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Virtual and Augmented Reality in Neurosurgery: The Evolution of its Application and

Study Designs

Walter C. Jean1,2

-BACKGROUND: As the art of neurosurgery evolves in
the 21st century, more emphasis is placed on minimally
invasive techniques, which require technical precision.
Simultaneously, the reduction on training hours continues,
and teachers of neurosurgery faces “double jeopardy”—
with harder skills to teach and less time to teach them.
Mixed reality appears as the neurosurgical educators’
natural ally: Virtual reality facilitates the learning of spatial
relationships and permits rehearsal of skills, while
augmented reality can make procedures safer and more
efficient. Little wonder then, that the body of literature on
mixed reality in neurosurgery has grown exponentially.

-METHODS: Publications involving virtual and
augmented reality in neurosurgery were examined. A total
of 414 papers were included, and they were categorized
according to study design and analyzed.

-RESULTS: Half of the papers were published within the
last 3 years alone. Whereas in the earlier half, most of the
publications involved experiments in virtual reality simu-
lation and the efficacy of skills acquisition, many of the
more recent publication are proof-of-concept studies. This
attests to the evolution of mixed reality in neurosurgery. As
the technology advances, neurosurgeons are finding more
applications, both in training and clinical practice.

-CONCLUSIONS: With parallel advancement in Internet
speed and artificial intelligence, the utilization of mixed
reality will permeate neurosurgery. From solving staff

problems in global neurosurgery, to mitigating the delete-
rious effect of duty-hour reductions, to improving individual
operations, mixed reality will have a positive effect in
many aspects of neurosurgery.

INTRODUCTION

The term “virtual reality” (VR) was coined by the computer
scientist-turned-philosopher, Jaron Lanier, in the late
1980s.1 First used for immersive experience in gaming, it

refers to a computer-generated, 3-dimensional (3D) environment
with which the user can interact, with touch, sound, and sights
that mimic real life. Augmented reality (AR), in turn, is a tech-
nology that takes computer-generated objects, like those found in
VR, and adds them to a specific location in the real-life 3D visual
environment, either through a screen or other optic device.
Together, VR and AR, commonly referred together as “mixed
reality” (MR), may represent the next quantum leap in techno-
logical advancement in neurologic surgery.
With increasing concern over trainee burnout and continued

reduction of duty-hours, teachers of neurosurgery around the world
have to looking for innovative ways to improve the efficiency of
neurosurgical training. Widely applied for flight simulation to train
pilots, VR was an obvious tool to supplement surgical training.2,3

After all, VR models of the human skull, spine, and brain can be
manipulated (e.g., drilled and cut) and reset without expenses for
replacement or harm to patients. Furthermore, students of the art
of neurosurgery must learn to mentally transform 2D data, such
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as from computed tomography (CT) or magnetic resonance
imaging (MRI) scans, into 3 dimensions and understand the
complex spatial relationships of brain, skull, and disease
structures. The technology of VR eliminates this complex mental
exercise by the push of a few buttons, and in VR goggles, the
learners can see, turn, and manipulate the 3D objects to examine
the complex relationships. It is of little surprise then, that the
first applications of VR in neurosurgery in the 1990s and early
2000s were mainly in the realm of teaching and skill
acquisition.4,5 From that beginning, studies involving VR evolved
from description of the systems used for learning, to experiments
in the teaching lab where performance enhancement was
objectively measured.6,7

As VR hardware and software both advanced, more clinical
applications involving patients started to appear. The same ad-
vantages that VR affords the trainees in neurosurgery, especially
the transformation of 2D CT and MRI images into life-like, 3D
computerized models, are even more important for neurosurgical
patients, who, in the most anxious period of their lives, must
somehow understand their disease and make rational choices to
fight for their health or survival. And while the technology
improved, surgeons also began to grasp the potentials of this new
tool, and applied it to more aspects of clinical practice. From
“surgical rehearsal” that involved tours of the anatomy, practi-
tioners interacted with the complex anatomy of clinical problem
and invented new paradigms to make surgery safer, less invasive,
and more efficient.8-10 As expected, this evolutionary process was
accompanied by a veritable explosion of published literature on
the topic of VR, AR, and MR in neurosurgery. This study looks
back at the changing nature of this body of literature, and makes
prognostications about what lies ahead.

METHODS

A systematic literature search was completed using PubMed as the
primary electronic database. Studies were identified which
examined the utilization of VR, AR, MR or extended reality in
neurosurgery. To optimize our search, we utilized the following
strategy (“Virtual Reality” OR “Augmented Reality” OR “Mixed
Reality” OR “Extended Reality”) AND (“Neurosurgery” OR
“Neurological Surgery”). The database was queried in January 2021
and yielded 704 unique results. Only those in English were
considered, and papers involving topics in rehabilitation, psy-
chology, and radiology without significant reference to neurosur-
gical interventions or procedures were eliminated. As a result, 414
papers fit the selection criteria and were included in this study.
These studies were categorized into 9 broad groups according to
study design: (1) case series, (2) case-control trial, (3) experiments
with control, (4) editorial/opinion, (5) randomized trial, (6) review
article, (7) single case report, (8) survey study, and (9) technical
note (proof-of-concept study). Papers were also classified by the
subspecialty of neurosurgery involved.

RESULTS

Using the search algorithm, the first publications on the topic of
VR and AR use in neurosurgery appeared in 1994. Of the 414
papers involved in this study, half of them were published in the
ensuing 23 years, with the remaining half published in 2018 and

beyond (Figure 1). In the earlier 50% of publications, the most
frequently encountered study design is “controlled experiments”
(41 out of 207 studies). This number was not significantly
altered in the second half of the papers published after 2018 (43
out of 207), but in this group, “technical note” had the largest
number (70). When all the publications are analyzed together,
the category of “technical note and ‘proof-of-concept’” study
had the highest number of publications at 116 (Figure 2).
Clinical studies with a “case-control” and “randomized trial”
design were the poorest represented categories as those both
had only 3 publications.
Regarding the subspecialties of neurosurgery, 118 studies

examined a general topic in clinical neurosurgery, such as place-
ment of external ventricular drain, and this was the classification
with the most studies. There were 64 studies that involved brain
tumors, 53 spine, and 52 vascular. There were only 16 publications
studying functional neurosurgery and 14 pediatrics. Overlapping
these classifications were studies that involved training and
simulation that sometimes involved multiple neurosurgical sub-
specialties. There were 135 studies that fit this description.

DISCUSSION

The microscope appeared in neurosurgical operations in the
1905s, and the first CT scans were commercially available in the
1970s.1 Like those, MR may become ubiquitous in neurosurgery in
the near future. The rapid climb in numbers of publications in the
field gives credence to this: Whereas the first studies of VR in
neurosurgery appeared more than 20 years ago, half of the
publications in the field appeared within the last 3 years.

Neurosurgical Education
The most frequently encountered study design in the first half of
the VR literature is “controlled experiments” and most of these
involved experiments in areas of neurosurgical education and
skills acquisition. Azarnoush et al. used VR simulator technology
to study performance in brain tumor surgery, and they found that
VR can be utilized to quantify technical performance.11 Similarly,
Banerjee et al. studied VR simulation in changing accuracy of
ventriculostomy placement.12

Reviews of use of MR in neurosurgical learning and skills
acquisition are summarized in 2 excellent papers.2,13 Whereas
early use of VR simulation allowed trainees to practice skills
such as tumor resection or use of endovascular catheters,3,11

state-of-the-art versions of the same have built-in sensors and
monitors as automated metrics of performance (APMs). The
measure of skill may be distance-to-target, the difference between
final placement of an implant from the intended target,14,15 or it
may involve the time-to-completion of a task. As the technology
matures, APMs are acquiring ability to analyze metrics relevant to
actual surgeries, such as kinematics, force, blood loss, and volume
of resection, and, coupled with artificial intelligence, future ver-
sions will be able to classify the users’ performance level with
these data.13

Clinical Applications
The changing proportions in the types of publications reflects the
changing nature of the field. In the most recent half of the VR
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literature, although “controlled experiments” appeared the same
pace as it did prior to 2018, the largest number of publications
were the in category of “technical notes and proof-of-concept.”
Not only has the technology advanced rapidly, but neurosurgeons
have also found more ways for its educational as well as clinical
applications.

The utility of VR in patient education is readily understandable as
the computer renders black-and-white, 2D imaging studies into
colorful, anatomically accurate and segmented, 3Dobjects, which the
user can rotate and examine in a 360-degree fashion. Predictably, VR
has been studied and proven useful for its ability to engage patients in
their own care16 and to improve the surgical consent process.17,18
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Figure 1. The number of publications on the subject matter of VR, AR, or MR in neurosurgery over time.
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Figure 2. The 414 studies analyzed in this study were separated into 9 categories by their study design. POC, proof of
concept.
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In clinical applications, MR has been used to rehearse patient-
specific surgery,10 and coupled with navigation, to plan incision,
craniotomy, clip-application and tumor resection.10,19-22 But
whether MR can make surgery safer and more efficient, or
whether it can affect clinical outcome, is much harder to prove.
Indeed, out of 414 studies examined in this review, only 6 are
case-controlled or randomized trials and none of them measured
actual patients’ outcomes.23-28 Interestingly, this parallels the
literature about neuro-navigation devices prior to them being
universally accepted and applied. In 252 studies reviewed by
Grunert et al. in 2003, only 4 reported on patient outcome.29

In fact, the naysayers are vociferous about MR, and many of
their complaints are identical to those about navigation: that
MR in the operating suite is a “plaything for neurosurgeons” and
‘“[w]hat happens if the navigation [MR] device does not
work?...[y]oung neurosurgeons will not learn the classic
[methods] and then will be unable to operate without the navi-
gation/[MR] device.”’29 Looking at the body of literature on MR up
to now, it is easy to understand the doubt that surrounds it. The
vast majority of the publications fall into the categories of
“review,” “single case reports,” “editorial/opinion,” and
“technical note/proof of concept,” and none of these contain
rigorous data to support the enthusiasm for the new technology.
On the other hand, it is interesting to note that the naysayers
against navigation were quieted less by level 1 evidence on
clinical outcome but more so by advancement of the navigation
technology, which made it more affordable, and allowed for
mass acquisition of the devices and universal usage.
There is little doubt that MR devices are “playthings” in their

current iterations, and expensive for the occasional user. But as
the technology advances, hopefully it will become more efficient
and affordable. If so, the advantages of VR and AR in planning
and assisting neurosurgical procedures will likely lead them along
the same path as navigation. Surgical planning with MR started
with “touring” of the anatomy as surgeons in goggles can “fly-
through” the relevant anatomy to examine the spatial relation-
ships, and auto-segmentation of angio-architecture, lesional
anatomy, and osseous structures made this highly efficient.10,21

The addition of a drill function to VR allowed surgeons to
rehearse various approaches to test the exposure and review the
hazards in order to select the most efficient and safest option.8

While these VR rehearsals assisted in the selection of the
optimal craniotomy opening for surgery, once integrated with
navigation and an optical display (i.e., microscope or head-
mounted display), the opening of choice can become visible, as
augmented reality templates, on the patient during surgery in
anatomically accurate positions. With this scheme, navigation is
no longer used only to find one’s bearing during surgery, but the
integrated system of AR/navigation/display would be used to
duplicate a plan, designed in the office or studio, which was
selected for safety and efficacy.22,30

If the development of the intraoperative use of MR continues to
parallel the history of navigation, studies will soon appear
measuring the accuracy and precision of the navigation integrated,
AR projected anatomy, and, regarding the use of this technology
in surgery, outcomes studies will try to define the benefits to the
patients in terms of reduction of hospital stay, shortening of
operative time, decrease in blood loss, and avoidance of

complications. However, in order to prove the value of the tech-
nology and that MR leads to better outcomes, controlled trials will
be necessary, conducted with the study group influenced by MR
and the control group not. Randomized trials of this kind will be
ethically challenging for investigators. Presumably, the acquisition
of the expensive MR equipment means the buyer/user has intrinsic
trust in the technology, and, if so, withholding its use in the
control group would mean offering suboptimal care to half the
patients. And even if historical controls are used, the participants
needed to power the studies will likely be enormous.
In the near future, the cost for MR technology to hospitals and

neurosurgery departments may be reduced directly by price drops
related to improvement in materials and manufacturing practices,
but also indirectly by hospital savings, if indeed MR can reduce
operating time, hospital stay, and complication rates. Either way,
if the costs of the systems become more permissive, their spread
may outpace the literature that rigorously proves their benefits,
despite the loud protests of the naysayers.

Morphometric Investigations
Up to now, the application of VR in morphometric anatomical
research has received relatively little attention. The tradition in
neurosurgery mandated the use of cadavers in these studies,
which often involved complex study designs and multiple inves-
tigative platforms. The cadaver heads are dissected in the labo-
ratory and then scanned with CT or MRI. The Digital Imaging and
Communications in Medicine (DICOM) data are in turn trans-
ferred to a navigation or similar system for measurement of
exposure, surgical freedom, approach angles, in addition to other
parameters. Cadaver heads are difficult to transport and store, and
maneuvers between all the study platforms can introduce signifi-
cant error.
The use of VR may supplant cadavers in these studies.31-34 VR

skull specimens are easy to obtain. As long as patient de-
mographic information is discarded, anonymized DICOM data
from anyone’s normal skull can be used for an experimental
specimen. The large numbers of specimens available can translate
to more robust statistical power for the study. The drill and
measurement platforms are all one and the same (i.e., the VR
system), and with the reset function, the same specimen can be
put through various simulated approaches (i.e., drilling) with
overlapping bone removal without introducing bias into the
data.32,33

Here again, the naysayers have loud voices. The main complaint
of the VR study scheme is that the effect of the brain on the
measurements cannot be included, and, indeed, the turgor and
pliability of the human brain is very difficult to render or estimate
in VR. However, whether the brain in cadavers, filled with fixa-
tives, can accurately reflect the human brain in surgery, treated
with mannitol, hyperventilation, and cerebrospinal fluid diversion,
remains a question for the reader of these studies to ponder.

Predictions for the Future
The parabolic rise of MR publications will likely continue as the
technology advances and neurosurgeons continue to find inno-
vative ways to apply it. In the realm of education, neurosurgical
trainees will use VR simulators with improved haptic feedback,
tissue handling, and perhaps even include blood-loss calculations.
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Neurosurgical instructors will take advantage of the ever-
improving stability and speed of the Internet and utilize head-
mounted displays and AR for global proctoring. The proctor can
interact with the operative field in remote locations and offer the
trainee real-time visual cues, seen in AR, to “coach” actual oper-
ations. As a parallel to this development, studies will appear,
hopefully documenting the lives saved, as this system mitigates
the staff shortage and skill deficits in global neurosurgery.
Coupled with artificial intelligence, morphometric VR studies of

normal skull and brain architecture from normal individuals, as
well as abnormal skulls and brains from patients, will generate
“big data.”Machine learning algorithms would then be able to use
this to “recommend” approaches to disease states, such as tumors
and aneurysms, just like master neurosurgeons do today, relying
on their experience and intuition. AR will complement, or even
supplant, optical and electromagnetic tracking for intraoperative
navigation. Accuracy will be the main subject of studies proving its
reliability.35 Beyond this, what readers will seek most eagerly is

how all this technology translates to better patient outcomes.
The wider the spread of MR, the less likely these outcome
studies will dominate the literature, as the believers will have
drowned out the protests of the naysayers.

CONCLUSIONS

The literature on MR in neurosurgery will likely double again in
the next half-decade, as the technology permeates all aspects and
subspecialties of neurosurgery. From solving staff problems in
global neurosurgery, to mitigating the deleterious effect of duty-
hour reductions, to improving the efficiency and safety of
patient-specific operations, MR will have many positive effects. If
the history on navigation is of any guide, technical notes and
proof-of-concept publication will likely continue to dominate the
literature, and prospective trials, with the challenges of finding
control groups in ethical ways, will continue to trail as surgeons
invest more faith in the technology.
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