 
each module are computed to score the trainee 
performance, and visual feedback of the outcome 
is provided after the simulated procedure.

Fig. 16.2 The binocular 
eyepiece features 
ergonomics of an 
operating room 
microscope that 
generates stereoscopic 
view of the visual field 
(© 2017 Images 
courtesy of CAE 
Healthcare)

Fig. 16.3 The haptic rendering system components allow 
bimanual manipulation of the virtual surgical field pro-
jected in the cranial model, tracking of instruments posi-
tion, and rendering of tissues resistance (© 2017 Images 
courtesy of CAE Healthcare)
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 Instrument Handling Modules

Instrument handling modules allow single-hand 
practice in maneuvering the most commonly 
used surgical instruments in neurosurgery. Four 
exercise modules include suction, ultrasonic 
aspirator, bipolar, and microscissors.

• Suction: allows practice in removing the 
blood from the surgical field and in retract-
ing soft tissue, avoiding its accidental 
removal and damage due to excessive force 
application

• Ultrasonic aspirator: allows practice in 
removing spherical tumors of random stiff-
ness embedded in healthy brain and in adjust-
ing the aspirator amplitude to remove as much 

tumor as possible without damaging the sur-
rounding healthy tissue

• Bipolar forceps: allows practice in coagulat-
ing vessels and bleeding sites of soft tissues, 
in grasping and retracting soft tissues, in blunt 
and sharp dissection, while avoiding excessive 
time and force applied

• Microscissors: allows practice in cutting fibers 
between two tissue layers avoiding to sever 
tiny blood vessels or surrounding tissues

 Fundamental Skills Modules

Fundamental skills modules are designed to teach 
basic and advanced neurosurgical technical skills 
into a sequential acquisition, including micro-
scopic and endoscopic procedures.

• Anatomy: these modules familiarize the user 
with the anatomical structures encountered 
during common neurosurgical procedures, 
including:
 – Burr-hole selection: allows practice in 

selecting the site of the burr hole for a free-
hand ventriculostomy, looking at cranial 
surface landmarks of the mannequin head; 
performance metrics measure the insertion 
point, the angle, and the tip position of vir-
tual catheter from the target point.

 – Ventriculostomy: allows practice in neuro-
endoscope orientation and navigation with 
a pre-selected burr hole to either lateral 
ventricle along a straight path.

 – Endoscopic ventricular landmarks: allows 
practice in navigating the ventricular pas-
sages and in learning the anatomical struc-
tures encountered through labels displayed 
when contacting specific landmarks with 
the probe.

 – Endoscopic ventricular test: allows prac-
tice in navigating toward a fixed target 
landmark (e.g., clivus), avoiding potential 
damage to other anatomical structures.

 – Endoscopic nasal navigation: allows prac-
tice in navigating the nasal passages in 

Table 16.1 Technical neurosurgical skills required for 
graduation in Neurosurgical Oncology set by the National 
Research Council of Canada. The items are listed in pro-
gression of postgraduate year, ranging from basic tech-
niques to more complex procedures. 1,4,14

Technical skill requirements for graduation in 
neurosurgical oncology
    1. Open and close scalp incisions
    2. Perform ventriculostomies, place lumbar drains, 
and intracranial monitors
    3. Position patients for craniotomy
    4. Perform the opening and closing of craniotomies
    5. Resect skull lesions
    6. Perform image-guided biopsies
    7. Demonstrate facility with the use of surgical 
instruments, including operating microscope and 
endoscope
    8. Identify interface between tumor and the brain and 
use as an operating plane for tumor resection
    9. Identify anatomic landmarks, functional regions, 
and major structures
    10. Show how to minimize and control intraoperative 
bleeding
    11. Perform resection of extra-axial and intra-axial 
brain tumors
    12. Perform resection of supratentorial and 
infratentorial brain tumors
    13. Perform resection of pituitary lesions
    14. Perform basic skull base procedures
    15. Detect and handle unexpected complications
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either nostril to reach the sphenoid ostium 
with the aim to learn the anatomy and the 
spatial orientation of the instruments; the 
foot pedal rinses the lens when it gets 
blurred due to bleeding or inadvertent con-
tact with tissues.

• Bimanual endoscopy: addresses the nasal 
endoscopic procedure setup, with 2D view, 
optics with different orientations, and longer 
instruments. It includes a nasal debridement 
exercise to practice the coordinated use of 
the endoscope in one hand and the microde-
brider in the other hand, activated by the foot 
pedal command, with the aim to remove 
nasal  polyps within the nasal cavity while 
avoiding inadvertent damage to the underly-
ing mucosa.

• Tumor debulking: permits practice debulking 
meningioma-like tumors with random stiff-
ness, coordinating bimanual movements under 
the microscope, and controlling bleeding, 
until the user reaches underlying healthy brain 
tissue and avoids damage to it.

• Tumor resection: rehearses resection of 
glioma- like tumors located in four different 
sites (superficial gyrus, subcortical, transsul-
cal, and transfissural) with the aim of coordi-
nating suction and bipolar forceps, 
discriminating tumor from health brain bound-
aries through visual and haptic feedback, and 
managing bleeding.

• Hemostasis: permits practice bleeding man-
agement through suction, cauterization, vas-
cular clip application, suturing, packing with 
hemostatic agents, flushing, and cotton patties 
application. The bleeding site is sealed only if 
the appropriate technique is chosen and prop-
erly performed, and performance metrics 
include total blood loss, inadvertent healthy 
tissue removal, and time spent.

• Exposure: allows practice in grasping tis-
sues through bipolar forceps and cutting 
connecting fibers through microscissors, 
abstaining from excessive tissue pulling; 
this exercise teaches tumor and aneurysm 
exposure (e.g., Sylvian fissure opening) and 
microdissection.

 Surgical Modules

Surgical modules simulate complete surgical 
procedures comprehensively, including several 
techniques and instruments.

• Endoscopic surgery module (Fig. 16.4): allows 
the practice of both endonasal approaches and 
endoscopic third ventriculostomy procedures. 
The endonasal approach includes:
 – Sphenoid ostium drilling: practices navi-

gating toward the sphenoid ostium, enlarg-
ing it with the microdrill, approaching the 
sphenoid sinus, and avoiding trauma to the 
surrounding mucosa

 – Ethmoidectomy: simulates the nasopharynx 
to practice a complete ethmoidectomy 
and  wide sphenoidotomy with the 
microdebrider

 – Pituitary adenoma removal: enables 
practicing a sphenoidotomy as well as 

Fig. 16.4 NeuroVR™ includes endoscopic surgical 
training modules that allow practice of endonasal 
approaches and endoscopic third ventriculostomy proce-
dures (© 2017 Images courtesy of CAE Healthcare)
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removing the sphenoid rostrum and sep-
tum, opening of the floor of the sella tur-
cica, and suc.tioning the pituitary tumor

The third ventriculostomy module includes:
 – Floor perforation and enlargement: simu-

lates the anatomical landmarks to practice 
maintaining appropriate orientation to 
identify the floor of the third ventricle, to 
select the ideal perforation site, and to 
enlarge the perforation with Fogarty bal-
loons or forceps

• Microsurgery module: rehearses the resection 
of the majority of primary brain tumors:
 – Meningioma convexity cases: allows tumor 

removal practice with the aim to remove as 
much tumor as possible while preserving 
functional integrity, including different lev-
els of tumor stiffness and vascularization

 – Glioma cases: permits practice of soft sub-
cortical glioma resection and avoidance of 
the removal of healthy tissue

• Spine: addresses specific skills for spine sur-
gery, including a hemilaminectomy exercise, 
to remove lamina and to minimize bleeding 
and damage to adjacent structures, such as 
ligaments, muscles, or spinal cord

 NeuroVR™ Validation

In order for NeuroVR™ to become formally 
incorporated into training, with assessing compe-
tencies and psychomotor skills, this technology 
must prove to be both valid and reliable. In gen-
eral, validation should be demonstrated at four 
levels: the VR technology should present a realis-
tic interface, close to the operating room experi-
ence (face validity); it should address fundamental 
aspects of the neurosurgical performance (con-
tent validity); it should discriminate and measure 
different levels of psychomotor skills (construct 
validity); it should provide learning skills that are 
applicable to the real surgical field (concurrent 
validity).

 Face and Content Validity

Face and content validity have been tested at 
semiannual meetings by an advisory network of 
experts that made iterative updates to the mod-
ules, attempting to uphold the neurosurgical 
 realism expectations and the educational require-
ments [1, 3]. Face and content validity were also 
reviewed by neurosurgical residents and medical 
students through subjective questionnaires and 
surveys [6, 10].

 Construct Validity

In addition to providing a realistic experience to 
the user, NeuroVR™ also must demonstrate util-
ity for educational purposes. Several studies 
examined the correlation of simulation perfor-
mance with actual operative technical skills  
[5–11, 13]. The performance metrics provided by 
NeuroVR™ were analyzed and combined in tiers 
to assess the ability to measure the safety, quality, 
and efficiency of the simulated procedure and 
also to test the capacity to reflect the different 
levels of expertise.

NeuroVR™ must also address the goal of 
the neurosurgeon to apply forces to safely 
reach the target and perform the procedure 
while avoiding injury to surrounding normal 
brain tissue. For example, NeuroVR™ quanti-
fies the percentage of tumor resection during 
the oncologic training module simulation, pro-
viding objective measurements about the qual-
ity of the surgeon performance. The 
measurements of the amount of blood loss, of 
the volume of health brain removed, and of the 
maximum, the sum, and the average of forces 
applied to instruments all provide quantifica-
tion of procedure safety. Other metrics, such as 
total tip instruments length, tips average sepa-
ration distance, pedal activation frequency, 
percentage of time of simultaneous use of 
bilateral instruments, percentage of time of 
active tumor resection, might be regarded as 
efficiency measures.
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All these metrics were tested to assess the 
construct validity, and in multiple studies, 
NeuroVR™ proved to be a reliable tool to dis-
criminate surgical skills proficiency: more expe-
rienced neurosurgeons presented higher score in 
safety, quality, and efficiency of the simulated 
performance than neurosurgical residents, who 
subsequently performed better in some metrics 
than medical students, suggesting that 
NeuroVR™ is able to differentiate operators 
based on their experience and personal level of 
competency and that proficiency benchmarks 
could be set to develop standardized training cur-
ricula [5–11, 13, 15].

 Concurrent Validity

A pilot study was additionally conducted to 
assess the concurrent validity of NeuroVR™: by 
evaluating real endoscopic endonasal surgery 
procedures over 6  months by expert neurosur-
geons, residents that trained on the simulated 
endoscopic module showed a higher performance 
score increase in the real intraoperative settings 
compared to untrained residents [12]. These data, 
even though preliminary, support the effective-
ness of simulation training skills on the surgical 
performance in the real operating room; future 
work is still needed to prove these results on a 
larger scale.

 NeuroVR™ Applications

In addition to providing a valid tool for train-
ing and assessment of neurosurgical technical 
skills to fulfill standardized competency-based 
education requirements, the objective mea-
surements of neurosurgical bimanual psycho-
motor skills provided by NeuroVR™ may find 
additional applications intended to improve the 
neurosurgical proficiency also for skilled 
surgeons.

Metrics may allow a better understanding of 
psychomotor skill development and acquisition, 
guiding a tailored learning and a more efficient 
transfer of expertise from the neurosurgeon to the 

trainee. NeuroVR™ supports the “Fitts and 
Posner model of motor learning” that theorizes 
that motor learning progresses from stages of 
conscious performance to an automatic subcon-
scious phase of motor ability: during a simulated 
neurosurgical procedure, expert neurosurgeons 
displayed higher consistency of force applica-
tions in the surgical field compared to residents, 
posing for automaticity of process [9].

With objective metrics provided, it is possible 
to explore the performance variation of operators 
under specific conditions. NeuroVR™ was 
experimentally used to assess the general impact 
of acute stress on the surgical performance, such 
as an expected severe bleeding in the surgical 
field during the neurosurgical simulation [16] or 
after sleep interruption during the night shift 
[17]. These results might help to select the best 
condition to perform surgery, and individual 
assessment of stress might guide specific cogni-
tive training.

The spectrum of the potential applications of 
NeuroVR™ has not been completely explored. 
The possibility to create anatomical models 
from actual patients’ imaging studies might 
provide a rehearsal of the surgical field, allow-
ing practice and familiarization with the spe-
cific anatomy and exploration of different 
surgical corridors in a safe environment, prior 
to the actual surgery. NeuroVR™ might pro-
vide, in the near future, a valid tool for patient-
oriented preoperative planning, especially in 
more complex cases, in an ultimate effort to 
reduce the rates of preventable errors and to 
improve the quality of surgical therapeutic 
options for the patient [2].
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Abbreviations and Acronyms

2D Two-dimensional
3D Three-dimensional
6D 6 Degrees
ADC Apparent diffusion coefficient
AR Augmented reality
ARAI Augmented reality and artificial 

intelligence
CTA Computed tomography angiography
FA Fractional anisotropy
fMR Functional magnetic resonance
HMDs Head-mounted displays
MRA Magnetic resonance angiography
OM Operating microscope
OR Operating room
RGB Red green blue
SSML Simulation markup language
VR Virtual reality
VTK Visualization tool kit

In the past two centuries, neurological dissec-
tions have moved from studying the nature of the 
nervous system to advancing our understanding 

of neuropathology, neurophysiology, and tech-
niques in neurological surgery [1–3]. Advances 
in technology now allow neurosurgeons to pur-
sue alternative, more complex surgical avenues 
to intracranial targets. The increasing popularity 
of minimally invasive techniques as a standard in 
the neurosurgical armamentarium demands more 
efficient and intensive methods of surgical 
 education. However, while minimally invasive 
 procedures are becoming common practice, the 
complex anatomy remains challenging to learn 
and manipulate. The historical record suggests 
that interactive information may provide 
 advantages in learning or facilitating surgical 
skills [4–7].

Surgical training, whether it is in the form of 
observation or as practice in and out of the OR, 
is imperative to the development of a surgical 
resident’s skills. Most neurosurgical approaches 
require dexterity with surgical instrumentation 
through restricted corridors, which contain vital 
structures in the surrounding area. This aspect 
of neurosurgery demands that the surgeon be 
adept not only with the tools but also with the 
complex anatomy to be negotiated. For exam-
ple, the development of a sense of the anatomi-
cal relationships between neural and vascular 
structures encased by bone is critical and 
requires practice [5].

A well-developed understanding of the com-
plex spatial relationships between brain struc-
tures, such as eloquent white matter, key 
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functional areas, pathology, and vasculature, is a 
vital skill. The limitations imposed by the inher-
ent perspective constraints of two-dimensional 
images, as well as of non-interactive 3D images, 
necessitate the development of neurosurgical 
educational systems that provide a convenient, 
satisfactory, simulated, and interactive 3D prac-
tice experience (Fig. 17.1). The ability to visual-
ize and manipulate structures in three-dimensional 
(3D) space has proven to be important to both 
confidence and performance in identifying neu-
roanatomical structures [8]. Despite this, neuro-
surgeons are traditionally trained in 
two-dimensional (2D) space and commonly use 
disjointed 2D radiologic imaging clinically, 
which requires the mental translation of 2D 
images to a 3D understanding of the spatial rela-
tionship between the lesion and surrounding 
structures and landmarks. This requires the sur-

geon to create a mental representation based on 
2D image slices while holding previous slices in 
working memory to complete their mental pic-
ture. This process corresponds to mentally rotat-
ing, translating, or scaling an entity to transform 
its spatial location and orientation from one 
frame of reference to another. Performing this 
spatial reconstruction requires mental resources 
that may cause cognitive overload and reduce 
performance if the capacity of the working mem-
ory is exceeded.

This high demand on working memory is det-
rimental to other cognitive processes and may 
lead to longer operation times and chance of 
error, especially for novices [9]. Junior residents, 
whose more limited experience affects their 
 ability to quickly perform spatial reasoning, 
gradually acquire visual-spatial skills over sev-
eral years throughout their residency by observ-

Fig. 17.1 (a) 3D virtual reality rendering of the anatomi-
cal structures located within the temporal bone. (b) 3D 
virtual reality rendering of the petrous, mastoid, and tym-

panic portions of the temporal bone. (c) 3D surgical plan-
ning aid for posterior and posterolateral approaches to the 
brainstem
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ing expert neurosurgeons planning their approach. 
Meanwhile, residents rely heavily on neuronavi-
gation systems, which may help them to decide 
the surgical approach but are not designed to 
improve their spatial reasoning abilities.

Visualization technology in the operating room 
has continued to change the surgical workflow 
and surgical training process. It has provided an 
opportunity for multimodal integration that allows 
surgeons to efficiently gather all the relevant 
information needed to create a complete mental 
picture. These visualization modalities include 
digital stereomicroscopy, surgical planning, aug-
mented reality, and virtual reality. Surgical plan-
ning and augmented reality are becoming a 
critical and useful tool in the operating room [10]. 
Medical image data are manipulated to accurately 
plan surgery in a computer environment and then 
transferring that virtual plan to the patient using 
customized instruments. Surgeons can also use 
holographic displays like Microsoft’s HoloLens 
or Magic Leap for localizing tumors and high-
lighting specific anatomy to help guide trainees, 
as well as for other uses that are still being dis-
cussed or that have yet to be explored [5].

Unlike VR, where the entire scene is compu-
tationally generated, AR is often described as 
an environment in which the view of the real 
world is enhanced by overlaying computer-gen-
erated information. A practical application of 
this technology is to complement the available 
information with computer-generated images, 
providing a rich view of the operative field and 
facilitating the performance of a surgical task. 
The integration of these modalities is beneficial 
in both the training and performance of surgical 
procedures and when combined with tactile 
simulation, can translate to a reduced learning 
curve, improved conceptual understanding of 
complex anatomy, and enhanced visuospatial 
skills for the developing neurosurgeon. This 
review highlights the technology that is used in 
modern surgical training for enriched visualiza-
tion of the surgical field and the opportunity to 
apply and strengthen the integration of this data 
in neurosurgery.

As modern technological advances in 
 neurosurgery—including 3D microscopy and 

 endoscopy, virtual reality, surgical simulation, 
surgical robotics, and advanced neuroimaging—
become more widespread and surgeons begin to 
rely more on their use, the need for integrated and 
specified training in their clinical utilization is 
imperative. Simulation-based neurosurgical 
training is now essential for the development and 
refinement of technical skills prior to their use on 
a living patient [2].

 Cadaveric Surgical Simulation

While the apprenticeship model is the basis for 
surgical education, and intraoperative experience 
forms the irreplaceable foundation for surgical 
knowledge, the inability to alter or repeat surgical 
steps in order to satisfy or expand educational 
objectives, combined with the limits of perform-
ing only that which is clinically warranted and 
the inherent stress of live surgery render the oper-
ating room an imperfect classroom for learning 
or refining surgical skills [11]. In surgery, educa-
tion always takes a backseat to the surgeon’s pri-
mary responsibility to the patient [12, 13]. The 
current medicolegal climate suggests that patients 
should not be subjected to the learning curve of 
the surgeon. As such, laboratory-based surgical 
training is an essential component of residency 
and post-residency training [14, 15].

A thorough understanding of anatomical 
structures and their three-dimensional spatial 
relationships is essential in order to define an 
armamentarium of safe and effective surgical 
corridors to intracranial targets. Unfortunately, 
the anatomical knowledge possessed by even 
fully qualified neurosurgeons is often inadequate 
as most surgeons limit their anatomical knowl-
edge to well-established surgical corridors.

As opposed to 2D “flat” anatomy depicted in 
textbook illustration and didactic lectures—which 
is often completely unrelated to surgically encoun-
tered anatomy—a surgically relevant approach to 
understanding structures in terms of their relation-
ships, potential for complication, surgical manipu-
lation, and importance in diagnosis and 
management is paramount. A curriculum that 
allows for  trainees to take a self-guided tour of the 
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skull base in an environment, where the trainee is 
encouraged to take their time as they progress 
through each anatomical region, should be highly 
sought after. An extremely slow and meticulous 
pace of dissection is essential for gaining a com-
plete understanding of each tissue layer as well as 
learning how to gently and safely manipulate 
structures in order to avoid inadvertent iatrogenic 
complications. Entire weeks could be dedicated to 
extradural anatomical structures wherein trainees 
learn the concept of “unlocking” anatomical struc-
tures to enhance restricted surgical corridors. This 
progression would be designed to train surgeons to 
spend adequate time preparing the surgical corri-
dors extradurally before opening the dura in order 
to benefit from enhanced exposure.

A key factor in maximizing the surgical value 
of cadaveric specimens is proper preservation so 
that they mimic living patients as closely as pos-
sible. While some techniques aim to achieve the 
long-term preservation of tissue using stiffening 
agents, our aim is to keep them as lifelike as pos-
sible in a way that preserves the tissue integrity, 
density, color, and consistency among other 
properties [16].

Unfortunately, anatomy is often approached 
by students as a task for rote memorization rather 
than conceptual understanding, and important 
points are easily forgotten. Retaining of anatomi-
cal knowledge requires constant practical appli-
cation [17]. Our philosophy of anatomosurgical 
education is that the cadaver is the ultimate 
resource and no textbook can be considered a 
valid substitute for the abundance of information 
contained within a human specimen. During the 
initial period of training, we encourage trainees 
not to rely or follow surgical textbooks but rather 
to concentrate on learning the anatomy solely 
from studying the specimen in order to build an 
accurate intra- and extra cranial road map that is 
essential for subsequent understanding of surgi-
cal corridors. Additionally, surgical trainees are 
mainly taught anatomy in the operating room 
through the  “surgical window.” This window of 
anatomical learning should be deplored as it lim-
its  understanding to only areas that can be seen at 

that moment rather than what is in, around, and 
underneath that surgical window—areas that if 
incorrectly accessed or manipulated can cause 
significant complications [15].

Supervision from experienced faculty who 
teach from a clinical perspective is fundamental 
for comprehensive learning. However, in today’s 
academic environment, professional survival 
depends on research and grant funding, which 
often takes precedent over teaching. Many 
accomplished surgeons who are best suited to 
teach these topics in many cases do not receive 
adequate support, and there are very limited grant 
opportunities for surgical education. This support 
is especially important to fund technologically 
based educational adjuncts that are becoming 
increasingly valuable and sought after, specifi-
cally virtual reality models.

In 2003, after the imposition of the 80-h work-
week, residents spend a third less time in the 
operating room [18, 19]. There has been some 
evidence of possible adverse patient outcomes as 
a result of this change [20]. Along with a shift in 
emphasis on patient safety and the development 
of newer technologies, there has been increasing 
pressure to include virtual reality and other forms 
of simulation as teaching tools for residents as an 
adjuvant for cadaveric dissection and intraopera-
tive training [21–24] (Figs.  17.2, 17.3). It has 
been shown that virtual reality and other simula-
tions reduce operative time, error, and wasted 
movements and increase clinical confidence [25, 
26]. In addition, the majority of surveyed resi-
dents and directors alike believe that surgical 
simulation is a useful tool to complement and 
enhance, without reducing or replacing, tradi-
tional avenues of training [27–30]. In the present 
climate of curricula reform, existing problem- 
based and systems-oriented studies, together 
with gross anatomy, should be open to techno-
logical enhancement and innovation. In a future 
where surgical robotics will in all likelihood 
replace surgeons as we know them, knowledge of 
topographical anatomy will remain indispensable 
for the human-machine interaction and essential 
for completion of a defined surgical task.
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 Synthetic Surgical Simulation

Also, synthetic simulation is becoming increas-
ingly popular and capable of substituting for 
cadaver models (Fig. 17.4). Synthetic simulation 
is created using physical materials that represent 
the fidelity of the target being imitated, rather 
than in a virtual space of a computer-based simu-
lation. Many models are made with realistic, arti-
ficial skin and muscles highly accurate in 
replicating the consistency of live tissue. An area 
of neurosurgery where synthetic simulators are 
commonly developed for is spine surgery, per-
haps because the spine is mainly composed of 
solid bony material, rather than the hard-to- 
replicate brain tissue in the cranium [31, 32]. 
Creaplast (http://www.creaplast.eu/products.php. 
Accessed December 2, 2016) and SynDaver 
(http://syndaver.com/. Accessed December 2, 
2016) are two companies that produce manne-
quins that serve as simulation for spine surgery. 
In comparison, SynDaver mainly produces life-
like full mannequins that can replace deceased 
bodies, as opposed to the more task-focused skel-
etal models or torsos created by Creaplast.

The recent development of 3D printing has 
accelerated the production of spine simulators. In 
addition, companies such as Synaptive Medical 
(https://www.synaptivemedical.com/products/
simulate/. Accessed December 2, 2016) have uti-
lized 3D printing to create anatomically accurate 
brain models with tactile properties that imitate 
that of a real brain (Fig. 17.5). 3D printing has 
also given hospitals the tools to create patient- 
specific cranial models for preoperative training. 
For example, the Hospital for Sick Children in 
Toronto has designed a synthetic brain simulator 
for endoscopic third ventriculostomy by convert-
ing CT and MRI data of a 4-month old into a 3D 
model that was then printed using silicone. This 
synthetic model was reusable, portable, and low 
cost, and surveys showed that the model repre-
sented the real anatomy well.

Additionally, a recent study out of the Oregon 
Health & Science University (OHSU) proposed a 
novel synthetic model for training neurosurgeons 
in completing basic routine operative tasks on an 
anatomically accurate digital model [33]. The 
model included a physical component involving 
a mannequin head to be operated on, as well as a 

Fig. 17.2 Technologically integrated surgical training. Faculty-driven skills-based cadaveric surgical simulation
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Fig. 17.3 (a–d) Surgical workstations in the Weill Cornell Microneurosurgery Skull Base and Surgical Innovations 
Lab. Five adjacent workstations that are designed to closely recreate the setting of a working operating room
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Fig. 17.3  (continued)
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Fig. 17.4 (a–d) The Weill Cornell Skills Acquisition and Innovation Laboratory (SAIL) utilizes the most advanced 
simulation equipment within realistic physical environments to provide complete immersion training

Fig. 17.5 The 
Synaptive 
BrightMatter™ 
simulator, a remarkably 
lifelike training tool that 
enables surgeons to 
practice minimally 
invasive neurosurgeries 
and those encompassing 
traditional craniotomies 
(Synaptive Medical Inc., 
Toronto, Canada)
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digital aspect that displayed training objectives 
and simulated patient vital signs. Additionally, an 
OHSU pilot course designed to teach year 1 neu-
rosurgery residents using the prototype model 
was  conducted. It was found to be effective at 
inducing realistic surgical conditions, as well as 
successful at teaching the participants the rele-
vant skills at a low cost and without the risks 
associated with live surgery.

 Evaluation of Human Performance

A training environment that facilitates active 
learning, while providing a means for practical 
assessment and correction, is essential for prepar-
ing residents to care for patients. The incorpora-
tion of human performance monitoring serves to 
both evaluate the impact of intense surgical train-
ing on performance and assess the response to 
increased mental workload during different sur-
gical procedures.

In order to evaluate surgical performance, 
physiological parameters—including brain 
waves, heart and respiratory rates, muscle activ-
ity, eye movement, galvanic skin response, and 
skin temperature—can be recorded during dis-
section along with video of the procedure and 
the participant’s hands. These human factors 
can be assessed at different times during the 
training program and with varying real-life 
environmental distractors, to track the effect of 
additional training on these parameters [24, 34–
36]). Surgical performance can be evaluated as a 
function of efficacy of exposure, time of the 
procedure, and appropriate selection and 
sequence of surgical steps among other criteria. 
The participant may also be surveyed at the end 
of the assessment to determine their perception 
of difficulty and the presence of any compound-
ing factors including environmental distractors. 
Trainees can also undergo evaluation at differ-
ent on-call and post- call periods to assess the 
effect of fatigue on task- specific performance. 
Such performance assessments can also help 
validate the efficacy of specific educational cur-
riculums and reveal the individual learning 
curves. Areas of weakness can be identified and 

used to determine when further instruction is 
required.

Stress is considered a key component of surgi-
cal performance, and the stressors that surgeons 
frequently encounter include insufficient knowl-
edge, technical complications, time constraints, 
environmental and situational distractions, inter-
ruptions, and increased workload [37–40]. If 
intraoperative stress becomes excessive, it can 
compromise both technical and nontechnical 
skills. Mental workload and fatigue have been 
found to be among the greatest threats to patient 
safety in the operating room, and thus identifying 
contributing and mitigating factors can help 
reduce medical errors and identify which opera-
tive technologies assist versus those that unnec-
essarily increase workload [41–45].

 Digital Surgical Simulation

The ideal surgical simulator should afford visual 
stereoscopic representation of the reality and an 
engaging haptic feedback to guarantee a realistic 
scenario for practice and rehearsing complex sur-
gical procedures [46, 47]. The safety of simulation 
is particularly germane within neurosurgery, 
where anatomy is often so complex and complica-
tions catastrophic. The specialty recognizes this 
and has led the way in the development of simula-
tors. An effort has already been made by various 
groups in different parts of the world in developing 
sophisticated virtual reality systems that elegantly 
simulate surgical procedures in a virtual environ-
ment. Initial work and results with virtual surgical 
simulators are encouraging, although problems 
still remain in faithfully reproducing a generalized 
anatomical haptic feedback. Although most of the 
simulators produce a 3D experience, these sys-
tems so far have proven costly because of their 
complex computer hardware and software and are 
not easily accessible or convenient. A diversity of 
applications is available: ventricular catheter 
placement, endoscopy, open cranial, transsphenoi-
dal, skull base, spinal, and endovascular surgery.

In 2008, the National Research Council of 
Canada (NRC) initiated the NeuroTouch (now 
known as NeuroVR) research project to deliver 
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simulation-based education for neurosurgery. 
Since then they have developed and validated 
new training modules that allow neurosurgery 
residents to practice in a risk-free environment 
[48]. This VR simulator with haptic feedback is 
being utilized to both train and assess technical 
skills in cranial microneurosurgery. The 
NeuroTouch platform features the surgical work-
space of an open neurosurgical procedure by rep-
licating the stereoscopic view and ergonomics of 
an operating room microscope. NeuroTouch 
houses two haptic devices permitting tactile 
interaction of virtual soft tissue with a surgical 
instrument in each hand. Neurosurgical tools are 
adapted and fixed on the handle on each haptic 
system. Foot pedals, tool handle sensors, dial 
knobs, and push buttons can be used for tool con-
trol and other on-the-fly settings and are con-
nected to the main computer via a microcontroller. 
The software allows physics-based simulation of 
tissue properties and behavior, the interaction of 
surgical instruments with brain tissue, and bleed-
ing dynamics using a high-end computer. To pro-
duce each image in the simulator, a high-resolution 
surface mesh is created from and updated by a 
lower resolution surface mesh used by the tissue 
mechanics process. The high-resolution mesh 
deforms to account for blood accumulation and 
local effects from surgical tools. Dissection of 
vascularized tissue triggers bleeding, and the 
bleeding rate depends on presence of large blood 
vessels going across the surface, the level of vas-
cularization of tissues intersected by the surface, 
and time. Bleeding can be locally controlled by 
cauterization. Bleeding physics is efficiently 
computed on the graphic card to minimize CPU 
load. High-resolution textures are overlaid on the 
mesh to ensure realism. The resulting image is 
deformed and blurred to simulate the effects of 
lens distortion and depth of field. NeuroTouch 
allows simulating brain tumor removal using a 
craniotomy approach on three training tasks 
using the surgical aspirator, ultrasonic aspirator, 
bipolar electrocautery, and microscissors. Tissue 
stiffness can be adjusted independently at any 
time during the simulation using two dial knobs. 
In addition to the deformable tissues, the surgical 
workspace includes rigid and fixed representa-

tions of drapes, skin, cranium, dura, and hooks. 
Realistic tissue textures are displayed on all visi-
ble surfaces, including new surfaces appearing 
after tissue removal. Blood vessels are repre-
sented as textures at the surface and throughout 
the volume of the tissues. The brain and tumor 
surface pulsates at 60 beats per minute. Blood 
oozes on new surfaces at a rate proportional to 
the size of the blood vessels feeding the tissue. It 
flows on the tissue surface following gravity and 
accumulates in tissue valleys [49].

Founded in 2005, ImmersiveTouch provides 
simulators for neurosurgical training. These sim-
ulators are immersive pods that use virtual reality 
and haptic feedback to recreate surgical scenarios 
( h t t p : / / w w w . i m m e r s i v e t o u c h . c o m /
ImmersiveTouch.html; 2016 Accessed 01.12.16). 
Each simulator has a high-resolution screen; 3D 
glasses with head-tracking, haptic devices; and a 
specialized foot pedal. The simulators reproduce 
visual, tactile, and audio sensations of a surgical 
procedure with realistic force feedback and head/
hand tracking. The user reaches in with both 
hands behind a half-silvered mirror to enter an 
interactive, immersive stereoscopic environment 
containing the patient’s specific 3D imaging data, 
as well as various tools. Well-matched haptics 
and graphics volumes are realized, and high- 
resolution visualization and head and hand track-
ing are provided. Wearing the head-tracking 
device allows the operator to have a fully immer-
sive experience of the macroscopic parts of the 
operation. Real-time haptics feedback is possible 
bimanually. Haptic feedback provides a tactile 
sensation in response to the user’s actions. By 
holding two styli, called the Phantom Omni, the 
user’s hand gestures can be tracked on screen 
using a coordinate system. When the hand or 
instrument on the screen comes into contact with 
the patient or tissue, the user will experience a 
vivid tactile response. Manipulation of the tissue 
with surgical instruments will also produce a 
variety of haptic sensations. The use of 3D tech-
nology allows for greater immersion within the 
virtual reality, as do the realistic sound effects of 
operating room noises (suction, drilling, etc.). 
There are two foot pedals at the base of the 
machine, and both styli have buttons which fur-
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ther add to the utility of the simulator. The func-
tion of these pedals can change depending on the 
procedure and may produce suction, cautery, 
drilling, etc. The presence of pedals is another 
addition that contributes to the wholly immersive 
nature of this virtual reality (Geomagic http://
www.geomagic.com/en/products/haptic-applica-
tions/haptic-application-gallery/industrial-vr-
immersive/; Accessed 01.12.16.).

The ImmersiveTouch device offers multiple 
training modules that have all been developed 
using real MRI and CT imaging of patient anat-
omy and pathology (Fig. 17.6). The availability 
of these modules depends on the package pur-
chased; base, pro, and premium are all available. 
While most forms of surgical simulation focus on 
teaching anatomy, ImmersiveTouch offers a 
unique perspective by focusing on both anatomy 
and pathology simultaneously. It achieves this 
through clear visual depiction of the lesions pre-
sented in each case and allowing detailed manip-
ulation of the 3D images. ImmersiveTouch also 
allows the operator to observe how an instructor 

would perform the procedure in a step-by-step 
format. This feature is beneficial if an instructor 
is not present and was one of the desirable ele-
ments raised at the American Society of 
Neurological Surgeons boot camp. Several surgi-
cal modules have been developed, including 
cerebral aneurysm clipping, spine surgery, hemo-
stasis in a brain surgical cavity, percutaneous spi-
nal fixation, and ventriculostomy [50].

Procedicus Vascular Intervention Simulation 
Trainer (VIST) is a simulator developed in 
Gothenburg, Sweden, and consists in a mechani-
cal unit within a mannequin cover, a desktop 
computer, and two screens [51]. By using a simu-
lated fluoroscopic screen, the surgeon inserts 
modified instruments through an access port 
using a haptic interface device. VIST contains 
simulation modules for cardiovascular diseases, 
neuro-interventions, and caval filters. After each 
procedure a report containing performance 
results is automatically generated. The system 
measures the performance of the surgeon using 

Fig. 17.6 ImmersiveTouch provides a high-performance 
haptic and augmented reality system that combines hap-
tics, human tracking, and 3D visualization to simulate 
surgical procedures. The simulation platform is able to 

create a virtual tridimensional model of a patient’s anat-
omy, so surgeons can learn and practice on a hologram- 
like virtual patient (ImmersiveTouch, Inc., Chicago, 
Illinois)
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the following parameters: contrast fluid used, 
total time, fluoroscopy time, endovascular tools 
used, stent placement accuracy, and errors.

 Surgical Planning, Augmented 
Reality, and Computer Simulation

Advanced imaging modalities and algorithms have 
provided neurosurgeons with the tools to quantify 
meaningful patient-specific data that has changed 
the way neurosurgery is conducted. These modali-
ties are used for preoperative planning and diagno-
sis, intraoperative guidance, and postoperative 
surveillance. Multimodal imaging allows for visu-
alization of the surgical target within the brain [52], 
as well as the structure and function of the sur-
rounding brain with modalities such as diffusion 
tractography, used to infer the structure of white 
matter; functional MRI (fMRI) to quantify the 
functional properties of the brain; and MR angiog-
raphy (MRA) and computed tomography angiog-
raphy (CTA) to visualize the vasculature. These 
enriched data can be visualized in tandem with ste-
reoscopic digital microscopy, augmented reality, 

and virtual reality to elevate the surgeon’s mental 
reconstruction of the surgical target and the sur-
rounding anatomy (Figs. 17.7, 17.8). Commercially 
available surgical computer-assisted navigation 
and robotic systems (e.g., Medtronic Stealth 
Station, Stryker NAV3, BrainLab Curve, Medtech 
ROSA) provide intraoperative image guidance to 
facilitate percutaneous cranial and spinal neurosur-
gical procedures. These navigation systems utilize 
optical and/or electromagnetic tracking to follow 
the surgical instruments and the patient in real time 
while displaying multiple coronal, sagittal, and 
axial views of patient anatomy obtained by presur-
gical and/or intraoperative CT and MRI. The litera-
ture shows considerable evidence that surgical 
accuracy has been significantly improved by cur-
rent surgical navigation systems compared to those 
procedures performed without computer assistance 
[53]. However, this literature also presents the fol-
lowing limitations:

 (a) Surgeons are forced to continuously look up at 
the navigation 2D monitor located across the 
operation room and look down at the  operative 
field to manipulate the surgical instruments 

Fig. 17.7 Artistic rendering of a future integrated virtual reality workstation
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based on the information provided by the nav-
igation system. The cumbersome process of 
focusing their attention back and forth 
between the navigation system monitor, and 
the operative field requires surgeons to 
develop complex and unnatural hand-eye 
coordination. The highly inefficient process of 
stopping surgery to see the screen causes a 
disruptive surgical workflow, unnecessarily 
prolonging surgical time and, therefore, sub-
stantially incrementing the operational cost 
for hospitals, health insurance companies, 
and, ultimately, patients themselves.

 (b) Surgeons need to mentally interpret the mul-
tiple 2D coronal, sagittal, and axial views, 
and imagine the relationship between the 
highly complex 3D patient anatomy and the 
surgical instruments in the operative work-
space according to the 2D information pro-
vided by the surgical navigation system. The 
tedious and unintuitive mental process 
increases the risk of human errors as well as 
the surgeon’s level of stress, negatively 
affecting surgical outcomes.

Advanced intraoperative overlay, or fusion 
imaging, may be used with the same effect as 

external navigations systems and has the poten-
tial to solve the critical limitations associated 
with current surgical navigation and robotic sys-
tems [54]. Preoperative radiologic images can be 
registered to the intraoperative 3D digital images 
that are acquired in the actual surgical position, 
and can subsequently be overlaid to provide a 
visible underlying architecture. The fusion of 
these two volumes can be overlaid consecutively 
onto live digital microscopy. This 3D/3D fusion 
and overlay in live imaging helps the surgeon to 
guide his or her instruments, visualize the pathol-
ogy, select optimal trajectories, and avoid crucial 
anatomy such as vessels or nerves.

Augmented reality (AR) allows a surgeon to 
visualize the live surgical field with an enriched 
virtual data overlay, including different sets of 
data deriving from different imaging modalities, 
such as tractography, angiography, or ultrasound 
imaging [5, 9, 10]. This allows the surgeon to 
interact with the tissue while simultaneously con-
sidering the white matter fibers or the vascular 
architecture that they want to avoid damaging. In 
the case of neurovascular surgery, AR can be 
used to allow surgeons to visualize the vascular 
architecture below the visible brain surface and 
determine whether they are veins or arteries, 

Fig. 17.8 Artistic rendering of a combined operative planning, robotic, and imaging station
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which may aid decision-making, reduce opera-
tive time, and increase accuracy. The combina-
tion of preoperative patient-specific-enriched 
medical imaging with the live surgical field 
allows both the experienced and novice surgeon 
to improve their spatial understanding of the 
anatomy to determine the most atraumatic 
approach [30, 55].

Dextroscope (Bracco) was one of the first and 
most elegant implementations of surgical plan-
ning and augmented reality in a purely stereo-
scopic environment. The system is no longer 
commercially available, but its engineers pio-
neered a concept which has been adopted by sub-
sequent groups of researchers [56]. The system 
integrates tomographic images from CT, CTA, 
MRI, and MRA into true 3D volumetric objects 
that can be viewed stereoscopically and inter-
acted with easily and intuitively. Multiple data 
sets and segmented volumes are automatically 
co-registered for individual or simultaneous visu-
alization. Surfaces and selected volumes are 
accurately segmented to isolate critical structures 
to determine anatomic relationships. An intuitive 
virtual control allows users to adjust the display 
of individual objects for optimal visualization. 
The system utilizes a 6D controller and stylus in 
place of keyboard and mouse, giving the ability 
to interact with and manipulate the volumetric 
images with precision and dexterity. The visual 
interface displays complex anatomic relation-
ships and pathology in stereoscopic 3D and co- 
register multimodal images to combine data for 
better appreciation of anatomical structures. 
Dextroscope also created the first true stereo-
scopic augmented reality by overlaying the ren-
dered stereoscopic diagnostic images from the 
simulator onto the actual visual information from 
a stereoscopic camera aimed at the patient. 
Accurate placement of skin and bone flap was 
achieved with the capability of locating the lesion 
in transparency [57, 58].

HoloSurgical is currently developing an aug-
mented reality and artificial intelligence (ARAI) 
surgical navigation system that has the potential 

to solve the critical limitations associated with 
current surgical navigation and robotic systems 
(Fig.  17.9). The ARAI system utilizes state-of- 
the-art  augmented reality technology to overlay a 
3D holographic-like virtual image of the patient’s 
internal anatomy directly onto the surgical field. 
The system enables surgeons to visualize the 
complex 3D anatomical structure through the 
patient’s skin in percutaneous procedures by sim-
ply and intuitively without looking up from the 
surgical field. ARAI also simultaneously tracks 
the patient’s anatomy, surgical implants, and 
instruments in real time with an optical tracking 
system that maintains the equivalent accuracy of 
commercially available systems. However, unlike 
traditional surgical navigation systems, the inno-
vative ARAI system enhances the process by 
tracking the surgeon’s head to display the correct 
3D perspective of patient anatomy based the sur-
geon’s perspective. In addition to the orthogonal 
2D views surgeons are accustomed to seeing in 
traditional systems, ARAI displays a highly 
detailed stereoscopic 3D volumetric rendering of 
patient-specific internal anatomical structures 
perfectly collocated with the patient’s anatomy, 
without occluding the surgeon’s hands or surgical 
instruments, and substantially simplifying the sur-
gical procedure.

VPI Reveal is a 3D visualization suite for medi-
cal imaging data. VPI Reveal (VPI BV, 
Eindhoven, The Netherlands; Vpi-reveal. http://
www.vpireveal.com/; 2016 Accessed 09.12.16) 
offers state-of-the-art real-time volumetric ren-
dering for CT and MRI data with interactive 3D 
display on high-end and mainstream desktop and 
mobile platforms (Fig. 17.10). The user has full 
control over selection of regions of interest 
(ROIs) and tissue types through intuitive con-
trols. VPI Reveal supports different paradigms 
for navigating through a 3D body scan using an 
input device of your choice, including keyboard 
and mouse, touch screen, six-degrees-of-freedom 
controllers, head tracking, and gesture recogni-
tion. 3D stereoscopic display is supported on 
multiple display systems (3D monitor/beamer, 
head-mounted display) offering a holographic 
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view of the patient. The holographic view creates 
a lifelike perception of location and proportion of 
viewed tissues, which cannot be offered by tradi-
tional 2D viewers.

Development of VPI Reveal started in 2008. 
At that time, the huge power of graphical hard-
ware pushed by the game industry was largely 
untapped for medical imaging. Common 3D 
visualization solutions such as VTK relied mostly 
on CPU computations for volumetric rendering. 
VPI saw the potential of GPUs for medical imag-
ing and was one of the first companies to offer a 
solution for high-quality volumetric rendering on 
the GPU.  Apart from its high performance, 
enabling real-time full-HD rendering, VPI 
Reveal’s state-of-the-art volumetric renderer 
offers a number of unique features: It allows vol-
umetric scan data and polygonal CAD models to 
be combined in a single image allowing for quick 
validation of planned interventions or prosthetic 
placement. It supports view-camera placement 
inside the volume, giving the user a perspective 
of a camera navigating through the body similar 
to using Google Street View. The renderer sup-
ports proper lighting and shadow casting both for 
volumetric and polygonal data. Shadows offer an 
important clue about the relative distance between 
objects in a 3D scene. Similarly, the light source 
can be placed and moved interactively anywhere 

Fig. 17.9 (a–c) Real-time 3D projection of internal anatomical structures onto the live surgical field using HoloSurgical 
(Screenshots, HoloSurgical, Chicago, United States)

Fig. 17.10 Real-time holographic 3D volumetric render-
ing of CT and MRI data of the skull using VPI reveal. The 
user has full control over selection of regions of interest 
(ROIs) and tissue types through intuitive controls (Virtual 
Proteins International BV, Eindhoven, the Netherlands)
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in the 3D scene, helping to place focus on a body 
feature and assess its proportions. Intuitive con-
trols for navigation and ROI selection are crucial 
for opening up all this graphical power to a user 
that is not trained to use 3D software. This is 
especially important in an OR setting where, dur-
ing an intervention, manual control of the system 
using keyboard and mouse is not possible or less 
convenient.

Surgical Theater has developed a patented tech-
nology which can import and fuse any DICOM 
files with volumetric data. The system can fuse 
patient-specific two-dimensional DICOM images 
from multiple imaging modalities (CT, MRI, 
DTI, angiography) to create volumetric models 
in VR. The software digitally stacks the layers of 
the scan in space, accurate to the slice thickness 
of the scan. The model is then volume rendered 
from the scans. The color and opacity can be 
adjusted for any structure that exists within that 
range. DTI data are integrated within the technol-
ogy by either using DICOM scans that have the 
tracks burnt onto the scan itself by a radiologist 
or by importing as a VTK or OBJ object that 
appears in the model independent of the volume 
rendering. To create physical 3D-printed models 
of anatomy and pathology, the volume-rendered 
portion of the model can be saved as a polygon 
mesh and exported if the physician chooses (How 
Surgical Theatre Changes The Way 
Neurosurgeons Operate. http://uploadvr.com/
surgical-theater-neurosurgeons/; 2016 Accessed 
11.12.16.).

The system registers scans of a patient to the 
corresponding anatomy in the operating room 
intraoperatively, allowing the visualization of 
tools to be seen on 2D DICOM slices. Surgical 
Theater’s 3DVR technology connects to these 
systems and significantly enhances this visualiza-
tion by displaying 3D representations of the sur-
gical tools within the 3DVR environment of the 
anatomy and pathology. Examples of surgical 
tools the software has the ability localize in the 
3DVR scene are the microscope’s focal point, a 
shunt, an endoscope and suction for tissue 
removal. During navigation, it can provide a view 

of the 3DVR model from the point of view of the 
tip of the probe as it is moving throughout the 
patient’s brain. The software also has the ability 
to clip away or make transparent any tissue of 
interest to allow visualization of “hidden” struc-
tures (Surgical Theater, where surgeons & virtual 
reality connect. http://www.surgicaltheater.net/; 
2016 Accessed 11.12.16.).

Synaptive Medical is a multi-solution platform 
for integrated neurosurgical applications. 
Synaptive’s BrightMatter™ provides the surgeon 
with augmented clarity when visualizing, evalu-
ating, and modifying possible trajectories for the 
creation of preoperative neurosurgical approaches 
(Fig. 17.11). Multiple trajectories can be explored 
through the hands-free fusion of high-fidelity, 
structural MR images in real time. Featuring 
tools that simplify the surgeon’s complex spatial 
reasoning tasks by emphasizing 3D visualization, 
the workflow-driven user interface, automatic 
data processing, and world-class 3D tracto-
graphic rendering aids the intricate process of 
creating a surgical plan.

 Virtual Reality and Computer 
Simulation

Virtual reality and computer simulation refer to a 
human-computer interface that facilitates highly 
interactive visualization and control of computer- 
generated 3D scenes and their related compo-
nents with sufficient details and speed so as to 
evoke sensorial experience similar to that of real-
ity. In aviation and military, virtual reality train-
ing is an attractive alternative to live training with 
expensive equipment, dangerous situations, or 
sensitive technology [59]. Commercial pilots can 
use realistic cockpits with VR technology in 
holistic training programs that incorporate virtual 
flight and live instruction, while police and sol-
diers are able to conduct virtual raids that avoid 
putting lives at risk.

Similarly in medicine, the mini-worlds of test 
tubes and Petri dishes are translated into mini- 
worlds contained within silicon chips. On a dif-
ferent scale, simulations of biological systems 
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can serve as educational tools. In surgical train-
ing, knowledge of the human body is improved 
through intuition, repetition, and objective 
assessment. Now that computers are replacing 
patients, surgeons can train with virtual tools and 
simulated patients and transfer their virtual skills 
into the operating room. The ability to manipu-
late 3D models and to view the anatomy from dif-
ferent perspectives is especially useful in complex 
surgical specialties such as neurosurgery where 
preoperative planning and port placement often 
dictates and restricts the angle of approach. Many 
components have to be integrated and synchro-
nized in order to generate the perception of the 
artificial reality of a virtual environment. Typical 
virtual reality-based surgical simulators consist 
of a physics simulation engine, as well as a visual 
and haptic interface; a simulator provides an 
environment which allows interactive surgical 
manipulation with vital organs via visual and 
haptic feedback. VR environment in the simula-
tor represents physical object and phenomena. A 
surgical procedure has several major surgical 
scenes. In a scene, anatomical objects are located 
in three-dimensional environments, and surgical 

manipulation is conducted to the objects. Hence, 
anatomical objects and conducted manipulation 
are key pieces of information necessary to con-
struct a virtual surgery environment.

Soft tissue modeling is one of the most impor-
tant components in surgical simulation. Many 
models have been proposed and applied to vary-
ing results (i.e., mass-spring model, finite ele-
ment model, etc.). Cutting and ablation 
manipulations are destructive manipulations and 
are very different from the aspect of determina-
tion of destruction [60–62; see also About 
Vascular Simulations. http://www.vascularsimu-
lations.com/About; 2016 Accessed 13.12.16].

Accuracy and interactivity are trade-off, 
because physics-based simulation requires high 
computational resources. Computational power 
and requirements of simulation modules are key 
factors in accurate tissue display, deformity, and 
destruction. Developing simulation modules 
takes much effort for developers, because the 
technical background of VR-based surgical simu-
lators ranges extremely wide (computer graphics, 
physics, haptics, real-time simulation, etc.). 
Recently, open source and simulation libraries 

Fig. 17.11 Synaptive BrightMatter™ planning provides 
the surgeon with augmented clarity when visualizing, 
evaluating, and modifying possible trajectories for the 
creation of preoperative neurosurgical approaches. The 

workflow-driven user interface, automatic data process-
ing, and world-class 3D tractographic rendering aid the 
intricate process of creating a surgical plan (Synaptive 
Medical Inc., Toronto, Canada)
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have been provided by several research groups, 
thus accelerating development [63]. SSML repre-
sents a surgical procedure, which consists of tar-
get anatomical structures, surgical manipulations, 
initial state of the scene, a goal of the manipula-
tion, and pitfalls to be taken care of. Cutting, 
suturing, palpating, and other surgical manipula-
tions are conducted to the tissues. Simulation 
programs can also be produced semiautomati-
cally from surgical documents with good approx-
imation of the surgical scenes in a specific 
operation [64].

 Visual Displays

Display technology is often the single biggest dif-
ference between immersive virtual reality systems 
and traditional user interfaces. Head- mounted dis-
plays (HMDs) are the most engaging display 
devices associated with virtual reality. Most com-
monly, the display component of the HMD is an 
LCD panel, although OLED (organic light-emit-
ting diode) technology, with a refresh rate as high 
as 120 Hz and a latency (time between input and 
output) of 20 ms or less, is becoming more popu-
lar. Some newer technologies, such as Microsoft 
HoloLens and Google’s project Tango, can use 
multiple sensors, in addition to accelerometers for 
head tracking and positional calculation, to pro-
vide a full immersion experience [65, 66].

Recent development has focused on adding 
eye tracking [67]. With this technology, the 
HMDs could potentially change the depth of field 
of the visuals on-screen to simulate natural vision 
much more closely. Audio plays a key role in a 
virtual world, and HMDs with an advanced level 
of immersion have to incorporate sophisticated 
hearing impression in the design. Hearing is 
arguably more relevant than vision to a person’s 
sense of space, and human beings react more 
quickly to audio cues than to visual cues. In order 
to create a truly immersive virtual reality experi-
ence, accurate environmental sounds and spatial 
characteristics are a must. These lend a powerful 
sense of presence to a virtual world.

Consumer and industrial wearables are more 
popular than more sophisticated display systems 

that can be only used in universities and big labs. 
For instance, CAVE automatic virtual environ-
ments actively display virtual content onto room- 
sized screens [68]. They consist of three walls 
upon which stereoscopic images are displayed. 
An observer standing in the enclosed space per-
ceives the illusion of being immersed in a 3D 
environment. In the simpler setting, stereoscopic 
images are displayed using a pair of DLP projec-
tors. Passive stereo projection is utilized, and 
users wear lightweight polarized glasses to view 
the scene. In order to handle very complex 
scenes, a scalable hardware configuration is 
adopted.

 Haptic Feedback

The study of haptics has closely paralleled the 
rise and evolution of automation. Many scientists 
have actively studied how humans experience 
touch and how this sense incredibly relates 
humans to the environment. A branch of science 
became known as human haptics and revealed 
that the human hand, the primary structure asso-
ciated with the sense of touch, was extraordi-
narily complex. With 27 bones and 40 muscles, 
including muscles located in the forearm, the 
hand offers tremendous dexterity. Scientists 
quantify this dexterity using a concept known as 
degrees of freedom. A degree of freedom is 
movement afforded by a single joint. Because the 
human hand contains 22 joints, it allows move-
ment with 22 degrees of freedom. When we use 
our hands to explore the world around us, we 
receive haptic feedback, which is generally 
divided into two different classes—tactile and 
kinesthetic [69].

Kinesthetic feedback provides the brain with 
information deriving from peripheral propriocep-
tors. The proprioceptors, embedded in muscles, 
tendons, and joints, generate a unique set of data 
points describing joint angle, muscle length, and 
tension. These receptors carry these unique sig-
nals to the brain, where they are processed by the 
somatosensory region of the cerebral cortex. The 
brain processes this kinesthetic information to 
provide a sense of an object’s gross size and 
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shape, as well as its position relative to the hand, 
arm, and body.

Tactile feedback feeds the brain information 
deriving from cutaneous receptors. The data 
coming collectively from these receptors helps 
the brain understand subtle tactile details such as 
light touch, heavy touch, pressure, vibration, and 
pain. Also, thermal input is sensed through tactile 
receptors. Thus, haptic feedback in a virtual envi-
ronment is a combination of both tactile and kin-
esthetic feedback.

Force feedback is also a term often used to 
describe tactile and/or kinesthetic feedback. 
Computer scientists began working on haptic 
interface devices that would allow users to feel 
virtual objects via force feedback. Early attempts 
were not successful, but a new generation of 
haptic interface devices is now delivering an 
unsurpassed level of performance, fidelity, and 
ease of use (the PHANTOM interface from 
SensAble Technologies, CyberGrasp from 
Immersion Corporation) [53, 70–72]. Haptic 
systems have two important things in common—
software to determine the forces that result when 
a user’s virtual identity interacts with an object 
and a device through which those forces can be 
applied to the user. The actual process used by 
the software to perform its calculations is called 
haptic rendering. A common rendering method 
uses polyhedral models to represent objects in 
the virtual world. These 3D models can accu-
rately portray a variety of shapes and can calcu-
late touch data by evaluating how force lines 
interact with the various faces of the object. Such 
3D objects can be made to feel solid and can 
have surface texture. The job of conveying hap-
tic images to the user falls to the interface device. 
The most sophisticated touch technology is 
found in industrial, military, and medical appli-
cations. Medical students can now perfect deli-
cate surgical techniques on the computer, feeling 
what it’s like to suture blood vessels in an anas-
tomosis. In training and other applications, hap-
tic interfaces are vital because the sense of touch 
conveys rich and detailed information about an 
object. When it’s combined with other senses, 
especially sight, touch dramatically increases the 
amount of information that is sent to the brain 

for processing. The increase in information 
reduces user error, as well as the time it takes to 
complete a task. It also reduces the energy 
consumption.

 Metrics

There have been many studies conducted to 
assess the value and real-world properties of neu-
rosurgical simulation, many concluding that ben-
efits can be gained during simulation training 
[73, 74]. Ideal learning has been suggested to 
occur under the following conditions: feedback 
during training, repetitive practice, curriculum 
integration, range of difficulty level, multiple 
learning strategies, capturing of clinical varia-
tion, a controlled environment, individualized 
learning, defined outcomes, and validity [73]. 
Many of these factors are achieved with simula-
tion training. At a basic level, simulation fidelity 
is less important with no significant difference in 
endoscopic skills acquisition between box train-
ers and virtual reality simulation. Box training is, 
however, more cost-effective, while virtual real-
ity training is more efficient.

Operatively, simulation may occur in many 
locations including dedicated wet or dry labs in 
specialist simulation laboratories, within work-
ing theaters, and even in the trainee’s home either 
using cheap, basic jigs, or increasingly sophisti-
cated computer equipment. Optimally, such VR 
systems should include measures to track the 
user’s performance and the ability to provide 
feedback without requiring the presence of an 
instructor. One of the most important advantages 
of computer simulators for surgical training is the 
opportunity they afford for independent learning. 
Unlike the anatomy lab or operating room, a sim-
ulator allows a student to practice at his/her con-
venience, regardless of the availability of 
cadavers or patients. If the simulator does not 
provide useful instructional feedback to the user, 
its educational value is significantly reduced, 
requiring an instructor to supervise and tutor the 
trainee while using the simulator. The incorpora-
tion of relevant metrics is essential to the 
 development of efficient simulators that provide 
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convenience for trainees while minimizing the 
costs associated with instructors directly super-
vising training. Also, the metrics should provide 
the users with constructive feedback that facili-
tates independent learning and improvement. 
Within a skills-based system, proficiency is 
determined by sequential mastery of skills. With 
the improvement of the surgical simulators, com-
petency is assessed not only by the subjective 
assessment of the surgeons that are responsible 
for training but also by objective and standard-
ized assessment tools.

Thus, there has been an increasing interest in 
incorporating objective metrics into surgical sim-
ulators. Several basic metrics, such as the number 
of collisions between a user’s tool and simulated 
anatomy, task completion time, and efficiency of 
movement, have been reported by several exist-
ing endoscopy simulators. Other systems have 
incorporated metrics for percentage of surface 
area visualized, number of wall collisions, path 
length, motion smoothness, depth perception, 
and response orientation [75]. Force and torque 
sensors have been applied to dissectors and spat-
ulas, and the continuous data stream consisting of 
forces, rotational torques, and grip force has been 
translated via a vector quantization algorithm to 
analyze surgical gestures. Many important ele-
ments of good surgical technique have not yet 
been explored, including proper exposure and 
identification of anatomic structures, mainte-
nance of proper visibility of the surgical field, 

and proper drilling and suctioning technique. 
Real-time visual feedback and/or haptic feedback 
have recently been applied to the teaching of sur-
gical gestures.

There are some areas of neurosurgery where 
research has identified consistent parameters to 
be used as metrics. For instance, metrics are par-
ticularly useful in the simulation of temporal 
bone surgery, which is surgically challenging. 
Analytical models of bone erosion have been 
developed as a function of applied drilling force 
and rotational velocity [76]. Other studies have 
modeled a drilling instrument as a point cloud, 
and used a modified version of the Voxman- 
Pointshell algorithm to sample the surface of the 
drill and generate appropriate forces at each sam-
pled point [77–80]. Bernardo et al. [80] have also 
integrated a simple tutor into the first instance of 
their simulator for temporal bone surgery, help-
ing the user to identify relevant anatomy 
(Fig. 17.12). Most of these projects have incorpo-
rated haptic feedback into volumetric simulation 
environments that make use of CT and MR data 
and use volume-rendering techniques for graphi-
cal display. By incorporating a large number of 
metrics and feedback mechanisms, simulators 
may soon be able to serve as virtual instructors 
that may be adequate substitutes for the real 
instructor throughout much of the learning 
process.

With the increasing emphasis on incorporat-
ing patient-specific data into simulators, the value 

Fig. 17.12 Interactive virtual dissection. (a–b) A 3D interactive virtual dissection surgical simulation program 
designed to teach surgeons the visuospatial skills required to navigate through a transpetrosal approach
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of such simulators may be extended not only to 
young surgical residents but also to experienced 
surgeons in the context of patient-specific 
rehearsal for upcoming procedures. The simula-
tion system has to be the essential component of 
a structured curriculum where the trainee can 
benefit from a sequential and constructive learn-
ing process.

The skull base fellowship at our institution has 
been structured to create a fully immersive ste-
reoscopic environment where exercises take 
place under conditions that closely simulate the 
actual operation. In order to provide adequate 
preoperative training and rehearsal of complex 
approaches to the skull base, we have fragmented 
the neurosurgical curriculum into blocks or mod-
ules. Each module affords the surgeon a thorough 
understanding of a surgical approach to intracra-
nial regions and is preceded by a detailed map of 
intracerebral topographical anatomy. The mod-
ules are self-contained and can be used either as 
freestanding learning activities or in a stepwise 
fashion as part of the entire curriculum. Modules 
can be implemented either in a proctored small or 
large group setting or individually. Features of 
the modules include the following: 3D lectures 
on anatomy, 3D lectures on surgical technique, 
interaction with 3D computer animations, com-
puter simulation, and, ultimately, cadaveric 
dissection.

The process is divided in three stages: learn-
ing, practice, and performance testing. Trainees 
are first presented with 3D lecturers and 3D 
instructional videos describing the target proce-
dure on the anatomy indicating the desired 
appearance of the model at various stages in the 
procedure. They are then encouraged to interact 
with 3D animation models to become familiar 
with the anatomical spatial relationships. After a 
tutorial of the simulator, trainees are allowed to 
practice using the haptic devices and the simula-
tor’s user interface. Finally, the trainees are asked 
to perform the same procedure twice to test per-
formance. Each participant’s hand movements, 
haptic forces, and surgical interactions are 
recorded and then later rendered to video. Videos 
are assigned a global score on a scale of 1 to 7 by 
two experienced surgical instructors, wherein the 

highest score, 7 points, corresponds to experi-
enced surgeons while the 1-point lowest score 
corresponds to the novice. The instructors are not 
aware of which video comes from which sub-
jects, and videos are viewed in randomized order. 
Several of the cited parameters are utilized to 
assess performance.

 Skills-Based Medicine

The increasing number of hands-on surgical 
courses underscores the increasing need for more 
comprehensive skills training. However, these 
brief courses cannot provide the in-depth teach-
ing and lack the time and stepwise instruction 
required for trainees to actually gain proficiency 
at a given procedure. Frequently, a course must 
be taken several times before the surgeon is con-
fident enough to perform a new procedure in the 
operating room. For this particular reason, the 
number of cadaver dissection laboratories has 
increased in the last few years in order to provide 
better opportunities for surgeons to refine their 
skills and to gain working knowledge of surgical 
anatomy. However, dissection laboratories also 
have limitations, especially in terms of support-
ing complex visual learning objectives, convey-
ing or teaching 3D relationships via 2D images 
and flat representation poses a significant chal-
lenge. Use of spatially inaccurate representation 
can lead to inaccurate and spatially oversimpli-
fied conceptions of anatomical relationships. 
Both virtual reality and stereoscopic technology, 
especially when used together, provide a way of 
accurately depicting the spatial 3D nature of ana-
tomical structures and understanding the corri-
dors in which visuospatial tasks will need to be 
performed. The ability to visualize and under-
stand spatial anatomical relationships is crucial 
in surgical planning, and stereoscopic projection 
is invaluable for this purpose [15, 81, 82].

In the past several years, there has been a huge 
emphasis in the medical community on evidence- 
based medicine. While evidence- and science- 
based medicines are no doubt an important 
mainstay of modern practice, that evidence is of 
little value in surgery if it is derived from inade-
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quate surgical skills or anatomical knowledge. 
How can we be certain that one therapeutic inter-
vention is superior to another if the outcomes are 
subject to significant heterogeneity in surgical 
skills and armamentarium? Neuropathology—
something for which trainees will never be 
directly responsible—is given equal weight aca-
demically as neuroanatomy and surgical skills. If 
we continue down this path of deemphasizing the 
surgical component of neurosurgery and do not 
sufficiently educate residents in surgical skills 
and anatomy, we are doing our successors a ter-
rible disservice and will inhibit their ability to 
independently practice the full scope of our 
specialty.

 Conclusion

There are several reasons why simulators are 
becoming more and more common in medicine: 
hospitals can evaluate the performance of their 
doctors, physicians can learn and improve their 
skills faster, and the risk of the treatment can be 
reduced for patients. In 2003, after the imposition 
of the 80-h workweek, residents began to spend 
approximately one third less time than before in 
operating rooms, and there has been some evi-
dence to suggest possible adverse patient out-
comes as a result of this change. Along with a 
shift in emphasis on patient safety, as well as 
development of newer technologies, there has 
been increasing pressure to include virtual reality 
and other forms of simulation as teaching tools 
for residents in addition to the traditional “see 
one, do one” approach to training on cadavers 
and actual patients.

Studies generally show that virtual reality and 
other simulations reduce operative time and error 
by increasing confidence and wasted movements 
of the surgeon. In addition, the majority of sur-
veyed residents and directors alike believe that 
surgical simulation is a useful tool to comple-
ment traditional forms of training on patients and 
cadavers. Cadaveric studies allow the user to 
apply their training and understanding in an 
extremely realistic, tactile environment. This 
physical feedback is important for the user to 

develop their skills. Cadaveric simulation has 
been reported to have the highest benefit when 
compared to physical simulators and computer-
ized models. The ability of the user to visualize 
their target in 3D is achieved with these cadaveric 
models. However, the most common disadvan-
tages of this method are high cost and the limita-
tion to one-time use. Despite these barriers, 
cadavers are often the preferred methods of simu-
lation, if available.

Synthetic physical simulators are an alterna-
tive to cadaveric training, as they can provide the 
same physical environment with tactile feedback 
but are generally more cost-effective and readily 
available. Physical simulators have been reported 
as the second preferred method of simulation 
after cadavers [83]. Initial work and results with 
virtual surgical simulators are encouraging, 
although problems still remain in faithfully 
reproducing a generalized anatomical haptic 
feedback. Although most of the simulators pro-
duce a 3D experience, these systems so far have 
proven costly because of their complex computer 
hardware and software and are not easily acces-
sible or convenient. One of the most important 
advantages of computer simulators for surgical 
training is the opportunity they afford for inde-
pendent learning. Unlike the anatomy lab or 
operating room, a simulator allows a student to 
practice at his/her convenience, regardless of the 
availability of cadavers or patients.

For simulators to be of value, they must pro-
vide realistic feedback that allows the user to 
apply this training in a real procedure. Beyond 
these ideal conditions, the integration of enriched 
data with simulation has the potential to further 
improve surgical training.

The value of VR in the context of training is 
that it provides an environment that is as similar as 
possible to a real-life scenario. In the case of medi-
cal imaging, a surgeon can visualize a patient’s 
white matter tractography or their vascular anat-
omy, for example. This can be used as a surgical 
planning or navigation tool, as it allows the user to 
immerse themselves in a 3D, patient- specific envi-
ronment to gain a better appreciation for the anat-
omy and to create the ideal surgical plan to avoid 
eloquent tissue. VR can be used as a training tool, 
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either to visualize anatomy in 3D, as mentioned 
above, or to practice procedural skills. The transla-
tion between VR simulation and real-life has been 
debated, as the user does not get the physical feed-
back or interaction that is imperative in training. 
VR has been rated as having a lower impact on 
proficiency improvements when compared to tac-
tile simulation such as cadaveric and physical 
models. However, senior users reported higher 
improvement when compared to junior users [83, 
84]. VR has been used most robustly in endovas-
cular surgery largely because the real-world proce-
dure involves catheter and wire-based instruments 
that provide limited haptic feedback, meaning that 
the limitations of VR are less relevant [85]. This 
suggests that VR can be valuable at different stages 
of training and skill development and for specific 
applications.

Neurosurgeons require a fine-tuned under-
standing of the complex spatial relationship 
between eloquent tissue and a surgical target. 
Recent biotechnological advancements can facil-
itate this understanding to optimize training and 
performance. This comes in the form of intraop-
erative stereoscopic visualization and enriched 
imaging modalities that can be integrated into the 
OR on the fly or used to create an immersive 3D 
environment for surgical planning. These modal-
ities can contribute to neurosurgical training both 
in the OR and beyond in the form of tactile simu-
lation training.

It is important to note that any one of these 
modalities or enriched datasets used in isolation 
will not provide the same value as when a multi-
modal approach to both surgery and surgical 
training is taken. The combined use of this tech-
nology is synergistic, as it allows the neurosur-
geon to create a mental 3D model that is a key to 
learning and surgical success. For instance, with 
the combination of fMRI and tractography, sur-
geons are able to pinpoint key functional areas 
and determine their connectivity to improve their 
anatomical view and increase resection without 
damaging eloquent tissue [86, 87]. When the 
combination of tractography and multimodal 
vessel imaging was studied, prediction of nerve 
location was found to be improved in vestibular 
schwannoma cases when compared to either 

modality in isolation [87]. When combined, the 
surgeon can create a more complete, 3D mental 
image of the surgical target and the structure and 
function of the surrounding tissue than with any 
one modality alone.

Using a tactile learning environment to apply 
this 3D, understanding is important to consoli-
date learning. Whether it may be in a cadaveric 
environment or using a physical simulator, clini-
cians can gain technical skills and apply them in 
the OR.  This allows surgeons to bridge and 
strengthen their training knowledge. This review 
highlights the value of multimodal integration, 
specifically of digital stereomicroscopy, surgical 
planning, augmented reality, and virtual reality, 
in surgical training and performance. The great-
est potential for revolutionary innovation in the 
teaching and practice of the art of surgery lies in 
dynamic, fully immersive, multisensory fusion of 
real and virtual information data streams. 
However, we stress that such a system will not 
replace the realism of actual painstaking cadaver 
dissection experience. Neither is VR yet able to 
create the stress associated with actual surgery or 
the concomitant physiological sequelae and nec-
essary treatment intervention that accompany, for 
example, major hemorrhage or dangerous brain 
swelling. While the training of neurosurgeons 
should not transform them into computerized 
surgeons, VR technology can be used to signifi-
cantly augment the educational process.
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Virtual Reality Simulation 
for the Spine

Ben Roitberg

The need to train surgeons how to perform 
 operations before trying them on patients is not 
new, but the option of learning basic surgical 
skills by operating on patients appears less palat-
able to the public now than ever before. Beyond 
the acquisition of basic skills, learning all the dif-
ficult complex anatomical or pathological situa-
tions a surgeon may encounter in practice 
arguably cannot be accomplished during a typi-
cal residency using just the old apprenticeship 
model. Limited duty hours without extension of 
the duration of training provide further challenge 
to clinical learning. As such, more formal train-
ing is needed. Program directors, faculty, and 
residents are aware of the educational needs. 
Cadaver dissection labs have been popular and 
remain so, as demonstrated by a recent study by 
Kshettry et al. [1], employing a questionnaire of 
residency programs. Response rate was 65%; 
most of the responding programs (93.8%) incor-
porate laboratory dissection into resident train-
ing. Most programs have 1–3 (36.1%) or 4–6 
(39.3%) sessions annually. Residents in 

 postgraduate years of 2–6 (85.2%–93.4%) most 
commonly participate. Although many of the labs 
consist of classical cadaver dissection, techno-
logical advances over the past few decades cre-
ated a new environment and new opportunities 
for formal surgical training in a laboratory-based, 
preclinical setting.

The term “simulation” has been used loosely, 
to include everything from discussion of clinical 
scenarios, work with manikins, animals, animal 
parts, cadavers, artificial tissues and organs (like 
“sawbones”), and various degrees of computer- 
assisted simulations. The latter range from inte-
gration of 3D navigation into a cadaver dissection 
session and combined artificial object with sen-
sors and computer-based additional visualiza-
tion  – all the way to fully 3D computerized 
models with virtual tools and haptic feedback – 
setups approaching true virtual reality. The popu-
larity of the term “simulation” may be due to the 
extensive and successful use of computerized, 
fully immersive simulation in both military and 
civilian pilot training. The simulation of surgical 
procedures offers many tough challenges for 
engineers in comparison with flight simulators – 
large variety of procedures and scenarios, diffi-
culty in modeling anatomy in dynamic situations, 
true tissue responses and interaction with various 
tissues, large degree of freedom needed of surgi-
cal instruments (compared to airplane controls), 
and rather limited training budgets. Moreover, it 
is very difficult to assess the value of any  available 
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training tool in the context of surgical training. 
The ultimate goal of any new or additional train-
ing method is to accelerate correct learning and 
increase patient safety. Proof of increased patient 
safety would require a randomized study where 
some patients are assigned to be treated by physi-
cians who had the training and some who did not. 
Such a study is rather difficult to design, since in 
all residency training programs, the trainees are 
not supposed to operate without direct supervi-
sion until they are deemed ready and safe. Thus, 
if we see the patient as the subject in such a study, 
it is hard to see how it could show a change in 
patient outcomes even if learning occurred and 
proficiency increased faster than without the sim-
ulation. In neurosurgery in general, and spine 
surgery in particular, we have largely been lim-
ited to demonstrating the face validity and mea-
sures of efficacy of learning in simulated 
environments. That is, it has been possible to 
demonstrate improvement and learning in train-
ees in several studies. Accumulating data mea-
sures of improved performance and accelerated 
learning provides important evidence of efficacy 
of training. Despite the notable technical, budget-
ary, and other difficulties, the enthusiasm for 
advancing the field of simulation remains high.

This chapter will focus on simulation for spine 
surgery – progressing from a variety of more tra-
ditional training tools which have been called 
“simulation” by their users to the most recent 
advances toward true virtual reality training.

 What Should Be Simulated and Who 
Would Benefit from Simulation 
Training?

Surgical procedures can be conceived as consist-
ing of multiple phases and steps. Most of them are 
routine and repetitive. Many components do not 
constitute a particular challenge and are rarely the 
cause of technical difficulty for the surgeon. The 
focus of surgical laboratory training and of any 
simulation approach is on procedures and critical 
components of procedures, where anatomical, 
conceptual, or manual skill challenges exist.

Examples specific to spine surgery include 
anatomical challenges – especially correct place-
ment of hardware such as pedicle screws; open 
and percutaneous approaches, with X-ray or sim-
ulated navigation guidance; proper alignment of 
the spine and correction of deformity; correct 
extent of decompression or tumor resection; 
dealing with complications such as neural and 
vascular injury and unintentional durotomy.

Surgical labs as such can be used at any level 
of training, but most simulations, in our experi-
ence, are used for the training of novice and early 
learners.

 Enhanced Variants of Cadaver 
Dissection as a Basic Form 
of Simulation

The classic cadaveric dissections have not lost 
their place, prevalence, or relevance. Mostly, our 
laboratory and many others use fresh human 
cadaver parts for spine surgery training  – the 
head and neck or torso. Human cadavers are hard 
to beat for realistic anatomy and haptic feedback. 
Real operative tools and hardware are used, as 
well as regular radiographic equipment when 
possible. Cadaver-based labs are good for simu-
lation of a routine surgical approach, proper 
steps, and correct anatomical view. The problem 
is the cost and difficulty of obtaining cadavers, 
potential risk of infection of operating personnel, 
which requires meticulous use of protective gear, 
and the rather short time the fresh specimen can 
be kept even if refrigeration is available. 
Cadaveric dissection requires a specialized labo-
ratory and is generally limited to a few organized 
courses or training sessions. It is difficult and 
costly to make cadaveric dissections a routine 
part of the resident training curriculum. Moreover, 
the paucity and cost of fresh cadavers make it dif-
ficult to do repeated training, or to expose and 
then cover the anatomy several times. The anat-
omy and condition of the spine are determined by 
available cadavers, so training to deal with com-
plications, correction of deformity, or dealing 
with unusual anatomy cannot be covered by 
cadaver-based training.
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Preserved cadavers can help deal with some of 
the issues of cost and spoilage. Tomlinson et al. 
reported trying to optimize the type of embalm-
ment by evaluating which method provides better 
haptic feel [2]. The issue of realism in visuals and 
haptic feel is often discussed in the context of 
simulation. Optimizing the cadaver model for 
better haptic feel may be important. However, the 
role of perfect haptic realism for meaningful 
learning remains unproven. Most of the safety 
and cost issues mentioned above remain prob-
lematic for cadaveric dissections even if 
embalmed specimens are used.

Training on animals is an alternative, not rare 
in fields like general surgery, where training in 
laparoscopic surgery on pigs has been practiced 
[3]. It is difficult to use animal models to train for 
human spine surgery, as human spine anatomy is 
unique. Nevertheless, animal models and even 
cadaveric animal tissues have been used for train-
ing. Goat spines are a common model for biome-
chanics, and use for training was reported by 
Suslu et  al. [4]. An interesting approach was 
reported in 2009 by Walker et  al. [5], where a 
complex physical setup of tubes and frames was 
affixed to deer skulls and spines in order to teach 
residents minimally invasive spine surgery. 
Laminectomy and instrumentation were 
attempted, although lack of human-like spine 
configuration made the instrumentation training 
very limited.

The classic cadaveric tissue dissections remain 
a mainstay of training, but the desire for a more 
tractable, safer, and less costly model, something 
that can be used outside of a specialized lab, 
prompted the development of artificial physical 
models. In such models, not only the instruments 
or frames but the tissue itself is artificial.

 Artificial Physical Model

Synthetic tissues or organs  – like the common 
“sawbones” spine models or synthetic tubes 
model for training in micro-suturing techniques – 
provide great convenience advantage over the 
cadaver or the live animal. In order to make the 
physical model a more realistic simulation, much 

development was needed [6]. Advantage of a 
synthetic model over the cadaver is not only the 
cleaner and easier use but also the ability to reuse 
the model except for a certain expendable com-
ponent that is used up in training. The models are 
standard and can be constructed to offer progres-
sive levels of difficulty, as well as built-in sys-
tems of feedback for better and more uniform 
assessment [7]. Physical models can also help 
train for pediatric spine procedures, where cadav-
eric specimens are (fortunately) rare [8].

Although the current main use of simulation, 
including physical models, is for resident train-
ing, ultimately the great advantage over cadav-
eric dissections is the ability to perform “mission 
rehearsal” using the patient’s imaging data. 
Stereolithography was used to generate a 3D 
model of a very complex case for rehearsal and 
preoperative planning [9]. Such “rapid 
prototyping”/physical models for training and 
preoperative rehearsal are currently costly and 
time consuming, likely to be useful only for 
selected extreme cases, although cheap 3D print-
ing easily accessible to the surgeon can help 
accelerate the process. The constructed case- 
specific model cannot be reused – for those con-
cerned about garbage accumulation and this 
aspect of environmental protection, repeated and 
extensive 3D printing of single use items is not an 
optimal solution. In general, good surgical mod-
els for spine surgery rapidly become complex, 
expensive, and challenging to develop [6]; 
Physical models have inherent limits, as ulti-
mately building materials that will have very pre-
cise “biological feeling” tissues, and electronics 
for feedback are not cheap, especially in the case 
of spine surgery where the size and complexity of 
a good model are an issue.

 Hybrid Physical Model/Mixed 
Reality

The next logical step-up of the simulation ladder 
from a purely physical model is to use a hardware- 
based model, with artificial spine and soft tissues, 
combined with a variety of sensors and imaging 
and with varying degrees of computerization. 
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The physical component provides the real object 
on which to operate, and the computer with the 
sensors provides feedback about the perfor-
mance, visualization of deeper structures, richer 
detail, and the ability to perform objective evalu-
ation of performance.

A recent mixed reality model for posterior 
cervical surgery  – foraminotomy and laminec-
tomy were developed under the auspices of the 
Congress of Neurological Surgeons (CNS) simu-
lation committee. Harrop et al. reported its use in 
nine participants at the course at a CNS meeting. 
Most of the participants were international visi-
tors, and learning was demonstrated by increas-
ing scores on a technical and a didactic assessment 
[10]. A model for ACDF training was also devel-
oped by the same group and used in a small num-
ber of participants at the CNS simulation course 
[11]. A synthetic model can be designed to help 
train for a specific critical skill, which would not 
be doable using a cadaver. Ghobrial et al. used a 
synthetic model of the spine with membranes 
mimicking the dura, designed to teach repair of a 
cerebrospinal fluid leak at the CNS course; the 
experience of six participants was reported [12]. 
The experience at the CNS simulation course 
demonstrated the hard work and dedication of the 
neurosurgeons and engineers developing novel 
simulations but also the difficulty inherent in the 
physical model approach. High cost, limited 
number of participants and difficulty exporting 
and expanding the experience to every residency 
program have been evident. However, the CNS 
courses faced these challenges and served as a 
necessary testing bed for simulation methods as 
well as for the development of curricula and 
objective evaluation of the performance of train-
ees. The lessons learned and the development 
that occurred, especially in curriculum design, 
are immensely important for the future of simula-
tion. National and regional simulation-based 
courses are certain to become more common, and 
in the opinion of Ghobrial et al., national devel-
opment of simulation modules can be translated 
to individual residency programs [13].

Mixed reality models share many of the 
advantages and weaknesses of physical models. 
Each procedure requires dedicated hardware with 

unique design, which is used up either completely 
or partially during training. Models that include 
electronics add related costs, which depend on 
the degree of computer integration into the simu-
lation. The main advantage over purely computer- 
based simulation is the availability of more 
realistic haptic feedback and interaction with a 
real 3D object, while the electronic component 
provides visualization aids and uniform scoring 
and additional feedback. The persistent high cost 
of this approach makes it difficult to fund without 
an external source of support. The courses and 
the devices are sometimes developed jointly with 
and are supported by hardware companies [10, 
11], who have a marketing goal. Resident educa-
tion is a cost for institutions and programs. 
Current system provides for payment of resident 
salaries by the institutions; some or most of the 
resident positions are funded by the government. 
However, payment is indeed limited to salary 
support – education budgets are very limited at 
most residency programs. Lack of funding for 
education or income from education is a central 
problem when we consider an increase in formal 
and laboratory training. Thus, several mixed real-
ity simulation constructs were developed with 
cost control in mind.

The use of 3D printing in combination with 
image guidance using existing equipment [14] 
can make combined physical-computerized spine 
surgery simulation models accessible without the 
need for capital equipment dedicated only to sim-
ulation. The combined system also had the flexi-
bility needed to generate training. However, 3D 
printers’ capabilities are limited when the con-
struct has to include multiple layers and tex-
tures – like a simulator for a complete spine with 
bone and various soft tissues.

Two recent studies demonstrated the potential 
benefit of a rather straightforward mixed reality 
approach that does not require a sophisticated 
specially designed model. An orthopedic resi-
dency program [15] compared training in the 
placement of lateral mass cervical spine screws 
with and without navigation. The pre-test was 
performed on cadavers, without feedback, and 
then some of the trainees performed training on a 
cadaver or on sawbones model, with 3D 
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 navigation feedback as to their trajectory. A 
 significant benefit to the training was shown, 
about equal for sawbones vs cadaver model. The 
results are intriguing because they support the 
idea that learning with feedback is important, 
whereas the exact model may be less important, 
as learning occurred in an artificial model – saw-
bones, just like it did in the cadaver. A more 
recent study by Sundar et al. [16] generally repro-
duced these results in a single-program study in 
neurosurgical residents and students. Again, nav-
igation-assisted cadaver and sawbones training 
session in spinal screw placement was performed, 
this time including pedicle screws as well. No 
comparison was made between cadaver and saw-
bones, but trainees who experiences the practical 
sessions demonstrated better performance than 
those who received only theoretical instruction. 
Although the result is intuitively expected, such 
validation of construct is important in order to 
justify the notable investment in simulation [16].

These studies suggest that using sawbones and 
existing 3D navigation can be a reasonable and 
inexpensive approach to simulation, though the 
approach is limited to basic training in spinal 
screw placement. More sophisticated procedures 
(percutaneous placement, soft tissue, anatomical 
variants) require more complex simulation. 
Moreover, optimal training must extend beyond 
initial exposure to the anatomy and the technique, 
into scenario-based training [17]. None of the 
mixed reality models above can accommodate 
such training. Thus, a rather sophisticated system 
to integrate physical models with sensors and 
capability for evaluation were developed and 
described by Aderman et al. [17] – the simulator 
consists of synthetic bone structures, synthetic 
soft tissue, and an advanced bleeding system. 
The simulator includes sensors for pressure and 
traction on the artificial nerve roots and dura. The 
article mentions good satisfaction with realism, 
as well as acceptance of the objective scoring and 
correction [17]. Intensive development of mixed 
reality models promises good realism and haptic 
feedback; but they require extensive development 
or soft and hard tissue-simulating materials [6, 
17]. However, more sophisticated systems will 
tend to increase in price, and thus the cost of 

repeated practice will be high, although such 
 repetitions are central to acquisition of surgical 
skill. Moreover, the cost of development of each 
training module is high when new hardware 
needs to be designed and manufactured. The 
advantage of highly sophisticated models with 
optimal haptic feedback over simpler ones has 
not been proven in comparative studies.

 Computerized Simulations

If the goal of the training session is only visual-
ization and learning of surgical anatomy without 
the expectation of haptic feedback or complex 
interactions with the tissues – a simpler comput-
erized approach may be adequate. Indeed, a lot 
can be accomplished using game-like software 
and available high-resolution imaging files. An  
early attempt at this approach was desktop-based 
software to provide visualization of insertion of 
pedicle screws as part of training. It used pre-
defined images and demonstration of insertion, 
without haptic feedback and not yet based on real 
scans of the patients [18]. Podolsky et  al. inte-
grated a three- dimensional computer-based sim-
ulation for pedicle screw insertion into a cadaveric 
spine surgery instructional course. The tool was 
positively regarded by the participants, but “the 
limited training with the simulator did not trans-
late into widespread comfort with its operation or 
into improvement in physical screw placement” 
[19].

Simulation and Visualization Research Group 
[20] performed a relatively sophisticated simula-
tion without haptics for residents in an orthope-
dic program. As a step toward virtual reality 
(VR), it generates images from a CT scan and 
guides the trainee to learn to use virtually gener-
ated 2D fluoroscopy to correctly guide the pedi-
cle screw. It basically teaches how to use the 2D 
fluoro guidance. The single-center experience 
was reported as “positive” [20]. Indeed, such 
simulation can potentially teach the key skill 
required for correct adjustment of pedicle screw 
trajectory based on the 2D fluoro image. For 
those surgeons who rely on such images for sur-
gery, this is an adequate training platform. The 
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system offers no 3D visuals, no ability to remove 
tissue, and model or  pre- do complex cases, and it 
provides no haptic feedback from the interaction 
with the bone or other tissues. The great advan-
tage is the very low cost of repetitions. For some, 
this will be adequate adjunct to training, though 
the benefit still needs to be demonstrated.

 Toward True Virtual Reality: 
Immersive Simulation

We have reviewed a variety of training and teach-
ing methods and even ways to prepare for specific 
operations, which were called “simulation.” 
However, the final frontier of simulation is the full 
VR operative experience. As is often the case, ter-
minology has not been uniform or clear. Fully 
computerized surgical experience has been called 
“virtual reality” [21], or sometimes “augmented 
reality.” I feel that current technological capabili-
ties fall short of complete virtual reality, because 
of limited realism. Nevertheless, simulation that 
includes 3D visuals, haptic feedback, and the abil-
ity to interact with the tissue by cutting, drilling, 
etc. exists already. It may be called “immersive 
simulation,” or partial/imperfect virtual reality. 
This technology provides the best if not the only 
opportunity to reach progressively improved real-
ism and true virtual reality. Rather than trying to 
find a system of software or hardware to solve a 
particular training problem or prepare for a par-
ticular operation, a fully computerized virtual 
reality system allows us to define a complete set 
of general curricular goals for simulation, for 
spine surgery as well as other surgical procedures, 
and for open as well as endoscopic and microsur-
gical approaches. VR allows us to think of a com-
plete set of requirements for the ideal surgical 
simulation program. We can try to define our 
goals and then see whether VR is really moving 
toward these goals or is just the great future prom-
ise that will always remain in the future.

The ideal simulation for surgery  – and by 
extension for spine surgery – will play the same 
role in surgical training and certification that sim-
ulation plays in pilot training and certification. It 
will have adequate realism in terms of 

 visualization and haptic feedback, large variety 
of  simulated procedures, and a large library of 
anatomical and pathological variants. There will 
be interaction with tissue  – cutting, drilling, 
placement of screws, with tissue removal and 
retraction  – to enable simulation of procedures 
such as a laminectomy or a tumor removal, as 
well as instrumentation. The device will be able 
to measure and record performance and guide the 
trainee up an ascending ladder of performance 
levels. A library of cases and anatomical variants 
will be integrated. The device will be able to 
present scenarios and crisis situations and will 
have stored set of scenarios and the ability to 
integrate guidance and evaluation by an instruc-
tor. Naturally, there will be the capacity for 
unlimited number of attempts/unlimited rehearsal 
without additional cost except for time.

Virtual reality faces challenges related to preci-
sion, natural feeling, feedback, and evaluation. 
The barriers are technological, but there is no theo-
retical limit to quality of VR.  As such, with the 
improvement in immersive simulation on the way 
to true virtual reality, other methods of simulated 
surgery  – artificial tissues, partly computerized 
systems, and eventually even cadaver-based surgi-
cal laboratories, are likely to become obsolete. We 
are far from this point, but over the past decade, 
significant strides were made in the direction of 
real virtual reality simulation for spine surgery.

An early example was a spine needle biopsy 
simulator, based on visual and force feedback [22]. 
The simulation remained limited and did not pro-
duce a more versatile simulation device, because 
serious technological issues had to be overcome. 
The creation of the 3D model in the computer, with 
rich and realistic coloration, and smooth continu-
ous surfaces for haptic interaction proved difficult. 
The available data  – such as DICOM files, even 
when acquired at a high resolution typical of surgi-
cal navigation cases, is not sufficient in raw form. 
The surface will appear discontinuous to the haptic 
device. Movement of the spine, and other interac-
tions, requires additional processing and data anal-
ysis. Moving virtual surgical tools within that 
space, interacting with the tissue, and co-localizing 
the perceived position of the virtual tool with the 
location of the tissue in the virtual space all require 
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extensive computer science research. So did 
 generation of surface mesh and segmentation of the 
image into vertebrae [23] [24].

Our group started working on spine simula-
tion in 2009–2010, basing the development on an 
immersive surgical simulation system already in 
use at the University of Illinois at Chicago (UIC). 
The system consists of a computer with advanced 
video card, proprietary software, one or two 
robotic arms for performance of procedures and 
haptic feedback, and a high-resolution inverted 
computer screen, viewed by the operator or 
trainee through a semitransparent glass surface 
which provides a reflection of a 3D model. The 
image is viewed through 3D glasses, which have 
a position sensor and can track the motion of the 
head of the operator, so that it is possible to look 
at the virtual model from different directions 
(Fig.  18.1). The system was developed at UIC, 
for a variety of educational applications – neuro-
surgical, ophthalmological, and others, and the 
spine modules were developed with the assis-

tance of the author, at the University of Chicago 
and UIC.  The earliest immersive spine simula-
tion was that of thoracic pedicle screw place-
ment  – a relatively common and anatomically 
challenging component of spine surgery and a 
good target for simulation-based training. A pre-
liminary idea was discussed among the surgeons 
and the engineers, a prototype developed using 
images of a real spine, without gross pathology. 
The procedure was refined by an iterative process 
involving the surgeons and the engineers. Then 
the teaching module was validated using local 
residents and then a national sample, in this 
case  – the Top Gun competition at the AANS 
[25]. Fifty-one fellows and residents performed 
thoracic pedicle screw placement on the simula-
tor. The virtual screws were drilled into a virtual 
patient’s thoracic spine derived from a computed 
tomography data set of a real patient. The full- 
color 3D image could be rotated and viewed from 
different directions. The trainee would drive a 
virtual drill into the pedicle, and then the system 
placed a screw in the same trajectory and to the 
same depth. With a 12.5% failure rate, the perfor-
mance accuracy on the simulator was comparable 
to the accuracy reported in literature on recent 
retrospective evaluation of such placements. The 
failure rates indicated a minor drop from practice 
to test sessions and also indicated a trend 
(P = 0.08) toward learning retention resulting in 
improvement from practice to test sessions. The 
performance accuracy showed a 15% mean score 
improvement and more than a 50% reduction in 
standard deviation from practice to test. It showed 
evidence (P  =  0.04) of performance accuracy 
improvement from practice to test session. This 
study demonstrated the face validity of our simu-
lation  – trainees were able to perform pedicle 
cannulation at a success rate similar to that for 
thoracic pedicle screw placement reported in the 
literature. Preliminary construct validity  – that 
learning was occurring – was also demonstrated. 
However, since the learning pertains to the 
model  – transfer to real life is not proven. The 
realism was also not complete in the early simu-
lation – as in reality a pedicle finder is the most 
common initial tool that defines the trajectory of 
the placement of the screw.

Fig. 18.1 The immersive simulation device. Seen are the 
box that contains the screen and robotic arms, as well as 
the foot pedal controllers, a 3D screen on top for addi-
tional viewers (Used with permission of ImmersiveTouch)
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The next phase was to establish training 
 modules for percutaneous pedicle cannulation 
with a virtual Jamshidi needle. The percutaneous 
simulation used a more realistic setup compared 
to the initial thoracic screw module. It included 
penetration of the skin and then the bone with the 
heavy needle, virtual fluoroscopy, and the ability 
to change transparency of the tissues for chang-
ing the level of difficulty of the procedure 
(Fig. 18.2) [26]. Sixty-three fellows and residents 
performed needle placement on the simulator in 
our study. A virtual needle was percutaneously 
inserted into a virtual patient’s spine derived 
from an actual patient computed tomography 
data set. Ten of 126 needle placement attempts by 
63 participants ended in failure for a failure rate 
of 7.93%. From all 126 needle insertions, the 
average error (15.69 vs 13.91), average fluoros-
copy exposure (4.6 vs 3.92), and average indi-
vidual performance score (32.39 vs 30.71) 
improved from the first to the second attempt. 
The experiments showed evidence (P = 0.04) of 
performance accuracy improvement from the 
first to the second percutaneous needle placement 
attempt. This result, combined with previous 
learning retention and/or face validity results of 
using the simulator for open thoracic pedicle 
screw placement, supports the efficacy of immer-
sive simulation with haptics as a learning tool.

A key advantage of the fully computerized 
simulation is the ability to add modules and 
answer curricular challenges without building a 

new device or adding new hardware. Only new 
images need to be loaded and new software writ-
ten. The key component becomes preparation of 
curriculum and the iterative process of develop-
ment  – surgeons and engineers together. In 
response to the inclusion of lumbar pedicle 
screw placement in the SNS Bootcamp2, and the 
proposal to include the computerized simulation 
in the program, an open pedicle screw placement 
module for the lumbar spine was developed 
(Fig. 18.3, Video 18.1). It included the use of a 
virtual pedicle finder for greater realism, but oth-
erwise was similar to the thoracic model. 
Additional upgrades included a screen with 
greater resolution. Part of the development of the 
new module was its validation in a group of 
trainees. This time, rather than a national neuro-
surgical course, a group of medical student vol-
unteers was chosen by Gasco et  al. [27]. 
Twenty-six senior medical students anony-
mously participated and were randomized into 
two groups (A  =  no simulation; B  =  simulation). 
Both groups were given 15  min to place two 
pedicle screws in a sawbones model. Students in 
Group A underwent traditional visual/verbal 
instruction, whereas students in Group B under-
went training on pedicle screw placement in the 
simulator. The students in both groups then 
placed two pedicle screws each in a lumbar saw-
bones models that underwent triplanar thin slice 
computerized tomography and subsequent anal-
ysis based on coronal entry point, axial and 

Fig. 18.2 Percutaneous transpedicular placement of 
heavy needle (Jamshidi style) – simulation relevant to per-
cutaneous instrumentation or vertebroplasty. Realistic 
anatomy based on real patients and ability to vary tissue 
resistance, coloration, and transparency to optimize real-

ism while allowing for progressive learning of anatomy 
and changing the level of difficulty (a) starting screen 
with opaque skin and (b) lateral cut visualization for ori-
entation and feedback (Used with permission of 
ImmersiveTouch)
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sagittal deviations, length error, and pedicle 
breach. The average number of errors per screw 
was calculated for each group. A total of 52 ped-
icle screws were analyzed. The reduction in the 
average number of errors per screw after a single 
session of simulation training was 53.7% (P  =    
0.0067). The average number of errors per screw 
in the simulation group was 0.96 versus 2.08 in 
the non-simulation group. The simulation group 
outperformed the non-simulation group in all 
variables measured. The three most benefited 
measured variables were length error (86.7%), 
coronal error (71.4%), and pedicle breach 
(66.7%). Computer-based simulation appeared 
to be a valuable teaching tool for non-experts in 
a highly technical procedural task such as pedi-
cle screw placement that involves sequential 
learning, depth perception, and understanding 
triplanar anatomy.

Current immersive computerized simulation 
already meets some of the requirements for an 
ideal training system: unlimited repetition, objec-
tive scoring, game-like environment and engage-

ment, progressive acquisition of skills, and the 
ability to run a library of cases of various degrees 
of difficulty enabling progressive training. 
Inherent to the fully computerized immersive 
simulation is the ability to “gamify” training. 
Each module, each procedure can be designed 
with adjustable levels of difficulty and gradual 
progression of learning. Even before moving to a 
more difficult case in a library, training can be 
made progressive by varying the use of virtual 
X-ray, changing the transparency of tissues, 
showing landmarks and other guiding instruc-
tions on the screen, etc. All these are already part 
of the immersive simulations. Multiple scenarios 
with background history and complications can 
be programed. Current immersive simulation 
allows for bone-drilling simulation with bone 
removal. The fully computerized platform gener-
ates its virtual patients from high-resolution med-
ical imaging like MRI or CT of the same type 
used for operative navigation. This offers the 
potential for integration and preoperative 
planning.

Fig. 18.3 The lumbar screw placement module, in the 
configuration used at the SNS course (a) using a pedicle 
finder, (b) selecting a screw, (c) feedback with virtual 

X-ray and cross cut – virtual dissection for feedback and 
orientation (Used with permission of ImmersiveTouch)
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However, current immersive simulation only 
qualifies as partial VR.  It is still difficult to 
achieve good realism; many surgical steps are 
hard to simulate on a computer. Haptic feedback 
has value in VR simulation, making it a true VR, 
yet it is very difficult because of the very high- 
quality source images required, and the limita-
tions of the robotic arms  – the less expensive 
lack freedom of movement and realism of tissue 
resistance, and the more advanced robotic arms 
are very expensive. In spine, the problem is 
exacerbated by the varying nature of the tis-
sues – ranging from soft fat, fluid to bone. The 
haptic interaction and visual deformation are 
very different, with sharp transitions from soft to 
hard that are difficult to simulate with electronic 
equipment. Current limited virtual reality simu-
lation has demonstrated feasibility, face validity, 
and construct validity. Ongoing work by us and 
other groups includes realistic bone milling with 
6 degrees of freedom of movement for the vir-
tual drill [28] and varying tactile response and 
visual texture for bone drilling [29]. Notable 
progress has been made even since the latest. 
The current version of the lumbar laminectomy 
and pedicle screw placement meets the curricu-
lar criteria established by the Society of 
Neurological Surgeons for this simulation at 
Bootcamp2.

 General Lessons and Future 
Directions

Over the years of development, simulation has 
made great inroads into surgical training. It has 
not yet replaced cadaver dissections, but a greater 
realization of the advantages of using a variety of 
methods for surgical education is evident [1]. The 
importance of a structured curriculum has been 
emphasized [13, 30]. We also learned that junior 
residents benefit most from simulation [30], 
which is expected, and this has been our experi-
ence as well. Cadaveric sessions will not remain 
the “golden standard,” as they do not meet most 
of the criteria for ideal simulation. They represent 
authentic human anatomy but fail on other 
aspects. However, despite the recent progress and 

new publications, if we exclude cadaver-based 
surgical labs, the field of simulation for 
 neurosurgical training is still in its infancy. This 
is particularly true for spine surgery. Much prog-
ress is needed, and I believe much of it will come 
from advances in fully computerized simulation. 
Key future directions can already be discerned 
from the technological perspective:

• One promise of computerized VR is the ability 
to rapidly create a VR model of the difficult 
case and perform the operation in virtual real-
ity before the actual procedure. Ideally, the 
rehearsal images and pre-done case will some-
day be seamlessly integrated into the intraop-
erative navigation.

• There is a trajectory of improving perfor-
mance and realism of computerized models. 
Increased realism of interactions with the 
bone is already in development. This will be 
followed by increasing realism in interaction 
with soft tissues.

• The utility of immersive computerized simu-
lation training is cumulative, with expansion 
of user/training libraries of various anatomical 
deformations and variants and the generation 
of detailed curricula for a wide range of spinal 
procedures.
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 Introduction

Epilepsy is one of the most common, chronic, 
serious neurological disorders with the prevalence 
estimated at 0.5–1% [1, 2]. It affects approxi-
mately 3 million people in the United States [3] 
and more than 65 million people in the world [4]. 
Antiepileptic drugs are the mainstay of epilepsy 
treatment; however, one-third of patients with 
epilepsy become medically intractable [5–8] 
requiring neurosurgical evaluation and possible 
intervention. Epilepsy is associated with consid-
erable morbidity and mortality [9]. The incidence 
of sudden unexplained death in patients with epi-
lepsy is reported to be 2–5 per 1000 person-years 
in chronic epilepsy and up to 9 per 1000 among 
candidates for epilepsy surgery [10]. Surgical 
treatments of epilepsy include open resection or 
lesionectomy, open destruction or disconnection 
of epileptic brain tissue, laser interstitial thermal 

therapy, and neuromodulation including deep 
brain stimulation, responsive neurostimulation, 
and vagus nerve stimulation. Epilepsy surgery is 
now widely accepted as an effective therapeutic 
option in carefully selected patients [11–15] and 
should be considered for patients with drug- 
resistant epilepsy and disabling seizures [16] in 
the hope of achieving seizure control. Therefore, 
there is an obvious need for neurosurgeon to learn 
these surgical techniques for the treatment of 
patients with epilepsy.

The surgical approach for epilepsy depends on 
many considerations, including focal or general-
ized seizures, localization and extent of the epilep-
togenic zone, MRI findings, preoperative 
monitoring, and balance of risk and benefit of pro-
cedures [17]. For appropriately chosen patients, 
anterior temporal lobectomy is gold standard in 
the treatment of temporal lobe epilepsy caused by 
hippocampal sclerosis [18–20]. However, 5–11% 
of epilepsy surgery is associated with complica-
tions, including dysphasia, memory decline, and 
hemiparesis [16]. Moreover, it has been reported 
that seizure recurred in approximately one-third of 
these seizure-free patients after temporal lobec-
tomy during a 5-year follow-up [21].

The field of epilepsy has undergone remarkable 
transformation in the recent years due to advance-
ment in science technology and development of 
novel devices. Magnetic  resonance- guided laser 
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interstitial thermal therapy (MRgLITT) with 
Visualase technique (Medtronic, Minneapolis, 
MN) has been developed as a minimally invasive 
therapy for selected patients with mesial tempo-
ral lobe epilepsy. It potentially decreases the risks 
and complications associated with an open surgi-
cal procedure [22, 23]. It has been reported that 
stereotactic laser ablation of the amygdala and 
hippocampus resulted in meaningful seizure 
reduction in 77% and freedom from disabling 
seizures in 54% of patients [23]. Clinical study 
also suggests that MRgLITT provides outcomes 
comparable to resection in patients older than 50 
[22]. Laser ablation of an epileptogenic focus has 
its advantages as compared to open surgery, such 
as less invasive procedure, precise targeting of 
the seizure- producing focus, least damage to and 
minimal disruption of healthy brain tissue, and 
reduction of hospital stays and costs [24, 25]. 
MRgLITT may offer a valuable therapeutic 
option to reduce the frequency and severity of 
seizures and improve the quality of life of the 
patients [26]. Moreover, as the indications for 
MRgLITT rise, the opportunity to do traditional 
temporal lobectomy is decreased.

However, MRgLITT is a technically sophisti-
cated procedure that requires thoughtful judg-
ment, technical expertise, meticulous focus, and 
fellowship training to minimize risks to patients. 
Moreover, high level of functioning in patients 
with temporal lobe epilepsy and esoteric inter-
ventions of laser ablation procedure performed in 
fewer medical centers has prevented hands-on 
training for neurosurgery residents. Therefore, 
improvement in such training and education is 
very important for both neurosurgery residents 
and ultimately patient safety. Working-hour 
restrictions of residents make it necessary to 
deliver high-quality training to surgeons in less 
time while ensuring optimal patient outcomes.

Simulation involves the use of models as a 
means to practice difficult procedures. It has 
been reported that simulation can provide 
appropriate training for neurosurgeons and 
allow them to obtain surgical skills and knowl-
edge in a safe environment. This chapter focuses 
on the simulation of laser ablation of amygdalo- 
hippocampectomy for treatment of mesial tem-

poral epilepsy, which may be able to provide 
residents with realistic learning environment for 
improved performance of this procedure.

It has been clear that the ideal place for the 
initial acquisition and refinement of surgical 
skills, including MRgLITT, is not in the operat-
ing room. Moreover, it is required that neurosur-
geons master fundamental technical skills in 
order to provide safe patient care. Simulation- 
based training enables surgeon to reproduce the 
MRgLITT techniques in a safe and protected 
environment. Simulation is diverse as a concept, 
including virtual reality (such as computer simu-
lators), physical models (such as cadaveric mod-
els and synthetic models), and mixed-reality 
stimulator concerning on technical and nontech-
nical skills and knowledges. Simulation can serve 
as a useful platform for neurosurgeon training 
and provides surgeons with opportunities to 
refine techniques and enhance the safety and effi-
cacy of surgical procedures before the actual 
clinical practice. The deliberate study with simu-
lation would be an efficient learning strategy for 
MRgLITT procedure. The effectiveness of simu-
lation training can be evaluated by the trainee and 
facility members at the site. One of the advan-
tages of simulation is that surgeons can go back 
to simulation training repeatedly until they feel 
comfortable to perform laser ablation of epilepto-
genic focus to treat patients with epilepsy. 
Importantly, simulation training may help sur-
geons to avoid technical mistakes or failure, 
which may result in devastating consequences. 
Moreover, feedback from participants can also 
improve the simulation training course.

 Laser Catheter Trajectory Planning 
with Brainlab Software

Surgeons can be trained using virtual reality for 
surgical planning of MRgLITT.  The details are 
described as the following.

Laser ablation amygdalo-hippocampectomy 
requires high-level accuracy for accessing small 
and deep-seated target structures, the amygdala 
and hippocampus. We use the iPlan® Stereotaxy 
for target and trajectory planning (Software User 
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Guide Rev. 1.3 iPlan Stereotaxy Ver 3.0) for laser 
ablation amygdalo-hippocampectomy. The func-
tional planning workflow is recommended for 
this complex treatment, which requires careful 
and time-intensive preoperative planning. The 
advantage of the functional planning workflow is 
that the patients only wear the head frame for ste-
reotactic localization and during the final treat-
ment. Treatment planning includes loading and 
importing image data; registration of patient data 
including stereotactic localization, image fusion, 
anterior commissure (AC), and posterior com-
missure (PC) localization; planning trajectories; 
and checking and modifying arc setting.

 Stereotactic Localization

With the localization planning task, you can 
assign the localizer to the selected image set and 
perform stereotactic localization. Head CT and 
MR images can be used; we prefer to choose CT 
images. Stereotactic localization provides a spe-
cific coordinate system for Leksell or CRW frame 
in which it is possible to calculate the arc settings 
for a planned trajectory. Stereotactic localization 
should be performed prior to image fusion and 
planning trajectories.

To perform localization with head CT, you 
need to (1) select an image set from the “Image 
Sets” box in the functions area; (2) select a 
Leksell or CRW localizer from “Localizer” dia-
log, making sure to select the same head frame 
that is used during CT scanning; (3) localize the 
image set using “Assign Localizer”; and (4) care-
fully verify each slice in the main view to ensure 
that localization has been successful. The soft-
ware localizes the available slices and displays a 
status report of the localization. This provides a 
frame of reference for the slice set. Depending on 
the localization result, the color of the slices var-
ies in the catalog overview. Green indicates slices 
are successfully localized; yellow indicates slices 
have been localized, but precision is low due to 
one or more misplaced rod markers, poor image 
quality, or an inaccurate localizer geometry; and 
red indicates slices could not be localized. 
Localization depends on reliable hardware. If the 

localizer hardware is defective due to, for exam-
ple, bubbles in the rods, localization will not be 
possible. If the rod geometry of head frame is not 
correct, this can either cause localization to fail or 
lead to incorrect results. If slices are located 
beyond the localizer rod geometry and could not 
be successfully localized, select the relevant 
slices and click “Ignore.” The “Ignore” function 
allows you to localize slices with insufficient rod 
marker definition but does not delete slices from 
the localization. For failed localization, check the 
assigned localizer and if head CT is done in a cor-
rect way. If the wrong localizer has been selected, 
assign the correct localizer and repeat 
localization.

 Image Fusion

Image fusion allows you to fuse together two or 
more image sets with CT and MRI with auto-
matic fusion method. To do image fusion, first 
choose fusion pairs, and then activate automatic 
fusion. The software fuses the selected image 
sets together by shifting and rotating the images 
based on anatomical structures common to both 
image sets. Once the images are fused, you can 
visually verify the accuracy of the image fusion 
by dragging the spyglass area over important 
anatomical landmarks and comparing them at the 
two image sets. Usually the image fusion is very 
satisfactory. Once two image sets are fused, all 
targets and trajectories planned in one image set 
are visible in the other image set.

 AC and PC Localization

In AC and PC localization, the AC/PC system can 
be determined in midsagittal plane of T1 MR 
images. To define the AC/PC system, by clicking 
“Set AC/PC system” in the functions area, the 
default AC/PC system is displayed in the image 
views. To modify the AC/PC system, enable “Set 
AC/PC system,” place the mouse pointer onto the 
AC/PC system in the image views, click the 
mouse pointer and drag the AC/PC system to 
reposition it, or adjust planes by rotating image. 
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AC and PC localization is required for patient 
orientation, alignment of the reconstructed views, 
trajectory planning based on definable AC/PC 
coordinates, and matching of Schaltenbrand- 
Wahren atlas images to patient images. For laser 
ablation amygdalo-hippocampectomy, AC and 
PC localization is not necessary because targets 
can be visualized clearly.

 Stereotactic Planning

You need to know the anatomy of the amygdala 
and hippocampus well for stereotactic panning. 
To create trajectory, by clicking “New Trajectory,” 
you can name the trajectory, define a diameter for 
the trajectory in millimeters, and select a color 
for the trajectory.

It is better to give each trajectory a name so it 
can be clearly identified. To position trajectory, by 
clicking the “Target” button, click the amygdala 
on the image to place the target point, and by 
clicking the “Entry” button, click the occipital 
scalp on the image to place the entry point. Once 
a trajectory is added, it can be viewed and verified 
in the image views. To get arc setting, just click 
“Arc Setting.” To adjust values for the target coor-
dinates in millimeters and the angle parameter in 
degrees, enter the values in the fields provided, X, 
Y, Z, ring angle, and arc angle. Trajectories and 
depth position along the track can be viewed and 
verified with the probe view to make sure sulci 
and blood are avoided by surgical trajectory. 
Lastly, save treatment plan and exit iPlan.

 Surgical Techniques of Laser 
Ablation Amygdalo- 
Hippocampectomy

Surgeons can be trained using physical models 
for MRgLITT technique. The details are 
described as the following.

Laser ablation amygdalo-hippocampectomy 
is often used to treat mesial temporal lobe epi-
lepsy. In brief, the patient presented on the morn-
ing of surgery, and the Leksell stereotactic head 

frame is applied under local anesthesia in the pre-
operative area. Patients undergo a stereotactic 
head CT scan and MRI with the Leksell frame in 
place. These images are inspected for adequacy, 
exported to the Brainlab navigation system, and 
merged with one another. The accuracy of image 
fusion is confirmed by navigation to common 
anatomical landmarks. The surgical planning 
regarding the target for amygdala and hippocam-
pus and trajectory of laser probe are manually 
performed in three planes (Fig.  19.1). The 
Brainlab planning software provides us with the 
ability of optimizing the occipital entry point and 
linear trajectory through the long axis of the hip-
pocampal body and into the amygdala while 
avoiding vasculature in the sulcus and the cho-
roid plexus in the ventricle if possible. This pro-
duces an X, Y, and Z coordinates and arc and ring 
angle for the Leksell frame.

Patient is taken to the operating room, and 
fiber-optic intubation is performed. Patient is 
given a dose of intravenous antibiotics for surgi-
cal wound infection prophylaxis. Under general 
anesthesia, patient is placed in the semi-sitting 
position. Care is taken to pad all pressure points, 
and the left occipital region is prepped and draped 
in the usual sterile fashion. The Leksell frame is 
assembled according to preplanned coordinates, 
and the entry point is defined on the scalp sur-
face. This area is infiltrated with local anesthesia, 
and a small incision is made with a #15 blade. 
Then the arc and ring angles are reset and the 
Stryker drill guide is advanced to the bone sur-
face. The drill is introduced with a depth stop 
placed 1 cm beyond the edge of the cannula, and 
then a small twist drill craniostomy is performed. 
When the loss of resistance is encountered, a 
sharp stylet is placed through the appropriate 
reducing tube and the dura is coagulated and tra-
versed with this instrument. Next, the Visualase 
bolt is applied through the appropriate bushing 
and T wrench. Under fluoroscopic guidance, sty-
let is introduced through the Visualase bolt and 
slowly to the arc center. The Visualase laser fiber 
(Fig.  19.2) is introduced and monitored under 
real-time fluoroscopy until it is at the target and 
secured at the bolt with the screw tip.
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Patient is then taken down to MRI scanner, 
taking great care to avoid disruption of the laser 
fiber. Patient is carefully positioned within the 
transmit-receive coil, with head turned to the 
right side and care taken to pad all pressure 
points. In the MRI scanner, localizing and plan-
ning scans are obtained. The cooling system and 
laser were connected to the workstation. The 
safety regions in adjacent thalamus and cerebral 
peduncles were designated with temperature lim-
its to minimize off-target thermal damage to sur-
rounding normal tissue. A test dose with 30% 
laser power is undertaken to confirm MR images 
are set right and heating appears at both the right 
target and the tip of the cooling catheter. The 
70% laser power is then used for thermal abla-
tion. Using the Visualase software, laser is tested 
with a test dose and then an initial lesion is made 
in the first position. Estimate of the ablated tissue 

is provided by the software as shown by MRI 
thermography (Fig. 19.3), and based on the initial 
lesion, a second lesion is performed then after 
withdrawing the laser 10 mm. A total of four to 
six ablations need to be performed with sequen-
tial withdrawals, and some interval imaging is 
performed using FLAIR sequences to assess the 
lesion as it is partially completed. The lesions 
usually involve the amygdala, hippocampus, and 
parahippocampal gyrus. The ablation power and 
time may be different case by case. A T1-weighted 
image with gadolinium, FLAIR image, and 
diffusion- weighted images are performed to 
assess the full extent of the lesions prior to 
removal (Fig. 19.4). Following this, laser fiber is 
completely withdrawn, bolt removed, and skin 
incision closed with a suture. Patient is extubated 
and admitted to the intensive care unit for 
observation.

Fig. 19.1 Trajectory planning using Brainlab software for laser ablation amygdalo-hippocampectomy

Fig. 19.2 (a) laser cooling catheter and stylets; (b) simulation of laser ablation amygdalo-hippocampectomy
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Fig. 19.3 MRI thermography during laser ablation amygdalo-hippocampectomy

Fig. 19.4 Post-gadolinium MRI scan (a, sagittal; b, coronal) at the completion of laser ablation disclosed enhancement 
surrounding inferior amygdala and hippocampus, back to the level of the tectal plate
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In summary, this book chapter provides infor-
mation about simulation of laser ablation 
amygdalo- hippocampectomy for treatment of 
mesial temporal epilepsy, which may allow resi-
dents to acquire the knowledge and surgical skills 
in this regard in a safe environment.
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 Introduction

Technological advancement defines the practice 
of neurosurgery, perhaps more than any medical 
specialty. The advent of computed tomography in 
the 1972 revolutionized how we visualize the 
nervous system [1], and similarly, the develop-
ment of three-dimensional image reconstruction 
has allowed for dramatic changes in neurosurgi-
cal education, surgical precision, and even syn-
thetic implantation.

Perhaps the most fundamental change in 
neurosurgical imaging of recent history has 
been the invention of the computed tomography 
scan, prior to which physicians were limited to 
plain films and crude angiography. The initial 
version of the scanner was utilized in South 
London in hopes of better characterizing a 
potential frontal lobe tumor. The voxel dimen-
sion at the time was 3 mm × 3 mm × 13 mm [1]. 
Since its installation in the United States in 

1973, the use of this technology has grown dra-
matically, with 82 million procedures reported 
in 2016 and a spatial resolution of up to 
0.24 mm [2, 3].

Inception of magnetic resonance imaging 
(MRI) for clinical use occurred in a similar time-
frame, initially focused on the differentiation of 
tumors. In 1977, report of the first MRI scan was 
published [4]. This scan of the thorax utilized two 
magnets at 0.1 tesla each and produced a resolu-
tion of approximately 0.25 inches. In 2013, over 
33 million MRIs were performed in the United 
States [5]. The newest MRI technology boasts a 
7 T magnetic field and 0.2 mm spatial resolution 
and is utilized heavily for the brain [6, 7].

The natural consequence of these increasingly 
high definition two-dimensional images was 
their three-dimensional reconstructions. 
Mathematical algorithms are utilized in order to 
create reconstruction techniques that allow ren-
dering of a three-dimensional image. Common 
algorithms for three-dimensional rendering 
include maximum intensity projections, mini-
mum intensity projections, shaded surface virtual 
rendering, and multiplanar reconstructions [8].

Virtual and augmented reality now enhances 
both neurosurgical education and operative tech-
nique, specifically in their ability to simulate 
neurosurgical cases and surgical planning. 
Arguably, through the use of simulation, the 
quality of care and patient safety subsequently 
improve as well. Virtual simulators, such as 
ImmersiveTouch ®, have been developed for a 
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variety of procedures, such as ventriculostomy, 
bone drilling, hemostasis, trigeminal rhizotomy, 
aneurysm clipping, lumbar punctures, vertebro-
plasty, and percutaneous spinal fixation [9–19]. 
Studies conducted in which residents used this 
learning aid have shown positive effects on first 
time cannulation, improved percutaneous needle 
accuracy, and decreased fluoroscopy time. While 
ImmersiveTouch ® involves a cubicle-style 
workstation for training purposes, even more 
recent developments of virtual reality have uti-
lized more mobile structures, such as the 
Microsoft HoloLens ®, to aid in placement of 
extraventricular drains at the bedside [20]. The 
rapid progress in this arena is making such inte-
gration of technology into both training and prac-
tice a soon-to-be reality.

As the field of neurosurgery has advanced, so 
have the visualization techniques that are imple-
mented. In neurosurgery, a variety of new tech-
nologies have been introduced, which will be 
reviewed in this chapter. A sampling of these 
forms of visualization of operative anatomy and 
surgical simulation will be discussed, including 
three-dimensional visualization, stereoscopy, vir-
tual reality, augmented reality, and mixed reality 
platforms. Often, these technologies overlap and 
integrate multiple visualization modalities.

 Three-Dimensional Visualization

Two-dimensional formatting of imaging is the 
traditional viewing of studies. Magnetic reso-
nance imaging, computed tomography scans, 
conventional angiography, and ultrasound all 
present the acquired images in a two-dimen-
sional format on a computer screen. While the 
technological advances in visualization of the 
human nervous system expanded capabilities of 
neurosurgeons, severe limitations remain. 
Specifically, depth perception was an absent fea-
ture, and it has been this recreation of depth in 
imaging modalities that has led to three-dimen-
sional reconstructions.

In computed tomography, several algo-
rithms for post-processing segmentation and 

three- dimensional rendering for CT imaging 
have been developed: multiplanar reformations 
with maximum intensity projections or post-
processing reconstructions, such as surface 
rendering, volume rendering, and cinematic 
rendering. MRI has similar post-processing 
techniques for generating three-dimensional 
reconstructions. Three- dimensional render-
ing enhances viewing of pathology for phy-
sicians and surgeons; however, despite these 
advances, these reconstructions remain three-
dimensional projections on a two- dimensional 
workstation.

Various advances have attempted to circum-
vent this limitation: three-dimensional stereos-
copy, virtual reality, augmented reality, and 
mixed reality. These different modalities also 
incorporate varying degrees of immersion and 
interactivity. Several examples of these technolo-
gies will be explored in the next sections.

 Image Processing Software: 
Conventional Angiography and MRI

An example of software that provides automa-
tized, interactive, and editable three-dimensional 
reconstructions includes the Siemens ® syngo ® 
with DynaCT ® (Siemens, Erlangen, Germany) 
for conventional cerebral angiography [21]. This 
software provides an almost instantaneous three- 
dimensional reconstruction of the two- 
dimensional images captured. Because this 
software is based on defined user presets, no 
manual post-processing is necessary. This system 
synchronizes with the biplane angiography suite 
for endovascular procedures and allows for 
selected dimensions of the three-dimensional 
reconstruction to project to each C-arm for opti-
mal positioning. The literature describes several 
uses of syngo ® in neurointerventional cases, 
such as hypotensive balloon occlusion testing 
[22], the use of stent retrievers in acute stroke 
[23], cerebral aneurysm treatment with flow- 
diverter devices [24], and indirect measurement 
of arteriovenous malformation hemodynamics 
[25] (Fig. 20.1).
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Analogous to the image processing of syngo ® 
for conventional angiography, BrainSuite (UCLA 
and USC, Los Angeles, CA) is a  collection of 
open-source software tools that enable interactive 
and mostly automated image processing of data 
from human brain MRI [26]. This program 
extracts and segments layers of the cerebral cortex 
from standard DICOM files, processes this data, 
and uses joint surface and volume rendering for 
further analysis. An easy-to-use interface allows 
users to process, visualize, manipulate, and study 
imaging data. BrainSuite also contains a statisti-
cal toolbox, which supports additional analyses 
for research purposes. Multiple applications of 
BrainSuite have been published, particularly in 
magnetoencephalography and stereoelectroen-
cephalography in epilepsy and focal cortical dys-
plasia and also in atlasing neurological disease 
processes, such as Huntington, Alzheimer, and 
Rasmussen diseases [27–33]. More recently, a 
visualization technique for intracranial tumors 
and vasculature using BrainSuite software has 
also been described to generate interactive three-
dimensional reconstructions, utilizing standard 
MRI T1-weighted sequences with MR angiogra-
phy and venography [34]. However, BrainSuite 

has not yet been integrated into surgical planning 
or navigational usages.

 Three-Dimensional Stereoscopy

Stereoscopy creates an illusion of depth and 
three-dimensional structure within an image 
through binocular vision. This technique origi-
nated in the early nineteenth century with the 
invention of the Wheatstone stereoscope, and it 
has been developed over time for various indus-
tries, from entertainment to healthcare. Multiple 
virtual reality systems integrate stereoscopy to 
provide the desired depth perception. This visual-
ization form capitalizes on one feature of the 
complexity of human vision, called stereopsis, 
that uses horizontal disparities seen between two 
eyes to generate a perception of depth and rela-
tive distance. Stereoscopy produces this per-
ceived three-dimensional image through the 
presentation of dual, slightly different, two- 
dimensional images to each eye, subsequently 
processed in the visual cortex. However, this 
visualization modality imperfectly generates 
depth perception for several reasons, among 

Fig. 20.1 © Courtesy 
of Siemens® syngo®
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which: first, the image focus may not be adjusted 
appropriately among different items of varying 
distances from the viewer and, second, a mis-
match between convergence and accommodation 
to light for the viewer’s eyes due to disparity 
among the perceived object position and the 
actual light source creating the image.

 Surgical Microscope Applications: 
TrueVision ® and Trenion ®

TrueVision ® (Santa Barbara, CA) is a stereo-
scopic, three-dimensional high-definition visual-
ization system that displays the surgical field of 
view in real time on a flat-panel display in the 
operating room [35]. TrueVision ® has devel-
oped a digital surgery platform more recently uti-
lized in neurological microsurgery, which 
integrates applications for both existing surgical 
microscopes and a digital surgical microscope to 
replace the traditional optical surgical micro-
scopes. TrueVision ® software goes beyond the 
existing optical microscope software and creates 
digital surgical platforms, allowing the surgeon 
to integrate patient data with robotics, precise 
visualization, and intraoperative navigation. This 
software translates the existing surgical field seen 
through the microscope onto a three- dimensional- 
capable screen, which has twice the depth of the 
field over the optics. Small movements with this 
software translate to the wide image screen, 
enhancing deliberate instrument control. The sur-
geon then may record and edit three-dimensional 
videos of surgical procedures and integrate the 
images with patient data including CT, MRI, and 
cerebral angiography images (Fig. 20.2).

Zeiss Trenion ® (Dublin, CA) is a similar ste-
reoscopic, high-definition video system that inte-
grates with the OPMI ® PENTERO ® 800 or 900 
microscope to translate the existing surgical field 
viewed through the eyepiece of the microscope to 
a three-dimensional viewing screen [36]. This 
software enables surgeons to share three- 
dimensional images in real time with all mem-
bers of the operative team within the operating 
room, enhancing the educational experience 
overall. Three-dimensional visualization of the 

surgical field grants viewers with a more compre-
hensive and detailed understanding of complex 
surgical anatomy and surgical techniques.

 Stereoscopic Virtual Reality 
Simulators: Dextroscope 
and Dextrobeam

The Dextroscope ®, developed by Volume 
Interactions LTD (Bracco Group, Princeton, NJ), 
is a stereoscopic, virtual reality environment in 
which the user’s hands are immersed into patient 
data, allowing for more precise preoperative 
planning and practice of surgical technique [37]. 
The virtual patient is composed of computer- 
generated, three-dimensional multimodal images 
obtained from DICOM tomographic data, includ-
ing CT, CTA, CTV, MRI, MRA, MRV, PET, 
SPECT, functional MRI, and tractography. Using 
stereoscopic visualizations displayed via a mir-
ror, the user sees the patient floating behind the 
mirror within reach and is able to manipulate and 
rotate the patient using hand movements. One 
hand of the user holds a handle, which allows the 
three-dimensional image to be moved in space, 
and in the other hand, the user holds a pencil- 
shaped stylus, which is used to select a variety of 
instruments from a virtual control panel to per-
form detailed manipulations and operations on 
the three-dimensional patient image. Also 
designed by Bracco Imaging, the Dextrobeam ® 
replaces the mirror display of the Dextroscope ® 
with a different stereoscopic display, either a 
large monitor or projector, allowing for more 
interactivity and collaboration among both large 
and small groups [38]

The application of the Dextroscope ® in peri-
operative planning in neurosurgery has been 
explored extensively since its release. The 
Dextroscope ® employs an interactive, three- 
dimensional interface, called virtual intracranial 
visualization and navigation (VIVIAN), for 
coregistration of patient data and selective seg-
mentation of imaging studies into the bone and 
soft tissue [39]. The anatomy of the virtual reality 
productions has been compared to human cadav-
ers in several studies to validate the simulations 
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and to demonstrate its utility as an adjunct in edu-
cation and preoperative planning. For instance, 
the anatomy of the temporal bridging veins of 25 
patients in planning tumor resections across the 
petrosal crest were accurately simulated by this 
stereoscopic, virtual reality device when com-
pared to the 20 human cadavers [40]. Dextroscope 
® simulations have been investigated in a variety 
of neurosurgical scenarios, including operative 
management of sellar and skull base tumors [41–
44], gliomas within eloquent cortex [45], arterio-
venous malformations [46, 47], cerebral 
aneurysms [48–51], epilepsy [52], cranial nerve 
decompression [53, 54], spinal lesions [55, 56], 
and more.

 Virtual Reality

Virtual reality technology generates realistic 
images and sounds as well as other sensations, 
such as haptic feedback, to simulate three- 
dimensional, real, or imaginary, physical envi-
ronments to the user. Over the past decade 
especially, virtual reality has become increas-
ingly popular with both mainstream and specialty 

use and a plethora of applications. In addition, 
virtual reality head-mounted displays have been 
produced by multiple companies, and examples 
include Oculus Rift ®, Samsung Gear VR ®, and 
HTC Vive ®, among others. These headsets 
enable the user to observe and explore the virtual 
world, and more advanced technology involves 
interactive elements, including games and 
Internet connectivity.

Virtual reality may be visualized in multiple 
modalities: immersive, semi-immersive, or non- 
immersive configurations and interactive or non- 
interactive formats. Immersive technology 
stimulates the senses to create perceptually real 
sensations, including not only visual and audio 
cues but also tactile and olfactory information, 
whereas non-immersive modalities only allow 
the user to view the virtual world through a por-
tal or window. Importantly, immersion differen-
tiates from another term commonly used in this 
setting, presence. Presence refers to the subjec-
tive sensation of immersion of the user within 
the virtual environment, equating the virtual 
experience to a real one; it’s the “magic” of vir-
tual reality to suspend disbelief. Within interac-
tive platforms, users manipulate and engage the 

Fig. 20.2 © Courtesy 
of TrueVision ®
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virtual environment. Virtual reality further 
encompasses two emerging fields, augmented 
reality and mixed reality, which layer and inte-
grate virtual elements with the user’s real sur-
roundings and will be discussed in later 
sections.

In healthcare, virtual reality simulators have 
become incorporated in medical school curricu-
lums, residency training, and patient education. 
Specifically, neurosurgical training is evolving 
with the use of virtual reality, especially as the 
field faces challenges in patient safety and duty 
hour restrictions. The literature on virtual simu-
lators in graduate medical education focuses on 
basic procedural skill acquisition [57]; virtual 
simulations allow residents to learn anatomy, 
practice techniques, develop skills, and receive 
feedback, prior to introduction into the operat-
ing room [58]. Furthermore, it could accommo-
date preoperative planning, which may be 
integrated into intraoperative navigational sys-
tems. Virtual simulator modules have also been 
issued to teach the “fundamentals of neurosur-
gery,” including ventriculostomy, endoscopic 
nasal navigation, tumor debulking, hemostasis, 
and microdissection using the NeuroTouch ® 
device [59].

 Virtual Reality and Surgical Planning: 
Surgical Theater ®

Current virtual reality simulation software 
enables surgical training for both the novice and 
expert as well as preoperative planning and intra-
operative navigation by combining registered 
patient data with anatomical information from an 
atlas for a case-by-case visualization of known 
structures. Various virtual reality platforms have 
been described in the literature for surgical plan-
ning, including neurosurgical craniotomy local-
ization [60]. In neurosurgery, although numerous 
programs have been introduced, a well-known 
example of these simulators includes Surgical 
Theater ® (Mayfield, OH). The Dextroscope ® 
and Dextrobeam ® employ virtual reality visual-
ization for use in surgical planning and were dis-
cussed in the previous section.

Surgical Theater ® offers planning and navi-
gation software, called Surgical Planner (SRP) 
and Surgical Navigation Advanced Platform 
(SNAP), respectively, which generate interactive, 
immersive virtual reality reconstructions of 
patient-specific imaging data [61]. Surgical 
Theater ® integrates its own virtual reality medi-
cal visualization platform into these programs, 
Precision VR ™, which generates three- 
dimensional renderings from conventional two- 
dimensional imaging data, including CT, MRI, 
DTI, and more. Surgeons can both explore com-
plex anatomy and test techniques preoperatively 
using SRP and also apply patient-specific surgi-
cal plans during actual surgeries with 
SNAP.  These reconstructions can be viewed 
through tablet, wall-mounted, or virtual reality 
head-mounted displays, like the Oculus Rift ® or 
HTC Vive ®. An additional platform for Surgical 
Theater ® has been developed and evaluated for 
microsurgery, such as aneurysm clipping, called 
the Selman Surgical Rehearsal Platform [62]

 Immersive Virtual Reality 
Environment: The CAVE ™

Now in its second iteration, the original CAVE 
became the world’s first room-sized virtual 
immersive environment [63]. The first CAVE was 
a high-resolution three-dimensional video and 
audio environment invented at the Electronic 
Visualization Laboratory at the University of 
Illinois at Chicago in 1991. Graphics were pro-
jected onto three walls and the floor and were 
viewed with active stereo glasses equipped with a 
location sensor. As the user would move within 
the display boundaries, the correct perspective 
would be displayed in real time to achieve a fully 
immersive experience. This system used the 
Intersense IS-900 ultrasonic−/accelerometer- 
based tracking system and was powered by a 
single Windows machine with a fast Intel CPU 
and an NVIDIA Quadro Plex graphics engine.

Launched in 2012, CAVE2 Hybrid Reality 
Environment, also referred to as Next-Generation 
CAVE, expanded the capabilities of the original 
CAVE significantly [64, 65]. CAVE2 features 
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tiled LCD display walls, in contrast to the projec-
tion technology used in the original CAVE. The 
three-walled original CAVE grew to a 24-foot 
diameter and nearly 8-foot tall panoramic circu-
lar room with 18 columns of four 46-inch LCD 
screens, powered by a 36-node computer cluster 
connected to high-speed networks and  surrounded 
by 20 speakers. Furthermore, the wall of CAVE2 
can operate as a single screen or multiple smaller 
partitioned windows through the Scalable 
Adaptive Graphics Environment, which allows 
viewing of 2D and 3D information 
simultaneously.

The CAVE and CAVE-based systems have 
been introduced into the field of medicine over 
the past decade, and although it has not been 
implemented significantly in neurosurgery, there 
have been several breakthroughs within the neu-
rosciences in general. The CAVE2 has shown 
potential as a new visualization method for the 
prevention and treatment of stroke at the 
University of Illinois at Chicago [66]. Further 
work at this institute includes neural network 
mapping to identify connections responsible for 
depression [67]. A CAVE-based system has been 
applied in electron microscopy to study cellular 
compartments of neural tissues, which identified 
nonrandom distribution of glycogen and led to 
the further development of tools to analyze gly-
cogen clustering [68]. Additionally, the CAVE 
has been studied alongside a walking virtual real-
ity system for use in neurorehabilitation [69]. 
Recent work combining the CAVE with electro-
corticography recordings evaluated electrocorti-
cal signatures of brain monitoring of errors using 
first-person virtual avatars, specifically goal- 
directed behavior with fine-tuning of motor skill 
learning; this research could potentially be 
applied to the future development of brain- 
computer interfaces [70] (Fig. 20.3).

 Tangible User Interface for Virtual 
Reality Simulation: The Props-Based 
Interface and ANGIO Mentor ®

The props-based interface, first described by 
the University of Virginia in 1995, represents a 

tangible user interface (TUI) and relies on 
physical manipulation of handheld objects, or 
“props,” in free space, which are then synchro-
nized to virtual reality elements. The original 
visualization technique juxtapositioned human 
interaction with physical tools and computer-
based software, called Netra, for surgical plan-
ning [71]. Within the props interface, the user 
holds a miniature head in one hand and selects 
a tool, like a stylus, for the other hand to inter-
act with and cross- section the head to view the 
sample imaging study; thus, the computer soft-
ware integrates hand-coupled motion cues and 
relates them to the relative position on the min-
iature head [72]. This particular model grants 
six degrees of freedom of movement, allowing 
inspection of complex anatomy from multiple 
vantage points for the neurosurgeon (Fig. 20.4).

Other tangible user systems have been released 
since then. 3D Systems ® (Cleveland, OH), for-
merly Simbionix ®, has a variety of surgical 
simulators; in particular, ANGIO Mentor ™ rep-
licates the angiography suite with numerous 
endovascular procedures available for practice 
[73]. The ANGIO Mentor ™ simulator utilizes 
actual catheters and wires introduced through a 
port similar to the diaphragm of an arterial sheath. 
These catheters and wires then engage internal 
rollers that mimic force vectors expected from 

Fig. 20.3 © Courtesy of ImmersiveTouch ®
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the endovascular procedure and allow the user to 
practice the fine movement required to advance 
and navigate them. Joysticks and foot petals then 
recreate the control panel of the angiography 
suite to change bed position and to control the 
simulated fluoroscopy. ANGIO Mentor ™ pro-
vides hands-on training with more than 23 
 modules and 158 clinical case scenarios. With the 
addition of the PROcedure Rehearsal Studio ™, 
which visualizes patient-specific imaging studies 
and utilizes them for pre-procedure preparation, 
the number of training modules expands 
immensely. A recent study demonstrated 
improvement in skills of participants in conduct-
ing diagnostic cerebral angiograms, aneurysm 
coil embolization, and mechanical thrombec-
tomy [74]

 Immersive Virtual Reality Simulation 
with Haptic Feedback: 
ImmersiveTouch ® and NeuroTouch ®

ImmersiveTouch ® (Chicago, IL) was the first 
system to add haptic and kinesthetic feedback 
to existing augmented virtual reality in 2005 
and provides a host of neurosurgical simulators 
with which the user can engage. Several unique 

features, such as stereoscopic goggles, electro-
magnetic hand tracking, and a haptic stylus, are 
part of this teaching modality that allows for an 
interactive, three-dimensional training pro-
gram. Unlike surgery, students are able to use 
objective metrics to track their progress. Color 
indicators, numerical scores, and postoperative 
anatomical dissections allow the trainee to 
gauge accuracy, reliability, and progress. 
Simulations that have been published include 
ventriculostomy, bone drilling, hemostasis, tri-
geminal rhizotomy, aneurysm clipping, lumbar 
punctures, vertebroplasty, and percutaneous 
spinal fixation [9–19] ,and the capacity to dis-
criminate skill level has been proven in multi-
ple different simulations.

NeuroTouch ® is a virtual reality medical sim-
ulation platform developed by the National 
Research Council Canada, currently under 
license to CAE Inc. and called CAE NeuroVR ™ 
(Quebec, Canada) [75, 76]. NeuroVR ™ enables 
neurosurgeons and residents to practice a variety 
of open cranial and endoscopic procedures. 
Modules on tumor debulking, soft tissue dissec-
tion, bipolar hemostasis, and transnasal transs-
phenoidal approaches replicate instruments, 
imaging, and neurosurgical techniques. The sys-
tem consists of two monitors placed side by side 

Fig. 20.4 © Courtesy 
of ANGIO Mentor ®
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for stereoscopic visualization, and two haptic 
feedback devices mimic a variety of surgical 
instruments. NeuroVR ™ records objective oper-
ator metrics, such as anatomical landmarks, so 
that participants can track and improve their 
skills. Two studies assessing bimanual surgical 
performance and evaluating proficiency  measures 
in tumor debulking accurately discriminated 
level of training [77, 78]

 Virtual Reality Head-Mounted 
Displays: Oculus Rift ®, HTC Vive ®, 
Samsung Gear VR ®, and More

Virtual reality head-mounted displays (HMDs) 
consist of either a helmet containing or a strap 
securing a screen in front of one eye, referred to 
as a monocular display, or both eyes, a binocular 
display. Binocular HMDs afford stereoscopic, 
three-dimensional presentations of the computer- 
generated visual data. HMDs have become 
increasingly popular with mainstream use in a 
variety of forums, from gaming and engineering 
to medicine. Several companies have generated 
their own devices for distribution, including now 
Facebook-owned Oculus Rift ®, HTC Vive ®, 
Samsung Gear VR ®, and Sony PlayStation 
VR ®. HMDs offer both visual and audio compo-
nents, creating an immersive virtual reality, and 
often include interactive components, managed 
with a remote control. Newer HMDs connect 
with users’ smartphones, making them even more 
accessible to the general public. HMDs typically 
provide an individual user-driven experience, but 
future iterations for collaborative viewing and 
interaction among groups are currently under 
way. Both an advantage and limitation of these 
devices, HMDs often completely barricade the 
immersive, virtual environment from the physical 
world, which produces unparalleled presence but 
consequentially generally prevents their applica-
tion in augmented reality.

The development of medical applications for 
these devices remains in its infancy, especially 
within neurosurgery. A computer-based system 
has been introduced to produce an immersive 
learning experience for surgical education by 

recording the procedure with multiple depth 
cameras, generating a three-dimensional recon-
struction, and annotating the scene in spacetime 
with more information, all of which viewed 
through virtual reality headsets [79]. Surgical 
Theater ® implemented its program for surgical 
planning, which transforms traditional CT or 
MRI data into patient-specific three-dimen-
sional renderings, such that the interactive 
reconstructions may be viewed on a touchscreen 
device or through a virtual reality headset, such 
as the Oculus Rift ® or HTV Vive ®. 
BRAINtrinsic, an open-source virtual reality 
visualization system, explores connectivity of 
the central nervous system, and a novel system 
to explore the human connectome has been 
designed to be compatible with the Oculus Rift 
® [80]. A pilot observational cohort study inves-
tigated the use of Samsung Gear VR ® in hospi-
talized patients to reduce pain and anxiety [81]. 
Additionally, researchers have designed an 
immersive, user-centered wheelchair training 
system using Oculus Rift ® for patients with 
spinal cord injury [82].

 Augmented Reality

Augmented reality incorporates both a live view 
of the physical environment with computer- 
generated content, including video, graphics, 
sound, and more. Essentially, augmented reality 
takes the user’s view of the real world and layers 
digital information onto it, which may be through 
a projector or screen; however, in principle, the 
real-world and computer-generated content do 
not interact with one another. Medical uses of 
augmented reality range from vein finding for 
intravenous access to optical biopsy mapping for 
minimally invasive cancer screening [83, 84]. 
Siemens designed an early integration of aug-
mented reality into the medical field with a 
 stereoscopic video system for an interactive in 
situ visualization of three-dimensional medical 
imaging data [85]. In neurosurgery, augmented 
reality has been used in intraoperative neuronav-
igation as well as remote viewing of procedures, 
practitioner skills training, and patient education 
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[86–88]. In clinical practice, augmented reality 
has been incorporated into postoperative interac-
tions with patients [89] ,and it has also been 
introduced within a platform, called virtual 
interactive presence and augmented reality 
(VIPAR), for providing remote surgical assis-
tance in real time yet virtual interaction between 
a local resident and with a remote attending 
 surgeon [90]

 Augmented Reality Head-Mounted 
Display: Google Glass ®

Google Glass ® is arguably one of the most well- 
known augmented reality head-mounted displays 
that has been introduced to the medical field and 
specifically neurosurgery [91]. Google Glass ® is 
an optical head-mounted display, developed by X 
(formerly Google X), that provides users with a 
lightweight, smartphone-like, hands-free, voice- 
activated system, resembling a set of eyeglasses. 
The original Google Glass ® prototype was 
released on April 15, 2013; however, due to sev-
eral concerns regarding privacy and safety, the 
product was discontinued. It is currently set to re- 
release in 2017. It allows the user to access a 
wide network of information, including Internet 
material, images, and videos via WiFi or 
Bluetooth connections, and then overlays this 
information upon the physical, real world in the 
right upper corner of the user’s visual field. It also 
includes a touchscreen, which allows for swiping 
through a timeline-oriented display.

Google Glass ® has been tested in a variety 
of neurosurgical clinical settings and has dem-
onstrated several clinical, educational, and 
surgical applications, granting hands-free 
photo and video documentation with access to 
the electronic medical record and diagnostic 
laboratory results and test analyses [92]. In 
addition, it has been used as a teaching tool 
with live video broadcasting and with video 
recordings of surgical and angiographic proce-
dures used for viewing both during and after 
the procedure, enhancing residents’ and stu-
dents’ educational experience [93, 94]. In one 
study, Google Glass ® significantly improved 

neurosurgery residents’ comfort level and 
understanding of surgical procedures follow-
ing a thorough debriefing session reviewing 
the live video recording acquired through the 
HMD [93]. Google Glass ® also provides the 
surgeon with the opportunity to access neuro-
navigation throughout the procedure without 
turning their head away from the patient to 
view the navigation monitors [95, 96]

 Neuronavigation with Augmented 
Reality

Similar to standard image-guidance neuronaviga-
tion, augmented reality systems register patient- 
specific anatomical landmarks or fiducials but 
then project the information over the physical 
structure, whether it is the actual patient head or 
a phantom skull. It is important to note that the 
augmented reality technology utilized in neuro-
navigation is similar to mixed reality, which will 
be discussed in the next section, in that it can 
anchor computer-generated information to the 
physical environment through the device regis-
tration of the patient. However, it lacks real-time 
reaction to and interaction between the virtual 
materials itself to the real world, which stands as 
a necessary distinction.

Operations that utilize augmented reality 
require highly accurate integration of imaging 
data with the real patient. Investigators have 
developed a variety of augmented reality image- 
guidance systems. In one report, researchers 
designed an augmented reality system for image- 
guided neurosurgery using direct image projec-
tion onto a phantom head with a video projector, 
and in a follow-up study, this technique was used 
intraoperatively in five patients with tumors and 
found a mean projection error of 1.2 +/− 0.54 mm 
[97, 98]. Recently, the Intraoperative Brain 
Imaging System (IBIS) was introduced, which is 
a novel open-source image-guided platform 
using an optical tracking device attached to a 
video camera, intraoperative ultrasound for brain 
shift calculation, and augmented reality to facili-
tate the visualization of neuronavigation infor-
mation [99]. Augmented reality-based image 
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guidance has further been integrated into tablets 
and mobile devices to increase accessibility and 
ease of use in the operating room [100–105]

The utility of augmented reality in neuronavi-
gation has been examined within specific neuro-
surgical subspecialties, and studies have applied 
this technology within vascular procedures, 
tumor resections, endoscopic or skull base 
approaches, spinal fusions, and more.

Vascular An early system-generated three- 
dimensional vascular models, which were recon-
structed from CT or MR angiography and then 
overlaid those reconstructions on motion pictures 
from X-ray fluoroscopy by 2D/3D registration 
using fiducial markers [106]. A more recent itera-
tion and proof-of-concept study in rats augmented 
the neurovascular procedure with a real-time 
overlay of fluorescence videoangiography within 
the white light field of view of conventional oper-
ative microscopy [107]. Further studies have 
developed systems to integrate augmented reality 
in surgery for arteriovenous malformation resec-
tion [108–110] ,extracranial-intracranial bypass 
[111, 112] ,and aneurysm treatment [113]

Tumors An augmented reality-based neuronavi-
gation system using web cameras connected to 
infrared optical tracking sensors has been trialed 
in situ on one patient with glioblastoma and two 
with convexity meningiomas [114]. Another plat-
form with the DEX-Ray handheld video probes 
that overlaid transparent patient-specific MRI 
and MRV reconstructed on a Dextroscope ® 
workstation were successfully implemented in 
the resection of parasagittal, falcine, and convex-
ity meningiomas in five patients [115, 116]. 
Smartphone apps have been devised for the local-
ization of intracranial masses with a high level of 
accuracy for superficial supratentorial lesions, 
which could provide potentially low-cost, image- 
based augmented reality alternatives for frame-
less neuronavigation [101, 103]. Further, a 
tablet-based platform, called the Trans-Visible 
Navigator, has also been developed; it has 
achieved volumetric navigation, as opposed to 

standard point-to-point navigation, and has been 
tested in six patients for tumor resection [105]

Skull Base and Endoscopic Approaches  
Endoscopic augmented reality navigation has 
been described in the literature. An early sys-
tem projected patient-specific, three- 
dimensional virtual images from MRI or CT of 
the tumor and surrounding structures over the 
real-time, operative endoscopic view and was 
verified in 12 cases of endoscopic transnasal 
transsphenoidal pituitary tumor resection [117]. 
Another more recent augmented navigation dis-
play has been developed for endoscopic and 
skull base surgery, fusing endoscopic images 
with three-dimensional virtual images, such as 
superimposition of vascular structures through 
the endoscope, and when validated in cadavers, 
target registration error was 1.28 +/− 0.45 mm 
[118]. In addition, augmented reality-based 
neuronavigation has also been reported for the 
use for clival chordoma resection [119]. 
Augmented reality-navigated neuroendoscopy 
was further tested for intraventricular patholo-
gies, whereby operative planning included 
defining the entry points, regions of interests 
and trajectories, superimposed as augmented 
reality on the endoscopic video screen during 
the intervention [120]. As an additional exam-
ple of this technology in practice, researchers 
used an Android ® app, called Sina neurosurgi-
cal assist, for endoscopic evacuation of sponta-
neous supratentorial intracranial hematomas in 
25 patients [121]; another study similarly used 
an iPhone ® app for localization of basal gan-
glia hemorrhages for subsequent endoscopic 
evacuation [102]

Spine The literature on augmented reality neuro-
navigation in spinal procedures is currently 
sparse. Only one cadaveric laboratory study was 
identified at present, which employed intraproce-
dural three-dimensional reconstructions and 
examined augmented reality with optical camera- 
based navigation for free-hand thoracic pedicle 
screw placement [122]
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 Mixed Reality

Similar to augmented reality, mixed reality 
merges virtual elements with those in the real 
world; however, mixed reality technologies 
anchor virtual objects to a point in real space from 
the perspective of the user. However, as an impor-
tant distinction, mixed reality produces a visual-
ization where physical and digital objects interact 
with one another in real time; virtual elements 
receive feedback and respond according to their 
programmed purpose. For instance, some systems 
track the user’s eye movement, and those virtual 
objects not directly in field of view may appear 
blurred. Certain virtual elements may also layer 
with the real environment, such that a hologram 
placed in the corner of the room will appear to be 
behind furniture as the user moves and the view-
point changes. The goal of mixed reality is to 
establish a seamless integration between the vir-
tual and physical environment, creating the most 
realistic experience possible. The most recently 
released device that utilizes mixed reality is the 
Microsoft HoloLens ®, which will be discussed 
in this section. Other head-mounted displays will 
be released soon, including Acer ® and HP ® 
devices, which will hit the market in the summer 
of 2017.

 Holographic Mixed Reality Head- 
Mounted Displays: Microsoft 
HoloLens® and Beyond

The recent release of the Microsoft HoloLens ® 
in January 2015 presents a new and unexplored 
opportunity to the field of neurosurgery for tech-
nological advancement. This mixed reality holo-
graphic computing system allows the user to 
explore and manipulate interactive holograms. 
The Microsoft HoloLens ® incorporates virtual 
elements generated by the user within the sur-
rounding physical environment. It features an 
augmented reality operating system in which any 
Universal Windows Platform application may 
function (Fig. 20.5).

The medical application of this technology is in 
its early stages of development. Case Western 
Reserve University has pioneered the first use of 
the HoloLens ® in this setting. Their medical 
school integrated this technology into their anat-
omy course and small group presentations. Stryker 
Communications uses the HoloLens to custom 
design operating rooms with its clients and to build 
the “operating room of the future.” [123] Duke 
University became the first known institution to 
apply the HoloLens to neurosurgical practice by 
using a holographic projection of the ventricular 
system on a patient model for ventriculostomy 
training [20]. The HoloLens ® has also been 
recently implemented as a new image- guidance 
system for pedicle screw placement [124].

The Microsoft HoloLens ® carries immense 
potential for applicability in neurosurgery. 
Interactive holograms could be utilized in resi-
dent educational programs for the study of radi-
ology, anatomy, and surgical approaches; in 
patient care for case planning and decision- 
making; and in the operating room for image 
guidance.

Additional companies have soon-to-be 
released head-mounted displays for mixed real-
ity, including HP, Acer, and Lenovo, among oth-
ers. These models will be available at significantly 
lower cost compared to the Microsoft HoloLens 
®. These devices in particular will be priced 
around $300 to $400 for the developer editions, 
in contrast to the $3000 expense of the HoloLens 
® and will be built with the Microsoft reference 
design for mixed reality software [125]

Fig. 20.5 © Courtesy of Microsoft HoloLense ® 
(Attribution: https://news.microsoft.com/imageGallery/? 
filter_cats%5B%5D=2843#72QKI9r2kgsigYLo.97)
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 Future Directions

Future iterations of three-dimensional visualiza-
tion and virtual, augmented, and mixed reality 
will expand current applications to improve 
patient safety, resident education, operative plan-
ning, and surgical techniques and will further 
develop new uses. Like aviation training, pro-
grams will evolve to include simulations that not 
only allow the user to plot and practice surgical 
trajectories but also train in the management of 
emergencies, for instance, venous sinus injury 
with air embolism or intraoperative aneurysm 
rupture. Furthermore, virtual and augmented 
reality may become an integral part of research 
publications and presentations, comparable to the 
recent integration of operative videos in 
journals.

Additionally, these visualization strategies 
will likely become incorporated into the rapidly 
growing field of telemedicine. Using virtual real-
ity to enhance telemedicine and remote confer-
encing could improve stroke diagnosis and 
treatment by connecting emergency medical ser-
vices to stroke neurologists and then by routing 
to appropriate stroke comprehensive centers, and 
devices that provide three-dimensional viewing 
of the patient’s exam or imaging completed in the 
field could further complement the physician 
sign-out process. Telemedicine could bring 
remote audiences into the operating room to learn 
about a rare disease or new technique, as live 
video courses could be broadcasted in real time 
or as recordings to global audiences. Furthermore, 
as virtual interactive presence brought live surgi-
cal assistance remotely into the operating room 
[90] ,theoretically, teleoperation could even be 
possible with integrated robotics.

As the interactivity of this technology 
improves, gesture-based navigation of these plat-
forms, through XBox Kinect ® or similar prod-
ucts, could be incorporated in the operating room 
as well, allowing for sterile manipulation of the 
augmented or mixed reality devices. This type of 

touchless interface has been introduced already 
in navigating radiological studies [126–129]. 
Combining all these technological advances pro-
vides a wealth of potential to generate seamless 
integration between multiple devices in the oper-
ating room to view and interact with surgical 
plans, imaging studies, vital signs, and more 
simultaneously.

Robotics within neurosurgery is an additional 
emerging area in the field and ripe with potential 
and represents another possible technology in 
which to infuse augmented reality. A recent 
review on this topic discussed the literature avail-
able to date on robotic neurosurgery; spinal 
applications include pedicle screw placement and 
cranial procedures consist of deep brain stimula-
tor placement, laser thermal ablation, tumors, and 
endoscopic navigation [130]. The field can antic-
ipate that as visualization technologies advance 
so will that of robotics.

The horizon is the limit for the future of visu-
alization and simulation in neurosurgery. Not 
only did this chapter review the multitude of 
visualization modalities available to date, but 
also the discovery and development of new tech-
nologies remain unseen. Although this review 
was comprehensive, a variety of devices and soft-
ware currently in development were not dis-
cussed but may present opportunities for 
advancement within neurosurgery in the future. 
Several challenges persist within the field, how-
ever, to make the virtual or augmented reality 
both realistic and accurate, to improve depth per-
ception, to enhance interactivity and ease of use, 
to advance the ergonomics of the hardware, to 
streamline the automatization of the three- 
dimensional reconstruction, to decrease costs in 
the development and distribution of this technol-
ogy, and more. The goal to address and overcome 
all these challenges endures, and the ultimate 
outcome will produce an immersive, real-time 
rendering of patient information with intuitive, 
interactive features within an affordable, acces-
sible device.

20 Future of Visualization and Simulation in Neurosurgery
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 Introduction

Simulation exercises have become an integral 
part of modern military and aviation training, 
where the cost of the smallest mistakes in judg-
ment and technique can be costly and cata-
strophic. By comparison, surgical simulation 
training programs are not as well developed or 
validated but are gaining ground. Surgical simu-
lation is particularly needed in areas where tech-
nical expertise is required, but it is difficult to 
gain significant practice without creating danger-
ous situations for patients. Technical skill 
requires practice to build motor skills and situa-
tional awareness in all procedural vascular neu-
rosurgery. This includes both endovascular 
neurosurgery and open microneurosurgery.

Endovascular neurosurgery is a relatively 
young and technology-driven field. Early on in 
the growth of this field, dedicated efforts to pro-
vide learners with an introduction were much 
needed. As the field has developed, the dissemi-
nation of the knowledge regarding patient selec-
tion, proper planning, and techniques has become 
an ongoing necessity. The rapid pace of techno-
logical development has driven creative efforts to 
teach techniques via a number of different simu-
lation models.

The other side effect of this rapid technological 
development is that as more patients are treated 
with endovascular techniques, there are fewer 
cases available for open microneurosurgery. 
Furthermore, these endovascular techniques usu-
ally are sufficient to deal with cases where anatomy 
is straightforward. This means that the preponder-
ance of the open microneurosurgical cases is more 
technically difficult and today’s learners do not 
have the luxury of developing their open neurosur-
gical skills by completing easier surgical cases.

In this chapter, we review the history of the 
Neurosurgery Research and Education Foundation 
simulation courses and their overall description, 
and we focus attention on the vascular courses held 
at the Medical Education Research Institute. We 
will also discuss the outcome of these courses as it 
relates to residents’ satisfaction, improved techni-
cal skills, and transfer of surgical knowledge.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75583-0_21&domain=pdf
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 History of AANS/NREF Simulation 
Courses

The Neurosurgery Research and Education 
Foundation (NREF) was established by the 
American Association of the Neurological 
Surgeons (AANS) in 1980. Its mission has been 
to provide financial and academic resources for 
the promotion of research and training education 
in the field of neurosurgery. Since its foundation, 
the nonprofit organization has received over 
18 million dollars in funding. It has provided 135 
resident research grants and 76 post-residency 
clinical fellowships. It has organized 70 resident 
educational courses in different fields of neuro-
surgical subspecialties. These courses have cov-
ered the topics of spine (deformity and 
fundamentals), peripheral nerves, endovascular 
techniques, open vascular surgery, skull base sur-
gery, stereotactic radiosurgery, pediatric resident 
review, exit strategies for chief residents, science 
of practice, and stereotactic and functional neuro-
surgery (Table  21.1). The courses were estab-
lished in 2006  in cooperation with the AANS 
(Fig. 21.1). About 1700 residents have attended 

these courses, and they have represented most of 
American neurosurgical training programs 
(Fig.  21.2). With the development of different 
surgical and training technologies, more simula-
tion techniques have been incorporated into these 
courses. These techniques have significantly 
enhanced the interactive aspect of the courses, 
and the residents have expressed increasing 
enjoyment, satisfaction, and educational benefit. 
The AANS courses have demonstrated the pos-
sibility to integrate simulation techniques in neu-
rosurgical training.

The first endovascular neurosurgery course 
was established by Dr. Robert Rosenwasser for 
midlevel and senior neurosurgical residents in 
2006 (Fig. 21.2). This course has been held annu-
ally since then at the Medical Education and 
Research Institute in Memphis, TN. The original 
intent of the course was to provide neurosurgical 
residents with exposure to endovascular neuro-
surgery when most training programs did not 
provide this exposure. The faculty was composed 
of leaders in the field who worked with partici-
pating residents in both interactive-didactic ses-
sions and hands-on laboratory exercises. The 
laboratory exercises included a range of simula-
tion models which included live animals, silicon 
and glass models, and electronic simulators.

Endovascular techniques and technology have 
expanded terrifically, and this created a need for 
more simulation for open vascular neurosurgery. 
In 2011, Adam Arthur and Michael Lawton led 
the first open vascular neurosurgery course as an 
effort to meet this need. Neurosurgical residents 
were offered the opportunity to perform carotid 
endarterectomies on “living cadavers,” micro-
anastomosis of turkey wings under the guidance 
of experienced vascular neurosurgeons, and 
aneurysm clipping using the living cadaver 
model. The course was met with tremendous 
enthusiasm from participating residents, and 
demand for the course exceeded capacity.

Continuing assessment of the needs and 
desires of participating residents resulted in the 
merger of these two courses in 2013. This merger 
resulted in a course that included both open 
microsurgical and endovascular techniques over 
a 2-day period. While not a substitute for full 

Table 21.1 List of all the AANS Educational Residents 
and Fellows Courses

Course Years
Endovascular techniques for 
residents

2006–2017

Minimally invasive spinal 
techniques

2006–2008

Socio-economic issues 2006–2008
Pediatric neurosurgery review 2007, 2008, 2011, 

2013
Fundamentals in spine 2007–2017
Spinal deformity/PN 2008–2017
Peripheral nerves 2008
Cerebrovascular neurosurgery 2009–2017
Stereotactic radiosurgery 2009, 2010, 2012, 

2014, 2017
Skull base 2010–2012, 

2014–2017
Pain management 2010–2011
Endovascular techniques for 
fellows

2012–2017

Exit strategies 2013–2014
Science of practice 2014–2015
Stereotactic functional 2015–2016
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training, the intent of the course remains to 
expose residents to advanced techniques in an 
environment that fosters direct interaction with 
an expert faculty. The faculty is evaluated each 
year by the residents, and these evaluations are 
used to change the faculty, rewarding instructors 
who receive the best evaluations by inviting them 
to teach again the following year.

Erol Veznedaroglu and Adam Arthur estab-
lished the NREF Endovascular Techniques 
Course for Fellows in 2012. This utilized a simi-
lar format and philosophy but included three par-
ent specialties (neurology, neurosurgery, and 
radiology) both as course participants and fac-
ulty. The highest-rated instructor that first year 
was Alejandro Berenstein, who was invited to 
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become a course director and has done so since 
that first year.

 Role and Assessment

Since the birth of the field of neurosurgery, labo-
ratory research and training have been intimately 
intertwined with clinical practice. Harvey 
Cushing directed the Hunterian neurosurgical 
laboratory at Johns Hopkins Hospital with the 
goals of student education, physiological 
research, and training in surgical techniques. The 
anatomic features of the pituitary gland were 
described, and the fields of endocrinology and 
neurosurgery were established. Alexis Carrel per-
formed his first arteriovenous fistulas on dogs 
and promoted practice on animal models to refine 
vascular surgical techniques. Walter Dandy’s 
work in the laboratory and his focus on hydro-
cephalus and cerebrospinal fluid circulation 
paved the way for the development of pneumoen-
cephalography. Professor Yasargil devoted a year 
and countless hours for laboratory practice using 
animals and cadaver specimens as simulation 

models to develop and practice microsurgical 
techniques. He created a school of modern neuro-
surgeons who frequently attend the lab to teach 
anatomy, microsurgical approaches, and micro-
anastomosis through cadaveric dissections. 
Simulation has also expanded to the modern 
fields of endovascular surgery, stereotactic func-
tional surgery, radiosurgery, and spine surgery. 
With the rapid development of specific technolo-
gies and nuances, modern neurosurgeons are 
faced with the need for continuous training, 
updating, and refining of their skills to accom-
modate the rapid change in technology. Trainees 
are faced with potentially decreased hands-on 
surgical experience due to work hour restrictions 
and the augmented vigilance of the medico-legal 
system. The development of simulation tech-
niques provided excellent alternatives to prepare 
inexperienced residents with real-life surgical 
situations.

The NREF vascular courses provide a demon-
strable and significant educational benefit to resi-
dents and fellows. As part of a pilot study, seven 
neurosurgery residents with no angiographic 
experience took part in a 2-day course beginning 

Fig. 21.2 Faculty and participants of the first AANS Endovascular Course in 2006
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with didactic lectures, followed by multiple 
hands-on simulator training and practice ses-
sions. The faculty noticed obvious improvement 
in the residents’ skill and knowledge between the 
beginning and the end of the course. This positive 
role was observed not only by the teaching fac-
ulty but also by the residents themselves. The 
residents’ reviews spoke very highly of simula-
tion techniques, and many participants attest to 
the growth of their anatomical knowledge, tech-
nical skills, and confidence levels [1]. Due to the 
success of the pilot program, a 120-min. 
simulator- based training course was performed at 
two Congress of Neurological Surgeons Annual 
Meetings. Thirty-seven neurosurgery residents 
participated, and after the course, they showed a 
statistically significant increase in their posttest 
written and practical scores compared to the pre-
test scores (p < 0.001) [2].

Simulation-based boot camps have existed for 
some time within the field of general surgery. 
Participation in these boot camps has shown to 
significantly increase the clinical, anatomical, 
and technical performance of junior residents [3, 
4]. In 2010, the Society of Neurological Surgeons 
Boot Camp Fundamental Skills Course was cre-
ated to introduce important principles of neuro-
surgical care to postgraduate year 1 residents. 
Approximately 94% of residents attended the 
first course offered in 2010 and 99% of those 
residents believed the boot camp course benefited 
beginning neurosurgery residents and imparted 
skills and knowledge that would improve patient 
care. At 6 months, postcourse surveys completed 
by the attendees showed knowledge of items 
taught during the course were retained or slightly 
enhanced at a higher rate than items not taught in 
the course (p < 0.001) [5].

Spinal simulation has seen significant growth 
in the past few years. The University of 
Mississippi Neurosurgery Program created a 
minimally invasive spinal surgery simulator that 
was inexpensive and increased the confidence of 
neurosurgery residents performing a minimally 
invasive laminectomy [6]. In order to test the util-
ity of simulation training in pedicle and lateral 
mass screw placement, Sundar et  al. published 
the result of their a single blinded, prospective, 

randomized pilot study on the subject. Eight 
junior residents and two medical students were 
given didactic training on spinal anatomy and 
screw placement techniques. Half of each group 
were randomized to receive additional training 
with navigation software combined with cadav-
eric specimen and accessibility to Sawbones 
models. They found a statistically significant 
reduction in the overall surgical error in the group 
that received additional training compared to the 
group that only received didactic training [7]. 
Similar studies with junior orthopedic surgery 
residents using didactic lectures, Sawbones 
teaching models, and cadaveric specimens 
showed improvement in the accuracy of thoracic 
pedicle screw placement on follow-up testing [8].

The “live cadaver” model (Fig. 21.3) was cre-
ated to simulate aneurysm clipping and manage-
ment of intraoperative rupture. Twenty-three 
cadaveric specimens harboring 59 aneurysms (57 
artificial and 2 real) were used in 13 neurosurgi-
cal courses from 2009 to 2014. Ninety-one par-
ticipants (faculty and residents) completed a 
questionnaire to assess their personal experience 
with the model. Most of them agreed or strongly 
agreed that the model provided a valid replication 
of live conditions surrounding cerebral aneurysm 
clipping and situations of intraoperative rupture. 
Over 90% believed that the model helps with the 
acquisition of microsurgical skills and offers ben-
efits not available in other existing training mod-
els [9].

 Future Directions

A surgical simulation training curriculum was 
implemented in June 2012 at the University of 
Texas Medical Branch Neurosurgery Program 
and was shown to significantly improve profi-
ciency among residents, especially inexperienced 
junior residents. Cadaver simulations reported 
the highest benefit among resident surveys 
(72%), followed by physical simulators (64%), 
and haptic/computerized techniques (59%). The 
initial cost was estimated to be $342,000 with 
$27,900 annual expenses. Although the authors 
stated that their system worked well for their 
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 residents’ training needs, they also acknowledge 
that developing a formal approved curriculum 
would be challenging given that every training 
environment is different [10].

In a national survey of neurosurgery residency 
program directors, the vast majority (94%) now 
incorporate laboratory dissection into resident 
training. The vast majority (95%) also believe 
laboratory dissection is an integral component of 
training, but no respondent believed simulation 
could currently provide greater educational ben-
efit than laboratory dissection. However, approxi-
mately 48% of respondents do incorporate 
simulators into their residency program. 
Endoscopy was the most common (15.4%), fol-
lowed by microvascular anastomosis (13.8%), 

and endovascular (10.8%). Most respondents 
(89%) would support a national “suggested” dis-
section curriculum and manual. According to the 
program directors surveyed, virtual reality and 
other forms of medical simulation, in their cur-
rent form, are inadequate in replacing traditional 
forms of resident education. However, the field 
appears to be changing rapidly and still requires 
further investigation. [11] The NREF courses 
continue to provide a structured and cohesive 
program for study in both endovascular surgery 
and microneurosurgery as well as a range of other 
areas. It is clear that simulation is an important 
component of education on both new techniques 
and technologies and those that remain critical 
despite a lower case volume.

Fig. 21.3 (a–f) “Live Cadaver” with simulation of intraoperative “bleeding” and subsequent control with temporary 
clipping and aneurysm clipping

J. Vachhani et al.
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 Introduction

The objective of this chapter is to encapsulate the 
past, current, and future contribution to neurosur-
gical training in simulation from a European pro-
spective. This chapter does not touch advances 
related to outside the European continent.

 Comprehensive Healthcare 
Simulation from European 
Prospective

 The Value of Simulation in Medical 
Practice

As a medical professional committed to “first 
do no harm,” some experts argue that it is an 
ethical imperative to develop and use simula-
tors as a means to protect patients from being 
the “commodities to be used as conveniences 
of training” [1]. Neurosurgery ranks as the 
most liable specialty in all of medicine to mal-
practice, with 19.1% of neurosurgeons facing a 
claim a year [2]. A prospective study of 1108 
elective neurosurgery cases showed that 78.5% 

of errors were preventable and that the most 
frequent errors were technical in nature [3]. 
Yet, in a field such as neurosurgery that requires 
such high level of technical expertise, with 
large consequences for error, there are even 
fewer opportunities for younger trainees to 
practice on the most complicated cases, which 
may only be possible after finishing a neuro-
surgical residency at the independent attending 
level [4].

Historically, trainees have developed opera-
tive neurosurgical skills through the surgical 
apprenticeship model, following the old adage 
“see one, do one, and teach one” [5]. However, in 
recent years many factors have challenged this 
traditional apprenticeship model:

• Limitations on the working week hours of 
doctors were first started in the United States 
after the death of an 18-year-old female inpa-
tient in 1984, determined by a grand jury to be 
partly a result of long hours worked by unsu-
pervised interns and residents [6]. Similar 
changes occurred after the introduction of the 
European Working Time Directive, which 
limits the working week of junior doctors to 
48 h [6].

• The development of assistant surgical nurse 
practitioners has reduced learning opportuni-
ties in the operating room [7].

• The introduction of modernizing medical 
careers and subspecialization has further 
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reduced the surgical caseload of neurosurgical 
trainees [5].

• There is a classical ethical dilemma inherent 
in training. The patients are best served when 
operated by a specialist rather than a trainee 
even if the trainee is supervised by the special-
ist [8].

• Improving patient safety is obviously a very 
important ultimate goal; however even with 
the most established advances, there are no 
enough studies that simulation would affect 
the patient outcome [9–11].

Some authors have described the European 
Working Time Directive as a bureaucratic con-
straint hindering high-quality postgraduate train-
ing [12]. It may seem impossible to educate 
neurosurgeons to an even better standard than 
previously, with reduced training time and at the 
same time exponentially increasing complexity 
created by our scientific endeavors [8].

In the book Outliers, Malcolm Gladwell eval-
uated experts across multiple disciplines and 
concluded that the common theme among them 
is the accumulation of 10,000 h of repeated prac-
tice at a specific task [13]. Residency training in 
Europe with the current working hour restriction 
of 48 h per week over 6-year residency program 
will result in approximately 13,824 h of training, 
excluding 1 month vacation every year. However, 
most of this time is spent devoted to evaluating 
and treating patients and doing administrative 
work outside of the operating room.

Simulation has been postulated as a potential 
solution to the challenge of providing appropriate 
training in less time and represents a useful proxy 
measure for expert surgical performance [14].

 Simulation in Neurosurgery

The tides of postgraduate medical education in 
Europe are changing [8, 15]. The increasing com-
plexity of neurosurgery has surpassed the ability 
for a single neurosurgeon to master all theoretical 
and practical aspects of this specialty and pushed 
trainees toward subspecialization [8]. At the same 
time, there is a reduction in the resident/trainee 

working time to 48 h/week (including on calls) in 
the European Union [16], which contributes to a 
sense of need of additional training [12]. An 
additional challenge is that European residents in 
some countries have a less “hands-on” experi-
ence during residency than their counterparts in 
other European states [17]. In an international 
survey of neurosurgery program directors (PDs), 
only 15% European PDs felt confident that their 
senior residents could manage aneurysm by cra-
niotomy and clipping, in contrast to 75% of their 
North American counterparts [17]. Adding to the 
fact that some studies estimated that classical sur-
gical training in the operating room can cost an 
upward of $50,000 per graduating resident [18], 
simulation training presents an attractive alterna-
tive including Europe. A recent article mentioned 
that Russia currently has 50 simulation centers in 
medicine, with plans to increase that number to 
80 centers by 2017 [19]. Since simulation train-
ing sessions can be standardized and reproduced, 
it may be effectively included in testing, licens-
ing, and credentialing processes [20].

 Surgeons Are Made and Not Born

To answer the continuous debate about whether 
some surgeons are born great and experts or is it 
the hard work and commitment to continuous 
practice, Sadideen et  al. questioned Galton’s 
innate talent theory. He mentioned that two stud-
ies conducted on novice medical students and 
surgical residents, respectively, have shown 
competency after repeated practice on a simula-
tor [21, 22]. He also mentioned that testing the 
innate ability of an individual should be done to 
identify those who need extra training [23]. He 
concluded that although innate abilities play an 
important role in the development of surgical 
expertise, the literature suggests that the surgical 
experts are in fact “made,” not born which is the 
same conclusion given by Jasper Halpenny 
100 years ago [24].

As to surgery, surgeons are made, not born. 
The making process we call education. 
Education should commence when the child 
begins to use its hands. It should be taught to 
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use both hands equally well, as nearly as possi-
ble. As it grows, it should have its reasoning 
power developed, its ability to observe and 
record its observations, and its mechanical abil-
ity should be encouraged.

 Practice Made Perfect

No one could argue the fact that in order to 
develop neurosurgical expertise, one should con-
tinuously practice the same procedure repeat-
edly. This was called by Ericsson and colleagues 
[25] as “deliberate practice.” The main charac-
teristics of deliberate practice are motivation, 
detailed and immediate feedback, and the ability 
to perform the task repeatedly. Simulation pro-
vides the perfect learning tool for neurosurgical 
residents as it allows repeatedly performing the 
same task and also may provide immediate feed-
back using video recording and other tools such 
as the Imperial College Surgical Assessment 
Device which provide quantitative evaluation of 
the dexterity while performing core surgical 
skills [5, 26].

 The Use of Simulation 
in Neurosurgical Residency Education

Medical educators have a very difficult task as 
medical knowledge is tremendously increasing 
in an exponential fast pattern and with the con-
cern of patients being practiced upon by stu-
dents [27]. A study which was conducted on 33 
medical students in 2004 demonstrated that 
medical students value simulation-based learn-
ing highly and that they in particular value the 
opportunity to apply their theoretical knowledge 
in a safe and realistic setting [28]. Simulation 
has shown early success in helping junior resi-
dents learn the fundamentals of each operation, 
plan the approach, and rehearse the procedure 
[29]. However, for more senior residents, the 
advances in physical and virtual reality simula-
tions were proved so far to be useful in training 
of intracranial endoscopy [30], tumor resection 
[31], and spine surgeries [32].

 Europe’s Contribution 
to Advancement in Neurosurgical 
Simulation

 Preop Planning

As early as 1998, a German group (Hassfeld S 
et al.) published a paper about the value of stereo-
lithographic models for preoperative diagnosis of 
craniofacial deformities and planning of surgical 
corrections and concluded that using computer- 
assisted simulation and navigation systems 
improves quality and reduces risk of more exten-
sive and radical interventions [33].

In another study which compared the simu-
lated 3D virtual endoscopy images to the intraop-
erative endoscopic anatomy in terms of distortion 
and angle of view, suggested that both were com-
parable. According to this study, virtual endos-
copy was found to be particularly useful for the 
preoperative depiction of (1) the nasal anatomy 
and its variations for choosing the side of the 
approach, (2) the sphenoid sinus septa and cham-
bers for improved intraoperative orientation, and 
(3) the transparent 3D simulated visualization of 
the pituitary gland, tumor, and adjacent anatomic 
structures in relation to the sphenoid sinus land-
marks for planning the opening of the sellar floor. 
Finally, they concluded that virtual endoscopy 
has the potential to become a valuable tool in 
endoscopic pituitary surgery for training pur-
poses and preoperative planning, and it may add 
to the safety of interventions in case of anatomic 
variations [34].

It is well known that all surgical approaches 
are tailored specifically for each patient depend-
ing on the anatomy and pathology in the neuro-
surgical practice. Having that in mind, precise 
preoperative planning for these procedures is 
necessary to achieve optimal therapeutic effect. 
Therefore, multiple radiological imaging modali-
ties are used prior to surgery to delineate the 
patient’s anatomy, neurological function, and 
metabolic processes. Beyer et  al. from Vienna 
introduced an application that consists of three 
main modules which allow to (1) plan the opti-
mal skin incision and opening of the skull tai-
lored to the underlying pathology; (2) visualize 
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superficial brain anatomy, function, and metabo-
lism; and (3) plan the patient-specific approach 
for surgery of deep-seated lesions [35].

 Stereolithographic Modeling

To the best of our knowledge one of the earliest 
papers about the stereolithographic modeling 
was published by a French group, Bouyssie JF 
et al., and it tested the accuracy of models derived 
from X-ray-computed tomography, which was 
found to be reliable enough to be used for surgi-
cal planning, for custom-made implants, and for 
surgical anatomy teaching [36].

Another study was conducted by a German 
group to assess the importance of stereolitho-
graphic models (SLMs) for preoperative diagno-
sis and planning in craniofacial surgery and to 
examine whether these models offer valuable 
additional information as compared to normal 
CT scans and 3D CT images [37].

Currently, 3D printing has been used primar-
ily in neurosurgery for operative planning, teach-
ing, practice, and prosthetics. Advances in 3D 
printing have enabled scientists, engineers, and 
physicians to create models for surgical planning 
and residency training based on patient-specific 
imaging studies [38]. High-fidelity 3D-printed 
models have the potential to assist clinical deci-
sion and allow surgeons to rehearse neurosurgi-
cal cases in a manner not previously possible 
[39].

 Reality Training Applications

Virtual reality refers to the recreation of environ-
ments or objects as a complex, computer- generated 
image; haptic systems refer to those replicating the 
kinaesthetic and tactile perception (Fig.  22.1). 
Virtual reality and haptic systems are usually com-
bined, and they are currently available to support 
vascular access training, endoscopy training, and 
laparoscopic surgical techniques [41].

Voxel-Man Group (Hamburg, Germany) 
developed virtual reality CT images, and the 

 simulators were felt to improve the realism of 
surgical procedures in the middle ear and pro-
vided automatic skills assessment for each par-
ticipant by the end of the procedure [42]. Kockro 
RA et al. from Germany have developed a highly 
interactive virtual environment that enabled col-
laborative examination of stereoscopic three- 
dimensional (3D) medical imaging data for 
planning, discussing, or teaching neurosurgical 
approaches and strategies. They found out that 
the system provides a highly effective way to 
work with 3D data in a group, and it significantly 
enhances teaching of neurosurgical anatomy and 
operative strategies [43].

 The Human Brain Project

Decoding the human brain is perhaps the most fas-
cinating scientific challenge in the twenty-first 
century. The Human Brain Project (HBP) is devel-
oping toward a European research  infrastructure 

Fig. 22.1 The Sensorama was released in the 1950s (one 
of the earliest examples of immersive, multisensory mul-
timodal technology) [40]
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advancing brain research, medicine, and brain-
inspired information technology [44].

Up to our knowledge, the earliest article written 
about the Human Brain Project was published in 
1993, and it mentioned that an initiative of several 
NIH institutes and other US government agencies 
is being developed to provide a computer database 
that will allow neuroscientists’ access to informa-
tion at all levels of integration, from genes to 
behavior [45]. However, the core idea of the 
Human Brain Project was first developed by Henry 
Markram and was based on the research developed 
for the Blue Brain Project [46]. On May 2005 Blue 
Brain Project was founded by the Brain Mind 
Institute of the École Polytechnique Fédérale de 
Lausanne (EPFL) in Switzerland with an interest-
ing mission of using biologically detailed digital 
reconstruction and simulation of the mammalian 
brain to identify the fundamental principles of 
brain structure and function in health and disease 
[47]. Markram, in 2006, published a paper, and he 
proposed that “the time is right to begin assimilat-
ing the wealth of data that has been accumulated 
over the past century and start building biologi-
cally accurate models of the brain from first prin-
ciples to aid our understanding of brain function 
and dysfunction” [48].

Henry Markram is a professor of neuroscience 
at the Swiss Federal Institute for Technology 
(EPFL). He is the founder of the Brain Mind 
Institute, founder and director of the Blue Brain 
Project, and the founder of the Human Brain 
Project [49]. Starting in 2010, Markram created 
and coordinated the partnership of around 80 
European and international partners that devel-
oped the original HBP proposal. HBP is one of 
the two 10-year one billion Euro Flagship 
Projects selected in January 2013 by the European 
Commission. The project began operations in 
October of the same year [50].

The HBP has the following main objectives:

• Create and operate a European scientific 
research infrastructure for brain research, cog-
nitive neuroscience, and other brain-inspired 
sciences.

• Gather, organize, and disseminate data 
describing the brain and its diseases.

• Simulate the brain.
• Build multi-scale scaffold theory and models 

for the brain.
• Develop brain-inspired computing, data ana-

lytics, and robotics.
• Ensure that the HBP’s work is undertaken 

responsibly and that it benefits society.

This project is exceptional in three respects: it 
is among the longest ever approved in the field of 
neuroscience (having a duration of 10 years), the 
most heavily financed (the HBP will receive 
about 1.1 billion euros), and the most transdisci-
plinary in nature [51].

The HBP has 12 subprojects (SP), and they 
are all interconnected (Table 22.1).

Our main concern in this chapter is related to 
subprojects 6 and 10 which will be discussed 
with further details below.

 Brain Simulation Platform SP6

There are three main objectives for SP6 as stated 
by the Human Brain Project Framework 
Partnership Agreement (HBP FPA):

• Establish a generic strategy to reconstruct and 
simulate the multilevel organization of the 
brain for different brain areas and species.

• Use this strategy to build high-fidelity recon-
structions, first of the mouse brain and ulti-
mately of the human brain.

• Support community-driven reconstructions 
and simulations and to support comparisons 
between models based on different tools and 
approaches.

The platform will provide tools and services for 
the collaborative reconstruction and simulation of 
the brain, models of different brain areas and the 
whole brain (including models developed outside 
the HBP), and tools for in silico experimentation, 
supporting comparisons between  different models 
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and approaches. A key goal is to collaborate with 
SP1–SP4, SP9, and SP10 to develop simplified 
versions of high-fidelity brain models, for cogni-
tive, behavioral, and clinical studies, and to partici-
pate in research using these models [52].

 Collaborations with Other National, 
European, and International 
Initiatives

In the article “Creating a European Research 
Infrastructure to Decode the Human Brain” by 
Amuntus K et al., the author concluded that there 
are a growing number of well-publicized brain 
research initiatives around the world which are 
mobilizing unprecedented levels of funding for 
neuroscience and that there is a strong interest to 
maximize cooperation and coordination between 
the various initiatives and that the Human Brain 
Project (HBP) is keen to help lay the foundations 

for such interaction [44]. However, a particularly 
important collaboration is with the Allen Institute 
for Brain Science, Seattle, Washington, USA, on 
models of the visual and motor systems of the 
mouse ultimately leading to models of visuomo-
tor behavior in mouse. Another collaboration 
with CENTER-TBI will provide data on specific 
traumatic brain injury lesions and multilevel data 
including electrophysiology, imaging, and cogni-
tive measures that could be used to build models 
of brain injury [52].

 Neurorobotics SP10

Neurorobotics can be defined as the science and 
technology of robots which are controlled by a 
simulated nervous system that reflects, at some 
level, the architecture and dynamics of the brain 
[54]. Probably the first researcher to develop a 
robot that fulfilled these criteria was Thomas 

Table 22.1 The Human Brain Project subprojects [48, 52, 53]

Subproject 
No. (SP) Name Description
SP 1 Mouse brain 

organization
Understanding the structure of the mouse brain and its electrical and chemical 
functions

SP 2 Human brain 
organization

Understanding the structure of the human brain and its electrical and chemical 
functions

SP 3 Systems and 
cognitive 
neuroscience

Understanding how the brain performs its system-level and cognitive functional 
activities

SP 4 Theoretical 
neuroscience

Deriving high-level mathematical models to synthesis conclusions from research 
data

SP 5 Neuro- informatics 
platform

Gathering, organizing, and making available brain data

SP 6 Brain simulation 
platform

Developing data-driven reconstructions of brain tissue and simulation 
capabilities to explore these reconstructions

SP 7 High- performance 
analytics and 
computing platform

Providing the ICT capability to map the brain in unprecedented detail, construct 
complex models, run large simulations, and analyze large volumes of data

SP 8 Medical informatics 
platform

Developing the infrastructure to share hospital and medical research data for the 
purpose of understanding disease clusters and their respective disease signatures

SP 9 Neuromorphic 
computing platform

Developing and applying brain-inspired computing technology

SP 10 Neurorobotics Developing virtual and real robots and environments for testing brain 
simulations

SP 11 Central services Coordinating the scientific road map and supervision of the milestones and 
deliverables for the HBP’s ICT platforms

SP 12 Ethics and society Exploring the ethical and societal impact of the HBP’s work
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Ross, who in 1933 devised a mobile robot with a 
small electromechanical brain, which could navi-
gate through a maze in real time [55]. Researchers 
have also developed a large number of robots, 
three of the most advanced are iCub (Fig. 22.2) (a 
humanoid robot “child”) [57], Kojiro (a human-
oid robot with about 100 “muscles”) [58], and 
ECCE (a humanoid upper torso that attempts to 
replicate the inner structure and mechanisms of 
the human body) [59].

The overall objective of SP10 is to provide 
tools allowing researchers to test the cognitive 
and behavioral capabilities of the brain models 
developed in SP6 and the neuromorphic imple-
mentations of these models from SP9. The 
Neurorobotics Platform will provide researchers 
with access to detailed brain models on the Brain 
Simulation Platform running slower than real 
time [52] (Fig. 22.3).

 Recent European Contributions 
to Neurosurgical Simulators

European contribution to simulation training 
research is unfortunately somehow still limited. 
Limited operating room exposure to vascular neu-
rosurgery for European trainees may be due to the 
consequences of reduced working week hours in 
the EU as well as a less “hands-on” approach as in 
the example of cerebral aneurysm clipping [8, 
17]. This fact increases the need for training these 
valuable skills outside of the operating room. 
Practicing on animal tissue is an important aspect 
of neurosurgical training. Depending on the type 
of tissue, it offers trainees to practice on samples 
closely resembling realistic anatomy [61]. A 
recent article by the neurosurgeons from Turkey 
proposed a model of using fresh sheep cadavers to 
simulate microdiscectomy surgery [62]. 
Unfortunately, preservation of cadavers requires 
the use of harsh chemicals such as formaldehyde 
which alters tissue feel. To address the issue, 
British authors described embalming methods 
that realistically simulate the feel of the tissue or 
bone during pedicle placement [63]. Costs associ-
ated with setting up and maintaining animal labs 
present a general limitation to this teaching 
method. A Spanish team proposed a model of 
simulation of cerebral brain perfusion utilizing 
human brains instead of a more traditional use of 
decapitated heads [61]. For all the previous rea-
sons, the development of alternative realistic 
training methods is vital (Fig. 22.4).

 The Three Ways European Residents 
Can Access Simulators

In Europe, most of the simulation training that 
neurosurgery residents obtain comes from their 
respective residency site. The other sources 
include additional training at international simu-
lation centers and participating in numerous 
training courses organized by national bodies or 
supranational organizations such as the European 
Association of Neurosurgical Societies (EANS).

The situation regarding the use of simulators 
in Europe is heterogeneous. Despite the rising 

Fig. 22.2 An iCub robot mounted on a supporting frame. 
It was designed by the Robot Cub Consortium of several 
European universities and built by Italian Institute of 
Technology [56]
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sentiment among the educators toward using 
more simulators [6], general trend suggests that 
simulation training continues to play only a 
minor role in the residency curriculum [65]. In a 
multinational study, PDs from 38 European 
countries (including Turkey and Israel) were sur-
veyed on the state of neurosurgical education. 
Nine of the surveyed centers located in Western 
Europe and five surveyed centers in Eastern 
Europe had simulation facilities including either 
cadaveric labs, virtual labs, or phantoms 
(Fig. 22.5). Although the situation between dif-
ferent training sites within one country may vary, 
these preliminary results give an idea of the edu-
cational trends for the region as a whole. These 
findings corroborate results of a survey of 532 
European neurosurgery residents, which indi-
cated that less than half of European programs 
have simulation or cadaver labs [12]. Not 
 surprisingly, only 13.4% of surveyed respondents 
were satisfied with their hands-on simulator 
training [12].

Besta NeuroSim Center is the only European 
training site that contains several advanced 
 neurosimulators under one roof. Located in 
Milan, Italy, the center has the latest virtual 

 reality  neurosimulators including NeuroTouch, 
ImmersiveTouch, Surgical Theater, and one 3D 
anatomical visualizer (Virtual Proteins) [66]. 
This training site has a close cooperation with 

Fig. 22.3 An assistance system for minimally invasive 
spinal surgery: robot-assisted positioning of screws on 
a model of the lumbar vertebrae at the Research Project 

Centre for Sensor Systems (ZESS), University of 
Siegen and Neurosurgery Karlsruhe (Used with 
 permission [60])

Fig. 22.4 Dr. Giselle Coelho and her realistic model, a 
mimic of an infant with craniosynostosis (Used with per-
mission [64])
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McGill University (Canada). Besta NeuroSim 
Center offers postgraduate residency training, 
continuing medical education courses for practic-
ing surgeons, and observerships for medical stu-
dents in Europe [44].

The third source of simulation training for 
European residents comes from attending 
national and supranational courses – such as the 
EANS training courses. Founded in 2012, the 
EANS Hands-On Course is a 5-day biannual 
workshop. It offers trainees to practice cranial 
and spinal approaches and endoscopy techniques. 
Recently, there has been a push within EANS to 
include practical training aspects into courses 
that were previously exclusively theoretical [67]. 
For advanced trainees with interest in craniocer-
vical junction, a special cadaveric workshop has 
been developed [68]. The course runs on an 
annual basis in Barcelona (Spain) and is taught 
by neurosurgical faculty from Europe and North 
America. This offers a unique chance for trainees 

to practice surgical skills under the guidance of 
international experts in both spine and skullbase 
approaches applying different techniques such as 
navigation, cadaveric models, virtual reality, and 
live 3D anatomy.

Finally, European trainees may get additional 
exposure to neurosimulators by doing an off-
site rotation within their country or Europe at 
large [69].

 SESAM Constitution

The name of the society is the “Society in Europe 
for Simulation Applied to Medicine,” known here-
after and registered as “SESAM”(Table 22.2).

The purpose of SESAM is:

• The development and application of simula-
tion in education, research, and quality man-
agement in medicine and healthcare

Fig. 22.5 The availability of simulators in European 
countries [65] (Obtained with permission from the 
European survey study conducted by the postgraduate 

education committee of the European Association of 
Neurosurgical Societies 2016)

22 Simulation Training Experience in Neurosurgical Training in Europe
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• Facilitation, exchange, and improvement of the 
technology and knowledge throughout Europe

• Establishment of combined research facilities

SESAM has its registered office in Göttingen. 
SESAM is represented by an executive commit-
tee and a general assembly. The language used by 
SESAM is English [71].

 Using Simulation for Certification 
and Board Exams

The Comprehensive Clinical Neurosurgery 
(CCN) review is becoming one of the most 
important pre-exam courses in Europe. Its impor-
tance comes from using very smart and innova-
tive methods of teaching using simulation to help 
senior neurosurgery residents and fellows pass 
their board exams. The course was designed to 
simulate the oral exam environment by creating 
what is called “hot seat” sessions where candi-
dates will be sitting on a chair in front of two fac-
ulty members of world-class experienced 
neurosurgeons, and they will be given case sce-
narios and examined just like if they were in a 
true final fellowship oral board exam (Fig. 22.6). 
At the end of each session, the candidates will be 
marked and will be given immediate feedback 
about their performance from the faculty mem-
bers. These sessions are also videotaped so that 
each candidate accesses these videos and gets a 
performance feedback from the course director 

on not only academic knowledge but also on style 
of delivering information and use of body lan-
guage [72].

The study which was conducted on candi-
dates attending the CCN review over the past 
4 years showed improvement in performance on 
the hot seat with the use of simulated hot seats 
provided there is at least moderate knowledge in 
theory (tested in the study using MCQ exam 
question style) [73]. In Europe, observed 
through the British Royal College Fellowship 
exam (FRCS) and the European Board of 
Neurological Surgery (EBNS), there was an 
improvement in candidates’ performance after 
being exposed to this simulation technique, and 
in fact the top performers in these exams are 
mainly candidates who took the simulation hot 
seat review course.

 Where Is Simulation Heading 
in Europe?

Where will simulation go next? A question which 
was asked and answered by Walsh K. He pro-
posed that a number of different themes will 
emerge.

• Firstly, simulation will likely become much 
more closely linked to assessment in the 
future. The learner of the future will likely 
spend time in the simulator being continually 
assessed. The assessment may be by a person 

Fig. 22.6 (a, b) Hot seat session (board exam simulation) (Courtesy of CCN Review 2014 & 2015 (Krakow, Poland))
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or by a machine. Regardless of this, the assess-
ment will be against performance metrics that 
are important and that can be measured. In 
keeping with best practice generally in assess-
ment, feedback will be continuous and spe-
cific to the task in hand [74].

• Secondly, our vision of what constitutes simu-
lation will change radically in the future. 
Currently simulation is often seen as a method 
of learning that can be defined by time and 
space. So a learner might spend a half-day in 
the local simulation suite learning a skill. In 
the future, the concept of simulation will 
become much more wide so that it captures a 
range of less well-defined but equally effective 
activities. For example, mobile simulation 
suites will enable simulation to happen on the 
wards or in the outpatient department [75]. 
Online simulations will enable learners to 
interact with simulations at a time and place 
that suits them [76]. Simulation centers them-
selves will become open access so that a 
learner can use them as and when they wish to.

• Thirdly, the future of simulation in medical 
education will follow the same path as the 
future of healthcare [77].

• Lastly, are we approaching the ultimate dream 
of simulating human brain? This will be the 
question to be yet answered.

 Obstacles to Implementation 
of Simulation Training in Europe

Despite obvious benefits of using simulators to 
teach and assess neurosurgical trainees, there are 
several large obstacles. Firstly, a relatively high 
start-up cost [18] may be an important drawback 
to some European states. Secondly, facilitating 
an effective training session is a detailed process: 
a high number of steps involved in designing/
planning effective simulation [69]. Thirdly, there 
may be hesitation of the part of educators to 
implement simulation training into the residency 
curriculum. One review [69] emphasized that, to 
gain full benefits of simulation training, the simu-
lators must become a part of the teaching curricu-
lum. Conversely, some trainees may perceive that 

simulation training is somehow less valuable or 
useful than more operative experience [69]. 
Finally, there is also a lack of access to the exist-
ing simulation facilities [64].
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High-Fidelity Simulation 
in Neuroanaesthesia

Barbara Stanley

 Introduction

In neurosurgery, it is vital that the anaesthetist 
and surgeon share a mental model of the clinical 
management goals for perioperative critical inci-
dents. Once bleeding or ischaemia occurs, the 
brain can become swollen very quickly and blood 
can obscure the surgical field rapidly making sur-
gical management difficult and leading to acute 
physiological instability and raised intracranial 
pressures. The clinical decision-making, physio-
logical manipulation and non-technical skills 
required for rapid successful management of 
such incidents can be practised and prepared for 
using immersive simulation. There is much evi-
dence for the utility of simulation training and its 
effectiveness in terms of knowledge and practice 
gains  – both in terms of skills acquisition [1], 
skill demonstration [2] and non-technical skill 
training [3], to name but a few areas, as well as in 
terms of participant satisfaction (Table  23.1) 
which is unsurprising given its foundation in 
experiential learning theory [4]. This chapter will 
focus on the techniques and insights from The 
NeuroSim course  – a high-fidelity neuroanaes-
thesia course mapped to the UK neuroanaesthetic 
curriculum as set out by the Royal College of 
Anaesthetists.

 Background and Evidence 
for Simulation Training

It is likely that the term “simulation training” 
means different things to different clinicians. In 
surgery, much of the training undertaken using 
simulation is of the procedural kind – i.e., cadaver 
lab work and box training to practice the business 
of surgery itself – the operative skill. To anaes-
thetists, “simulation training” most usually 
occurs in a simulation suite using a mannikin 
attached to vitals monitoring and involves the 
diagnosis and management of an acute clinical 
problem with emphasis on communication, 
decision- making and situational awareness – the 
so-called “non-technical” skills. Thus simulation 
is a hugely versatile platform and offers so many 
opportunities to practice domain-related knowl-
edge and procedural skills themselves in an envi-
ronment that is safe for the learner without risking 
patient safety. Given that in the operating room is 
a high-risk environment with many distractions, 
surgeon, anaesthetist and operating room staff 
need to act effectively as a team – especially in 
the event of a critical incident occurring. A col-
legial approach to simulation training in such 
non-technical skills as communication and situa-
tional awareness, as well as the exploration of 
transactional knowledge and organisational 
awareness, is arguably long overdue in neurosur-
gical services, and training together across spe-
cialties – rather than in isolation – allows for a 
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shared mental model of the clinical situation and 
a more robust team approach. Ultimately the sim-
ulation scenario provides an “excuse to engage in 
a good conversation” (P. Weinstock, Boston Sim 
Peds) about neuroanaesthesia principles in a 
focused, meaningful and relevant way.

Medicine is a risky industry. Many errors in 
practice relate to human factors and system fail-
ures [5]. There is a mandate from the Institute of 
Medicine that “(Organizations) should also 
establish interdisciplinary team training pro-
grams—including the use of simulation for train-
ees and experienced practitioners for personnel 
in areas such as the emergency department, inten-
sive care unit, and operating room” [6]. Nowhere 
in medical practice has simulation for multidisci-
plinary teams been taken up more widely than in 
anaesthesia. Many courses allow for the teaching 
and practice of technical skills, but in terms of 
non-technical skills, anaesthesia has been a pio-
neer in this field. The practice of non-technical 
skills – which underpin many of the errors that 
occur in modern practice [5]  – is vital to both 
patient safety and to quality, and indeed the best 
courses allow the opportunity to practice and 
explore both types of skill. The operating suite is 
a high-risk area where complex technical skills 
necessarily interplay with the dynamics of team-

work, communication, organisational knowledge 
and situational awareness. Simulation allows the 
practice of almost any aspect of a clinical situa-
tion. High-fidelity simulation submerses the 
learner into a simulated situation that elicits the 
emotions, reactions and investment of attention 
and cognition of a real clinical event. For this rea-
son, it is an excellent tool to refine knowledge 
structures, for practice and training in complex 
decision-making under pressure, and for all non- 
technical skills.

Simulation appears to be highly effective sub-
jectively  – in terms of satisfaction and self- 
assessment of confidence and knowledge 
outcomes [7] – and moderately effective objec-
tively for knowledge assessment and perfor-
mance of well-defined tasks or protocols [7] [2]. 
,The features of simulation that lead to effective 
learning have been studied with feedback being 
the most highly rated [8], and team training, 
shared mental models, situational awareness and 
transactional knowledge are all factors shown to 
produce expert teams in surgery [9]. Thus it can 
be seen from this brief mention of some of the 
existing evidence that there is enormous demand 
for this effective and versatile training modality 
particularly in high-risk environments such as the 
operating room.

Table 23.1 Summary of course feedback for a single NeuroSim course of seven participants. This is a standard repre-
sentation of the NeuroSim feedback

Agree Disagree
I have undertaken my neuroanaesthesia module prior to today 5 2
The purpose of the scenarios was clear and addressed 
important and relevant issues

7

The debriefs clarified how as the anaesthetist I can assist in 
the resolution of intraoperative events

7

The debriefs were: Too 
technical

Too focused on 
communication

Just 
right
7

The debrief was comprehensive and answered all my questions 7
The debriefer for my scenario was credible and experienced 7
My confidence in my neuroanaesthetic knowledge and practice 
as a result of today has

Increased Decreased
7

If there was one thing I could change about today’s scenarios 
or debriefs it would be:
I would recommend the NeuroSim to my colleagues 7
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 Neuroanaesthesia Simulation: 
The NeuroSim

The NeuroSim is one of a group of simulation 
courses for neuroanaesthesia and neurocritical 
care. As an entity, these courses cover a broad 
range of practice relevant to a neurosurgical ser-
vice. The NeuroSim itself is a high-fidelity simu-
lation suite-based course which allows for team 
practice of critical incidents within the operating 
room setting. It is a multidisciplinary course pri-
marily aimed at anaesthesia trainees, but the sce-
narios can be manipulated to provide vital 
learning for all clinical practitioners in the neuro-
surgical setting. NeuroSim is a highly technical 
course in that the primary aim is to provide par-
ticipants with a real-time concrete experience 
upon which to hang their domain-specific knowl-
edge. Moreover, it is a forum in which to share 
the mental model of the significant and common 
disease processes such as traumatic brain injury 
and subarachnoid haemorrhage.

The NeuroSim course was devised from a 
series of case-based discussions of neuroanaes-
thetic challenges in 2009. Traditional neuroan-
aesthesia teaching has revolved around in theatre 
discussion and lecture-based learning. NeuroSim 
embraces the tenets of adult learning theory 
enabling learners to be immersed in a simulated 
theatre environment, which makes the experience 
as close to a genuine patient encounter as possi-
ble. Each scenario is designed to address differ-
ent aspects of clinical practice relevant to the 
domain and allow consolidation of the basic sci-
ence knowledge that forms the foundation of 
practice. The standard course scenarios include:

Tight dura + venous 
sinus bleed

Venous air embolus

TBI in setting of 
polytrauma

Prone post fossa cardiac 
arrest

Recovery room 
deteriorating GCS
ACOMM or PCOMM 
aneurysm clip

Unstable C-spine for 
imaging in a live patient 
model

These scenarios allow for the inclusion and 
exploration of all the basic science knowledge 
relevant to neuroanaesthesia. Multidisciplinary 

faculty play the roles of surgeon, anaesthetists 
and scrub/recovery nurse throughout the scenar-
ios which adds validity and buy – into both sce-
nario and debrief – which are so important to the 
success of a course. The emphasis of NeuroSim 
is to explore domain-related technical knowl-
edge – i.e. the basic science and anaesthetic man-
agement of the patient within the scenario. 
Human factor exploration comes out as natural 
consequence of the necessary team interaction 
within the scenario and is focused on as part of a 
blended debrief.

 Scenario Specifics

The scenarios are designed to be run on any kind 
of simulation technology that allows for the dis-
play and manipulation of vital signs, pupil size 
and the connection of the mannikin to a ventila-
tor. Currently we use a SimMan 3  g (Laerdal 
Medical Ltd. UK). The basic structure of the sce-
nario is as follows:

Pre-brief
Participant enters the scenario
Critical incident occurs and gets managed
Debrief

The pre-brief gives the participants the patient 
story and some basic information. The partici-
pant enters the simulation and takes handover 
from a faculty member. They then act as they 
would in their own role to diagnose and manage 
the evolving clinical problem. In other words, 
they are never expected to be any other clinician 
than who they are in real life. In this way, the 
scenario remains realistic, and they are able to 
use their current knowledge structures and expe-
rience to explore the problem before them in real 
time.

Almost any kind of clinical management 
dilemma can be simulated. This includes both 
critical incidents  – where the patient deterio-
rates rapidly and the participant learner is 
expected to diagnose and treat simultaneously 
and in real time – but it is also very simple to 
simulate other aspects of clinical practice, such 
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as a patient consultation. This is a particularly 
powerful tool to explore communication and 
information sharing  – especially if the consult 
pertains to a complex clinical issue such as a 
clinical error, adverse event or taking consent.

The simulation is scripted as to how it is 
expected to run, and there is a separate sheet with 
instructions for the simulator technician on 
parameters for patient vitals and how these are 
expected to change over the duration of the simu-
lation or in response to participant learner actions. 
A member of faculty – the person who will lead 
the debrief for the scenario – sits with the techni-
cian in the control booth and observes the sce-
nario as it runs. They advise the technician as to 
how to change the patient parameters in response 
to learner actions and liaise with a faculty mem-
ber inside the scenario via an earpiece. In this 
way, the scenario can be controlled and manipu-
lated to ensure learning objectives are reached. 
We will give examples of how these aims are 
achieved using a traumatic brain injury in poly-
trauma scenario.

 A Sample Scenario: Management 
of Traumatic Brain Injury 
in a Polytrauma Patient

The simulation suite and faculty can be seen in 
Fig. 23.1. The “hot-seat” participant is at the head 
of the table, and faculty members are playing the 
roles of surgeons and scrub staff and the anaes-
thetic nurse is on the telephone. The other partici-
pants are observing from outside the room.

The learning objectives for this scenario are as 
follows:

Briefly review the relevant anatomy and 
physiology.

Understand the pathophysiology and evolution of 
TBI as contusions develop.

Understand why hypoxia and hypotension are so 
detrimental in TBI.

Appreciate the significance of hypotension and 
the cerebral vascular response.

Manage conflicting requirements of haemor-
rhage control surgery and TBI.

Develop a shared mental model of the priorities 
of management and how the seemingly con-
flicting management goals can be reconciled.

The traumatic brain injury in polytrauma sce-
nario is an immensely rich opportunity to put a 
great deal of neuroanaesthetic knowledge into 
practice as well as to explore non-technical skills 
with an entire operating room team.

The scenario begins with the patient already 
on the operating table, abdomen open, and sur-
geon working to stem the ongoing haemorrhage 
from a ruptured spleen. The participant learner 
enters the scenario to briefly babysit the patient 
whilst the anaesthetist leaves the room on some 
pre-text.

The patient is tachycardic and hypotensive, 
and the surgeon is struggling to gain control of 
the bleeding.

Over the next few minutes, the heart rate 
increases slowly, and the blood pressure falls. 
The “correct” clinical management of this sce-
nario is for the learner to recognise that blood 
loss is aggravated by attempts to drive the pres-
sure to protect the cranium. The neurosurgeon 
calls the theatre and asks how the patient is, thus 
prompting the participant to notice that the 
patient has a dilated pupil which is new. There is 
an expectation of clear communication between 
surgeon and anaesthetist, and the anaesthetist 
will ask if haemorrhage control can be achieved 
through abdominal packing thus allowing the 
blood pressure to be driven to perfuse the swell-
ing brain. Communication, forward planning and 
drawing together of domain-related knowledge – 
as well as situational awareness and team utilisa-
tion – all come to the fore in this scenario.

 Fidelity

The realism of the simulation, the simulated 
environment and the reactions the experience 
elicit are termed fidelity. It is important to 
realise that fidelity is multifactorial and highly 
dependent on context. For example, anaesthe-
tists view  mannikin simulators as possessing 
high fidelity when undergoing critical incident 
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training  – because they can see a human-
shaped simulator attached to a monitor that has 
numbers and waveforms resembling a real 
patient  – whereas surgeons regard cadavers 
and animal models to be of high fidelity when 
undergoing technique training, because of the 
tissue and technical fidelity. [10] For the course 
and scenarios described here, it is functional 
fidelity (what the simulator does) that matters. 
The design and the playout of the scenario are 
far more important to the concrete experience 
than the look of the simulator per se. If the par-
ticipant learner gives a bolus of a drug that 
should increase the patient’s blood pressure in 
reality – if this does not happen in the simula-
tor – the learner will look for reasons why this 
may have not had the desired effect. If this is 
not the point of the scenario, then the path the 
learner takes deviates from that which was 
intended. Confusion may occur, and the learn-
ing objectives may not be reached. Our course 
focuses on technical management of periopera-
tive critical incidents, so if the participant gets 
the wrong end of the stick so to speak because 
the playout of the scenario was incorrect, then 

it makes the focus of the debrief change and 
risks the credibility of the course and buy-in of 
the participants. It is our belief and view that 
the physical environment of the simulation 
should provide adequate fidelity – enabling the 
learner to buy-in or invest emotionally and 
cognitively into the experience – but that sce-
nario design and playout need to be of high 
fidelity to ensure semantic realism and avoid 
mismatch between the physical reality of the 
scenario and the meaning that participants will 
make of it [11]. The other vital ingredient for 
fidelity for our course is the faculty. They are 
role players in the scenario, and in this way, 
they control the timing of events, deal with any 
problems with equipment that arise during the 
scenario, act to emphasise certain aspects of 
the scenario that are of relevance and play the 
part of the other clinicians, staff or relatives 
within the scenario. For example, in the venous 
sinus bleeding scenario, the faculty member 
playing the surgeon will complain about rapid 
blood loss, and placed by their foot under the 
surgical drapes is a chest drain bucket filled 
with simulated blood that they conveniently 

Fig. 23.1 Management of traumatic brain injury in a polytrauma patient
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move into view at this point in the scenario and 
which the faculty member playing the anaes-
thetic assistant comments on at an appropriate 
moment. In this way the faculty within the sce-
nario control the events and direct the learner’s 
attention appropriately so learning points are 
achieved. For a course that focuses on techni-
cal management of perioperative critical inci-
dents, it is important that the scenario is 
semantically correct so the scenario is 
believable.

 The Debrief

Of all the factors that make learning successful 
from high-fidelity simulation, feedback is the 
most important [8]. Feedback in scenario-based 
simulation courses is given through the debrief-
ing process. There are many different ways for 
conducting the debrief and a plethora of pub-
lished work relevant to the debriefing of simula-
tion. Each debriefing style has advantages, but it 
is important that a constructive dialogue is 
entered into and participants are respected and 
feel safe to engage. Mutual respect for both fac-
ulty and participants must be fostered to promote 
transparency and allow assimilation of new 
knowledge into existing structures for all partici-
pants (including faculty!) and to reflect upon 
performance.

NeuroSim uses the “debriefing with good 
Judgement” style [12] which is rooted in Donald 
Schon’s work on reflective practice[13] which 
aims to engage the participants in a meaningful 
and relevant conversation whilst keeping them 
psychologically safe and recognising the 
debriefers’ own stance and values. This style 
involves not only the “hot-seat” participant but 
all the participants who watched. Two faculty 
members conduct the debrief and often involve 
other faculty on points of practice or experience. 
The debrief opens with engaging the hot-seat 

participant by asking them to describe the sce-
nario as they perceived it. This allows them to 
voice immediately their thoughts and reactions 
to the scenario and allows the debriefers insight 
into their perceptions regarding their perfor-
mance and of their learning needs. The debrief 
is then conducted through a series of comments 
regarding observed actions and behaviours 
which directs the discussion towards the learn-
ing objectives. Whilst it is usually straightfor-
ward to keep to these objectives, faculty must 
remain open to the possibility that the scenario 
may throw up material that doesn’t fit with the 
preconceived objectives, and so the debrief 
should be allowed a certain natural flow – with 
faculty steering it to ensure it stays relevant. By 
allowing this flexibility, the participants reveal 
their thought processes and mental models or 
“frames” which explains the actions and deci-
sions they took during the scenario. These may 
or may not fit with the outlined learning objec-
tives, but identification and reflection upon them 
lead to learning [12].

 Summary

Simulation is a powerful tool to recreate clinical 
situations which allows clinicians to review, 
practice and explore their domain-related knowl-
edge and non-technical skills in a real-time 
immersive environment. It offers a genuine learn-
ing experience rooted in adult learning theory 
and reflective practice – principles at the core of 
adult education – in a psychologically safe envi-
ronment. Almost any clinical situation can be 
simulated to fidelity adequate to elicit genuine 
actions and responses making learning meaning-
ful and relevant. Simulation training should be 
both specialty-specific but also undertaken across 
specialties in a multidisciplinary education expe-
rience so as to improve team performance and 
dynamics as well as patient safety.
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 Simulation in General Critical Care 
as a Foundation for Neurocritical 
Care

Simulation within the specialty of critical care 
medicine is a rapidly evolving field with the goal 
to enhance continued education of health profes-
sionals and their trainees. Critical care physicians 
must be proficient in a variety of procedures and 
algorithms to ensure patient’s safety; therefore, 
excellent hands-on training in technical and non-
technical skills is required. Evidence suggests 
that simulation-based training constitutes an 
important element in the education of critical 
care teams, ensuring procedural competence 
(endotracheal intubation [1–4], central line place-
ment [5–9], point of care ultrasound [10, 11], the 
complex treatment of disease in a dynamic set-
ting, crisis management [12–18], and cardiac 
arrest [19–22] (Table 24.1). The use of simula-
tion scenarios is also valuable in teaching com-
munication skills [23–31] both within the 
multidisciplinary critical care team and with 
patients and their families (Table 24.2). By creating 
a learner-focused and nonthreatening educational 
environment, simulation encourages critical 
thinking in a realistic fail-safe environment that 

aids in fostering teamwork and collaboration in a 
multidisciplinary setting among all levels of pro-
viders with the potential for improving patient 
safety [17, 25, 32–34]. With standardization and 
repetition of content, trainees are able to solidify 
their knowledge and increase their confidence 
levels by interactive learning in a clinical setting 
without risk of harm to patients.

 The Specialty of Neurocritical Care

Neurocritical care is a pioneering subspecialty 
centering on the unique management and treat-
ment of patients with acute complex neurological 
disorders, the postoperative medical manage-
ment of neurosurgical patients, and the manage-
ment of the neurological manifestations of 
systemic disease [35, 36]. The seriousness of 
conditions that affect the nervous system, the 
rapidity with which these patients can deterio-
rate, and the profound consequences associated 
with disease progression necessitate an intense 
level of observation and management in a critical 
care setting. There are many publications 
addressing the benefits of subspecialty trained 
physicians staffing neurocritical care units, which 
include decreased hospital mortality and short-
ened length of stay [37–39]. Specific clinical 
expertise and specialized neurological monitor-
ing are of paramount importance to care for this 
subset of patients. Areas of expertise unique to 
neurocritical care include management of 
intracranial pressure, hemodynamic augmenta-
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tion to optimize cerebral blood flow, and 
application of advanced neuromonitoring, such 
as continuous electroencephalography, brain-
tissue oxygenation, and microdialysis [40]. 
Neurointensivists come from a variety of 
backgrounds including neurosurgery, neurology, 
anesthesiology, and internal medicine. Their 
training concentrates on the physiologic interac-
tions between the brain and other organ systems 
and incorporates all aspects of neurological and 
medical management into a single care plan [41]. 
Frequent pathologies encountered in the neuro-
critical care unit are ischemic stroke, intracranial 
hemorrhage, subarachnoid hemorrhage, trau-
matic brain injury, and status epilepticus.

 Why Simulation in Neurocritical 
Care?

Simulation in neurocritical care is an emerging 
field that offers an extensive platform for contin-
ued research to evaluate potential benefit in med-
ical education, as well as in patient outcomes and 
safety. This subspecialty provides an exceptional 

and challenging learning opportunity for provid-
ers confronted with high level of acuity and com-
plex patient population. Neurological 
emergencies can occur in any location starting in 
the field, in the emergency room, on the ward, in 
remote locations such as the CT scanner or neu-
rointerventional suite, in the operating room, and 
in the neurocritical care unit. First responders 
often have little critical care training and are 
poorly prepared to diagnose and manage these 
pathologies given their infrequent exposure to 
these types of emergencies. Many staff members 
who are not trained in the subspecialty of neuro-
critical care are faced with an unfamiliar situa-
tion. They lack confidence and may not appreciate 
the urgency of these disorders. Among all critical 
care topics, those involving the nervous system 
are likely to be the most troublesome and chal-
lenging for young physicians to learn and for 
their educators to teach [42]. Unfortunately, there 
exists a true risk for misdiagnosing or undertreat-
ing the underlying neuropathology which may 
lead to serious neurological sequelae, increased 
morbidity, and mortality.

 Time is Brain

The chief goal of patient management in the first 
hours of a neurological emergency is avoiding or 
reducing secondary neurological injury as this 
will influence the patient’s functional outcome 
and morbidity and mortality [43, 44]. Therefore, 
it is of crucial importance to have skilled practi-
tioners provide appropriate and efficient care 
during the establishment of a diagnosis, the initi-
ation of neurological resuscitation, and the triage 
process. This will minimize loss of valuable time, 
decrease medical errors, and increase collabora-
tion in a synergistic multidisciplinary environ-
ment with effective and concise communication 
[45]. The dynamic nature of neurological emer-
gencies and the necessary timely treatment create 
vast opportunities to implement simulation with 
the essential goals of reducing secondary injury, 
improving patient outcomes and communication 
among care teams and providers.

Table 24.1 Technical skills

Airway management and endotracheal intubation
Sedation and pharmacotherapy
Arterial line and central venous line placement
ICP monitor placement, interpretation, and 
management
Mechanical ventilation
Point-of-care ultrasound
Bronchoscopy
Paracentesis
Thoracentesis
ACLS skills

Table 24.2 Nontechnical skills (cognitive integration 
skills)

Interdisciplinary team training
Professionalism and communication
Crisis resource management
Clinical decision-making
Transition of patient care and handover of patient care
End-of-life discussion, breaking bad news, and ethical 
dilemma
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Most recent endovascular protocols for treat-
ment of ischemic stroke [46–48] have shortened 
the time course and standardized the associated 
treatment options for these patients and further-
more require efficient and concise communica-
tion among various care teams. The American 
Heart Association Guidelines address new blood 
pressure goals and coagulation reversal recom-
mendations in the setting of spontaneous intrace-
rebral hemorrhage [49], which should be targeted 
and achieved early on in the care of these patients. 
These concepts can be effectively taught using 
simulation scenarios.

 Simulation-Based Medical 
Education

Work hour restriction in residency and fellowship 
training programs has led to decreased practical 
clinical experience. Multiple medical and surgi-
cal specialties have already successfully created 
simulation programs and incorporated them into 
their didactic curriculum [50–54]. The impor-
tance of attaining adequate neurocritical care 
exposure and understanding fundamental basic 
concepts is now recognized and reflected by 
addition of required milestones in the neurology 
residency curriculum [54] and in the critical care 
medicine fellowship curriculum [55]. Critical 
care trainees require experience in a variety of 
subspecialties during a very time-constrained 
training program to ensure clinical competency. 
Exposure to all pathologies and specifically 
repetitive exposure is not guaranteed and gener-
ates a challenge for critical care educators. 
Furthermore, exposure to neurological disease 
may be limited for these general critical care fel-
lows in a setting, where this patient population is 
mainly cared for by neurointensivists rather than 
medical or surgical critical care specialists. 
Because of the complex nature of acute neuro-
logical disease with the competing goals of dif-
ferent organ systems and the unfamiliarity of 
many other specialties when confronted with 
an acute neurologic crisis, many critical care 
trainees are uncertain when it comes to manage 

those patients. Simulation can potentially allevi-
ate these fears, making healthcare providers feel 
more confident and comfortable with their 
decision- making process, and help them apply 
evidence-based management and treatment of 
these disorders. The management of critically ill 
patients with neurological pathologies requires 
special attention to neurophysiological goals to 
prevent secondary brain injury following the pri-
mary insult. This is reflected in hemodynamic 
management, ventilator strategy, adequate glyce-
mic control, neurosurgical interventions, and 
hyperosmolar therapy for intracranial hyperten-
sion. Simulation-based training is a beneficial 
tool beyond traditional lectures in educating 
trainees in these relatively rare occurring scenar-
ios [56].

 High-Fidelity Simulation 
in Neurocritical Care

Simulation in general critical care education has 
been widely employed. Scenarios are easily cre-
ated and employed for teaching emergency man-
agement [12–22] and interventional procedures 
[1–11, 57]. Standardized patients, part-task man-
nequins, and whole-body advanced mannequins 
with high-fidelity capabilities can be utilized to 
achieve realistic scenarios. High-fidelity manne-
quins are capable of running preprogrammed 
scenarios, which can be manipulated in real time 
by a proctor. The proctor can use a speaker box 
and manipulate the mannequin’s vital signs 
including heart rate, blood pressure, respiratory 
rate, body temperature, end-tidal CO2, and intra-
cranial pressure (Fig. 24.1). High-fidelity manne-
quins can also display clinical signs, including 
palpable pulses, visible respirations, pupil reac-
tivity (Fig. 24.2), as well as seizure activity.

The volume of literature on use of advanced 
simulation in neurology and specifically in 
emergency neurology has only recently started 
to expand. The obvious barriers to simulation 
in neurocritical care such as the inability of 
high- fidelity mannequins to emulate neurolog-
ical deficits (e.g., facial droop) and neurologi-
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cal signs, which are also difficult to mimic by 
actors and mannequins, pose a challenge for 
scenario creation. An advantage of simulation 
technology is that the data necessary for diag-
nosis and therapeutic decision-making, such as 
electroencephalogram (Fig. 24.3), transcranial 
Doppler, neuroimaging (e.g., CT, MR), and 
parameters (e.g., intracranial pressure, cerebral 
perfusion pressure) are easily integrated into 
simulation [58].

 Data and Evidence on Simulation 
Scenarios in Neurocritical Care

Limited data exists on the effectiveness of simu-
lation in neurocritical care education. What is 
available is reviewed below by topic.

 Acute Cerebral Vasospasm, Closed 
Head Injury, and Spinal Shock

To date, few studies have been conducted in the 
neurocritical care setting. Musacchio and col-
leagues are one of the first groups to investigate 
and propose a potential benefit of simulation- 
based educational training in neurological 
emergencies [59]. These investigators devel-
oped successful advanced high-fidelity simula-
tion models for training in the neurocritical 
care unit that include acute cerebral vasospasm, 
closed head injury, and spinal shock. In these 
particular scenarios, a high-fidelity mannequin 
is utilized along with real-time tracings of 
intracranial pressure and cerebral perfusion 
pressure. This model is equipped with a speaker 
box for the proctor to speak for the simulated 
patient. This group proposed that while tradi-
tional lectures can provide a solid knowledge 
base, simulation, in a protected fail-safe envi-
ronment, allows for consolidation of knowl-
edge that is necessary to ensure safe and 
effective interventions.

 Lumbar Puncture Skills

This was investigated by Barsuk et al. [60], who 
focused on a simulation model using part-task 
mannequins. They demonstrated improvement in 
lumbar puncture skills in neurology residents 
compared to traditional clinical training, even in 
those residents who had significant prior clinical 
experience with the procedure. This reconfirms 
the potential benefit of simulation as an adjunct 
to the educational curriculum that increases 
patient safety and resident confidence.

 Brain Code

Papangelou et  al. [61] concentrated on the 
brain code scenario associated with herniation 
with or without intractable intracranial hyper-
tension. This is similar to advanced cardiac 
life support scenarios. This type of scenario 
does not demand the presence of a focal neu-

Fig. 24.2 High-fidelity simulation of pupil reactivity

Fig. 24.1 Display of mannequin’s vital signs
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rological deficit other than pupillary asymme-
try (Fig.  24.1).  High- fidelity mannequins are 
currently capable of displaying both pupil 
reactivity and seizure functionality. Critical 
care trainees completed a pretest and then 
attended a didactic lecture followed by a 
recorded simulation session and a posttest. 
After the simulation scenario, a debriefing 
took place, with the assistance of video replay, 
and concluded with a satisfaction question-
naire. Performance was assessed with key 
tasks during the brain code, which included 
initiating the “ABCs” of basic cardiopulmo-
nary resuscitation, optimizing the patient’s 
position, starting hyperventilation, the use of 
osmotherapy, ordering neuroimaging, and 
intracranial pressure monitoring. In addition, 
the “time to” the intervention was measured as 
a variable and then compared to performance 
3  months later. Papangelou concluded that 
improvement during the 3-month time interval 
cannot entirely be attributed to simulation 
alone, given the ongoing clinical experience 
and lectures trainees receive. The group sug-
gests that simulation is labor intensive; how-
ever, it has the potential for educational benefit 
and improving patient care and safety.

 Acute Ischemic Stroke

Acute ischemic stroke is a neurological emer-
gency and patient outcome is time-sensitive to 
initial treatment. Garside et  al. [62] describe 
simulation- based interactive scenarios which can 
be combined with traditional didactic teaching to 
educate emergency department staff on the rec-
ognition and initial management of acute stroke. 
They successfully integrated video clips of real 
stroke patients with focal neurological deficits 
into the simulation scenarios, thereby overcom-
ing the mannequin’s inability to mimic such defi-
cits. Learners reported improved self-confidence 
in the management of acute stroke; however, a 
long-term change and sustainability in clinical 
behavior has not yet been investigated.

 Status Epilepticus and Acute Stroke

Ermak et  al. [58] integrated simulation into the 
training of third- and fourth-year medical students 
during their neurology clerkship. Two simulation 
scenarios were created for the evaluation and 
treatment of status epilepticus and acute stroke 
using a high-fidelity mannequin programmed 

Fig. 24.3 Electrographic 
seizure activity
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with specific vital signs and pupillary responses. 
A formal neurologic assessment was available 
when requested by the students. The status epilep-
ticus scenario was supplemented by an actor play-
ing the role of a family member who provided 
additional pertinent information. Following the 
simulation, students reviewed their video scenario 
recording for self-assessment. The simulation 
facilitator provided additional feedback and 
encouraged discussion, focusing on key tasks and 
fundamental knowledge during the debriefing. 
This allowed for individualized instruction, which 
addressed knowledge deficits identified during 
the simulation. The investigators emphasized the 
importance of the diagnosis and management of a 
neurological emergency rather than focusing on 
the recognition of localizing symptoms.

 Traumatic Brain Injury

Within the setting of a quality improvement proj-
ect for the treatment of traumatic brain-injured 
patients in general intensive care units in the 
United Kingdom, Smith et  al. [63] established 
that simulation-based training improves the 
intensive care unit staff’s knowledge in the man-
agement of head injuries. By engaging nurses 
staffing the general intensive care unit and 
employing regular and repeated simulation, the 
investigators were able to demonstrate improve-
ment in skills, knowledge, and confidence levels 
in caring for these patients. They suggest this 
may translate into improved patient outcomes at 
reduced cost [38].

 Brain Death

Given the considerable variability in brain death 
determination among institutions in the United 
States [64–66], as well as the inadequate docu-
mentation of brain death in the medical record 
[67], MacDougall and colleagues [68] sought to 
implement a program to train physicians from a 
variety of specialty backgrounds in adherence to 
the 2010 updated American Academy of 
Neurology practice parameters [69] with the use 

of didactic and simulation sessions. The American 
Academy of Neurology suggests a four-step 
approach (Table  24.3) for providers to declare 
brain death, which includes clinical prerequisites 
for initiating the determination process; neuro-
logical examination (including apnea test); ancil-
lary testing, if necessary; and proper 
documentation in the medical record [67]. The 
investigators used a high-fidelity mannequin and 
trainees were required to complete a full neuro-
logical examination, including performance of 
the apnea test. Potential cofounders, such as 
hypothermia, sedating medications, and signs 
incompatible with brain death, were dispersed 
throughout the simulator session. Physicians 
from non-neuroscience background specialties 
had poor pretest scores, with attendings scoring 
higher than residents, and neurosurgeons and 
neurologists significantly outperforming other 
specialists, demonstrating more familiarity with 
brain death determination guidelines. This is con-
cerning information, when one considers that 
most brain death examinations are not performed 
by neurologists or neurosurgeons in US hospitals 
[66]. The trainee’s performance was evaluated 
with a checklist based on the American Academy 
of Neurology guidelines [69]. A neurologist 
served as a facilitator for the didactic, simulation, 
and debriefing session. This study showed a 
27.9% improvement in mean score from pretest 
to posttest and uniformly positive feedback. 
MacDougall et al. concluded that possible limita-
tions to simulation training include a lack of 
resources and staffing [68]. One suggestion to 
overcome this lack of resources was partnering 
with other nearby institutions with simulation 
centers.

Another group of investigators, [70], tested a 
new simulation model which put emphasis on 

Table 24.3 Determination of brain death in four steps 
per the American Academy of Neurology Guidelines 
2010 [69]

Clinical prerequisites for initiating the determination 
process
Neurological exam/assessment (including apnea test)
Ancillary testing if deemed necessary
Documentation in the medical record
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accuracy and key pitfalls [71] during brain death 
determination. This single-center, nonrandom-
ized two-group design study with pre- and 
post- questionnaires was conducted by two neu-
rointensivists. Neurology and critical care train-
ees were evaluated with the American Academy 
of Neurology checklist. Because of the limita-
tions of high-fidelity mannequins in demonstrat-
ing neurological exam findings, the group 
focused mainly on confounders. Confounders 
such as hypotension, sedating drugs, and autocy-
cling of the ventilator were incorporated into the 
scenarios. Prebriefing took place 1 week prior to 
simulation and included literature on common 
acute neurology topics. Immediately prior to sim-
ulation a brief orientation to the simulation center 
and how to interact with the mannequin took 
place. 41 trainees completed 71.5% of the pre-
requisites tasks and 71% of the clinical examina-
tion tasks. This study demonstrated improved 
clinical performance and confidence in critical 
care and neurology trainees following simulation 
training. The trainee’s confidence in evaluation of 
brain death and apnea testing improved signifi-
cantly, demonstrating the value of simulation.

Other reported outcomes of this simulation 
training include evaluations, trainee’s percep-
tions, and objective improvement in clinical per-
formance on repeat testing. Neurology trainees 
performed better in neurological examination 
and obtaining the clinical history, whereas gen-
eral critical care trainees were more comfortable 
testing for spontaneous respirations both during 
mechanical ventilation and apnea testing. 
Standardized debriefing session included initial 
reaction to the scenario, discussion of the indi-
vidual’s performance with the help of video play-
back, as well as a summary of key points [70].

 Myasthenia Crisis, Status Epilepticus, 
and Brain Death Determination

Braksick et al. [72] implemented neurology edu-
cation for critical care fellows from different spe-
cialty backgrounds using a three-scenario 
high-fidelity simulation course with scenarios of 
myasthenia crisis, status epilepticus, and brain 

death determination. Fellows were assigned 
pre- reading material 1 week prior to the simula-
tion. Immediately prior to simulation, they also 
received a lecture on neurological examination. 
During simulation, they individually saw three 
patients with the goal of making a diagnosis and 
initiating a management plan. Key personnel dur-
ing the simulation included actors portraying the 
patient, a nurse, a patient’s family member, a 
respiratory therapist, and the scenario facilitator. 
Fellows were expected to meet clearly defined 
individualized scenario objectives. The debrief-
ing session was led by a neurointensivist with the 
help of video playback in small groups and 
included discussion of scenario key learning 
points and common pearls and pitfalls of neuro-
logical examination. These structured simulation 
sessions facilitate interactive debriefing sessions 
led by experienced physicians were useful in 
clarifying misconceptions and in delivering 
immediate feedback to the trainee. These simula-
tion scenarios improved medical knowledge 
(p < 0.002) and confidence (p < 0.0001) in man-
aging these neurological conditions. Critical care 
fellows are able to make diagnosis and treatment 
decisions in a risk-free environment. Learner sat-
isfaction with this particular course was high. 
Limitations of Braksick’s study were a small 
sample number of only 16 trainees, and their 
other clinical obligations may have impacted the 
trainee’s preparation for the simulation session.

 Available Training Courses 
in Neurological Emergencies

The Emergency Neurological Life Support 
(ENLS) course was developed and first intro-
duced by Wade Smith, a neurologist and intensiv-
ist, and Scott Weingart, who specialized in 
emergency critical care medicine [73]. The certi-
fication and training in ENLS is hosted by the 
Neurocritical Care Society. This course is 
designed to address basic fundamentals of emer-
gency management of a wide variety of neuro-
logical emergencies with simple treatment 
algorithms to minimize loss of valuable time and 
enhance communication skills [74]. This course 
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provides a set of protocols, simple checklists, 
various decision points, and suggested communi-
cation to use during patient management. It can 
be completed as a live or online course. The post 
course exam focuses on knowledge and skill 
retention. ENLS recommendations are based on 
expert opinion due to lack of available data. The 
audience includes providers from diverse back-
grounds, who work in different healthcare set-
tings. Fourteen modules are available in version 
2.0 and can serve as guides for development of 
scenarios in a simulation curriculum [75–88]. 
This provides a nice framework for simulation 
education in crises situations that require imme-
diate attention and appropriate treatment.

Another course from the Cleveland Clinic 
[89] is a web-based approach that encompasses 
all aspects of brain death determination (brain 
death exam, relevant legalities, and family dis-
cussions) and takes about 1 h to complete. This 
has great availability; however, there is no hands-
 on training.

From a live workshop standpoint, the 
University of Chicago hosts a brain death sim-
ulation workshop [90] on a yearly basis. The 
course offers one full day of simulation sta-
tions, lectures, and case studies with the help 
of expert faculty who provide individualized 
feedback to the trainee. The advantage of this 
workshop is extensive practical training though 
at high cost.

 Implementation of Simulation 
Curriculum

In order to create a meaningful simulation sce-
nario, one must define key educational objec-
tives, clinical pearls of the examination, and 
potential pitfalls, so that successful knowledge 
retention ensues. Building teamwork, communi-
cation, leadership, situational awareness, and 
clinical decision-making can benefit not only the 
patient’s care but also communication among the 
care team members. Potential measurable out-
comes include improvement in knowledge, confi-
dence, and time to fulfill key tasks. One can make 
a simulation scenario more challenging by inte-
grating technical skills (Table 24.1) and nontech-

nical skills (Table  24.2) such as breaking bad 
news when timely clinical decision-making is 
necessary. In the intensive care unit, one must 
adapt quickly to a dynamic environment, espe-
cially when working with other team members, 
other services discussing transfer of care, and 
family members. Families are often confronted 
with devastating news and evidence suggests that 
trainees perform better when having practiced 
breaking bad news during simulation sessions. 
Goals of care discussions can be emotionally 
fueled, and many trainees are not prepared to 
have these difficult and very complex conversa-
tions [29, 91, 92]. Adjuncts to high-fidelity simu-
lation may include a medical history obtained by 
family member actor or nurse, a neurological 
exam with the help of videos or actors, as well as 
laboratory data, neuroimaging, electroencepha-

Table 24.4 Possible neurocritical care simulation 
scenarios

Traumatic brain injury
Traumatic spine injury and spinal cord compression
Subarachnoid hemorrhage and acute cerebral 
vasospasm
Intracranial hypertension and herniation (brain code)
Coma
Brain death and organ donor management
Status epilepticus – Convulsive vs nonconvulsive
Acute nontraumatic weakness
Meningitis/encephalitis
Acute ischemic stroke
Intracerebral hemorrhage
Resuscitation in shock states

Table 24.5 What can be simulated in status epilepticus

Medical 
history

Via actor (patient, family member, nurse), 
video, or mannequin:
  Seizure history, antiepileptic drug 

compliance,
  Onset and length of seizure obtained via 

family member
Exam   Confusion, inattention, staring

  Impaired memory of the event
  Clinical automatisms (e.g., repetitive 

lip-smacking, fumbling, 
swallowing movements)

  Hemiparesis, gaze deviation
  Subtle nystagmus
  Prolonged generalized tonic or 

tonic-clonic seizure
  Hypotension and cardiac arrhythmias
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lography (Fig.  24.3), and transcranial Doppler. 
Possible scenarios for simulation courses in neu-
rocritical care are listed in Table 24.4. An exam-
ple of what can potentially be simulated in a 
scenario of status epilepticus is shown in 
Table 24.5, and key objectives, actions, and pit-

falls are further outlined in Table 24.6 in the form 
of a checklist based on the evaluation and man-
agement guidelines published by the Neurocritical 
Care Society [93]. Figures 24.4, 24.5, and 24.6 
demonstrate a simulation setup with integration 
of a high-fidelity mannequin.

Table 24.6 Checklist for simulation of status epilepticus (SE) scenario

Objectives Actions Pitfalls
ABCs Evaluate and manage airway and provide 

supplemental oxygen
Monitor vital signs
Obtain code status
Assess and support ventilation
Intubation if necessary
Finger stick blood glucose
Check or establish vascular access
Fluid resuscitation
Note time of onset and length of seizure

-Not recognizing need to 
protect airway with advanced 
airway
-Cervical collar requiring 
in-line manual stabilization
-Failure to obtain IV access
-Invasive hemodynamic 
monitoring if necessary

Control seizures By 5 min:
Emergent initial therapy with benzodiazepine
Appropriate choice of medication and dosing
Diagnose SE if > 5 min in duration:
Urgent control with antiepileptic drug therapy
Administer intravenous antiepileptic drugs based 
on guidelines [93]
Diagnose refractory SE:
Start continuous infusion, e.g., propofol, 
pentobarbital, midazolam

-Delay in management and 
treatment
-Incorrect choice of 
medication
-Unawareness of side effects 
of medications
(e.g., hypotension, PR 
prolongation on EKG, 
propofol infusion syndrome, 
arrhythmias, etc.)

Perform seizure workup and 
determine etiology of seizure

Obtain or review past medical history and perform 
targeted history (e.g., seizure or alcohol abuse 
history)
Neurological exam
Request appropriate labs and imaging studies:
Stat labs – Blood glucose, toxicology screening and 
antiepileptic drug levels, complete blood count, 
basic metabolic panel, calcium (total and ionized), 
magnesium
CT head, continuous EEG
Depending on clinical setting – Request:
Blood cultures, urinalysis, cerebrospinal fluid 
analysis, MRI brain

-Not sending toxicology 
screen and glucose
-Pearl exam: Gold standard 
for diagnosis is continuous 
EEG
-Failure to obtain imaging
-Lumbar puncture only after 
neuroimaging to rule out 
potential cerebral herniation

Consider nonconvulsive SE if 
patient comatose and control 
electrographic seizure activity

Continuous electroencephalography -Not recognizing and failing 
to treat nonconvulsive SE
-Not escalating medical 
management in setting of 
refractory SE

Management of medication 
side effects, knowledge of 
treatment protocol with
appropriate intravenous 
antiepileptic drugs (per current 
guidelines)

Knowledge of pharmacokinetics and 
pharmacodynamics
Knowledge of SE treatment protocol
Recognize and manage antiepileptic medication 
side effects

-Inappropriate medication 
selection for treatment
-Titrate to goal – Burst 
suppression on EEG

Communication Call for help
Communicate with primary team
Update family in professional manner

-Failure to call for help
-Not addressing family’s 
questions and concerns
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 Conclusion

Neurocritical care or neurological emergency 
simulation scenarios should target providers 
across a variety of medical disciplines who have 
one goal in common – namely the safest, most 
time-efficient, and effective patient care to avoid 
secondary neurological injury. Despite the 
shortcomings of current technology, simulation-

based training will not only enhance the train-
ee’s skillset but also improve nontechnical 
qualities such as confidence levels, knowledge 
base, and communication skills among critical 
care team members, interdisciplinary teams, 
and family members. Specific simulation sce-
narios to consider implementing are acute isch-
emic stroke, status epilepticus, traumatic brain 
injury, and brain death determination. Even 

Fig. 24.4 EEG 
diagnosis of status 
epilepticus

Fig. 24.5 Status 
post-endotracheal 
intubation
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with limited resources, simulation can be imple-
mented successfully, and collaboration with 
other facilities may be an option for develop-
ment of a simulation program. Further outcome 
measures need to be addressed and continued 
investigation is necessary to determine the effi-
cacy of scenarios on trainee education and 
patient outcomes. Given the infancy of simula-
tion in neurocritical care, further studies and 
great evolution are expected.
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