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The Future of Skull Base Surgery: A View Through Tinted Glasses
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Niveditha Kalavakonda3, Blake Hannaford3
In the present report, we have broadly outlined the potential advances in the
field of skull base surgery, which might occur within the next 20 years based on
the many areas of current research in biology and technology. Many of these
advances will also be broadly applicable to other areas of neurosurgery. We
have grounded our predictions for future developments in an exploration of what
patients and surgeons most desire as outcomes for care. We next examined the
recent developments in the field and outlined several promising areas of future
improvement in skull base surgery, per se, as well as identifying the new
hospital support systems needed to accommodate these changes. These include,
but are not limited to, advances in imaging, Raman spectroscopy and micro-
scopy, 3-dimensional printing and rapid prototyping, mastereslave and semi-
autonomous robots, artificial intelligence applications in all areas of medicine,
telemedicine, and green technologies in hospitals. In addition, we have
reviewed the therapeutic approaches using nanotechnology, genetic engineer-
ing, antitumor antibodies, and stem cell technologies to repair damage caused
by traumatic injuries, tumors, and iatrogenic injuries to the brain and cranial
nerves. Additionally, we have discussed the training requirements for future
skull base surgeons and stressed the need for adaptability and change. How-
ever, the essential requirements for skull base surgeons will remain unchanged,
including knowledge, attention to detail, technical skill, innovation, judgment,
and compassion. We believe that active involvement in these rapidly evolving
technologies will enable us to shape some of the future of our discipline to
address the needs of both patients and our profession.
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INTRODUCTION

Surgery for tumors and vascular lesions at
the base of the brain has existed since the
time of Harvey Cushing; however, such
operations were, at times, inadequate and
extraordinarily high risk. In the 1980s and
1990s, a number of revolutions occurred as
pioneering surgeons and physicians
working together in small teams made
major advances in the field. These sur-
geons developed critical innovations
through new techniques to expose the
skull base, remove tumors safely, repair
complex aneurysms and vascular lesions,
and safely reconstruct the skull base to
promote healing and prevent cerebrospi-
nal fluid leakage and infection. More
recent technological introductions have
proceeded to revolutionize the treatment

rights reserved.
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of challenging skull base pathology,
including the introduction of endoscopic
surgery; advances in neuroimaging, radi-
osurgery, and high-energy focused radio-
therapy; the perfection of vascular bypass
to replace major arteries and venous si-
nuses involved by tumors; and the use of
skull base approaches to treat complex
vascular lesions.1-3

Through the establishment of organi-
zations such as the North American Skull
Base Society, the World Federation of
Skull Base Society, and clinical institutions
focused on the refinement and teaching of
skull base surgery, the knowledge and
skillset necessary to properly practice this
challenging subspecialty have been effec-
tively disseminated. This long history of
innovation has resulted in the safe and
effective practice of skull base surgery.
However, the discipline remains on the
TOBER 2020 www.journals.
cutting edge of neurosurgery, and many
challenges have yet to be addressed. In the
present report, we have surveyed the many
emerging technologies that appear poised
to result in the next revolution in skull
base surgery. Many of the advances we
have described will also be generally
applicable to many areas of neurosurgery.
Although the future will always be

difficult to predict, a specialist discussion
of the most promising advances could
help young surgeons entering the field
and, in turn, help to shape the future. A
number of techniques that might have an
impact on skull base surgery are listed in
Table 1. In the present report, we have
focused on some, but not all, of these
areas. When thinking about the future of
skull base surgery, we need to think
about the present needs of patients and
surgeons.
elsevier.com/world-neurosurgery 29
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WHAT DO PATIENTS AND SURGEONS
WANT?

Patients ultimately want their surgical
team to cure, control, or, ideally, facilitate
the prevention of disease. They favor
minimally invasive approaches. When
possible, they want illnesses to be treated
by medicines only. If further intervention
is necessary, they prefer minimally inva-
sive surgery or radiosurgery without tissue
damage. When more extensive surgery
cannot be avoided, they prefer it to be
without undue risk. Patients rightly place a
premium on minimizing morbidity, which
means no damage to the surrounding
brain, cranial nerves, or blood vessels and
no cosmetic deformity. Regardless of the
approach, they want to minimize time
away from work and family and to be
treated at a reasonable cost.
Surgeons chose their profession to heal

patients and to cure or control disease by
performing elegant operations within their
limits without major complications. They
want to balance this pursuit with their
desire to live well and to be healthy and
happy with their families. Finally, they
want the freedom to operate with the
professional autonomy they have earned
through their pursuit of highly specialized
training without undue interference from
the hospital administration or government
in their daily practice of medicine.
The best way for surgeons to ensure that

the needs of their future patients will be
met is to continue to drive the innovation
necessary to deliver transformative treat-
ment options that are effective, economic,
and minimally disruptive.

ADVANCES IN IMAGING

During the past 2 decades, we have seen
progressive improvements in imaging,
and this will continue. At present, a 10.5-
Tesla magnetic resonance imaging (MRI)
unit is under study at the University of
Minnesota’s Center for Magnetic Reso-
nance Research. This machine is experi-
mental and has not yet been used for
human studies. Also, a 7-Tesla magnet is
in use at some centers in the United States
and Europe, primarily for research pur-
poses. It will soon be available for clinical
use. We can study the brain anatomy,
blood vessels, and fiber tracts in detail
using this high-field MRI technology. It is
likely that antigen or gene imaging of
30 www.SCIENCEDIRECT.com
tumors will become commonplace as we
find methods to image them.
Advanced imaging technology is also

beginning to be used clinically in oper-
ating rooms (ORs). At present, hybrid ORs
with MRI and intraoperative biplane
angiography are in use at some centers for
rapid diagnosis and corrections during
surgical procedures. Using high-quality
intraoperative angiography, a number of
new or improved procedures have become
possible, such as intraoperative tumor
embolization and rapid corrections in
vascular bypass procedures. Using intra-
operative imaging, more complete tumor
resection and the avoidance of some
dangerous areas for resection have
become possible. Many neurosurgeons
and hospitals are still unsure whether to
install this technology in their hospitals
because the cost-effectiveness has not yet
been demonstrated. However, the next
10e20 years will witness the growth of
such imaging modalities in ORs and
intensive care units (ICUs).
During surgery, surgeons often require

rapid information about the pathology of
the tissue they are removing and the tu-
mor margins. The current technique of
intraoperative pathological consultation
will often be inadequate to answer these
questions because of artifacts from tissue
cryosectioning and subsequent conven-
tional staining with hematoxylin and eosin
(H&E). Various optical technologies have
been developed that might find clinical
implementation as intraoperative guid-
ance tools in skull base neurosurgery,
including optical coherence tomography,
fluorescence-based technologies, Raman
spectroscopy (RS) and imaging, diffuse
reflectance spectroscopy and imaging, and
advanced quantitative methods.4-6

RS is an optical nondestructive and
noninvasive technique that provides
biochemical information for the tissues
studied based on inelastic scattering of light
by vibrating molecules. Raman techniques
have been identified as promising experi-
mental intraoperative tools in neurosur-
gery.6 RS can accurately discriminate
normal brain tissue from brain neoplasms
by the biochemical alterations within
tissues, which could help guide decision-
making and surgical resection.7,8

Stimulated Raman histologic findings can
create a complementary new direction for
tissue diagnosis, independent of the
WORLD NEUROSURGERY, http
conventional pathological findings, using
an unprocessed label-free optical imaging
method to provide the histologic diagnosis
in near real-time. Using a fast simultaneous
2-channel/lipid channel at 2850 cm�1 and
3-channel/protein at 2930 cm�1 Raman shift
wavenumbers, stimulated Raman scattering
microscopy and a pseudo-H&E coloring
method might allow pathologists to sup-
plement or replace current frozen section
diagnostic tools, which, in turn, has impli-
cations for tissue preservation and
augmented diagnostic utility.6,8 An ex vivo
skull base neoplasm examined using a
Raman fiberoptic touch probe device to
determine the biochemical “fingerprint” of
the specimen is shown in Figure 1A and B.
The same neoplasm examined using
stimulated Raman scattering microscopy
compared with a subsequent conventional
tissue section stained with H&E is shown
in Figure 1C and D. In addition, such
imaging modalities can be combined with
immediate treatment. Laser thermal
ablation is already being used in the MRI
suite for epileptic lesions and some brain
tumors, with variable results.9,10 Lasers or
ultrasonic removal can also be combined
with rapid intraoperative pathological
examination for precise intraoperative
tissue removal.
Patients in the ICU often require imag-

ing of the head, neck, and other areas of
the body to evaluate structural and func-
tional changes. Examples include the use
of a portable computed tomography (CT)
scanner for imaging studies, CT of the
cerebral blood flow, and CT angiography
of the brain or lungs.11 More recently,
portable MRI technology has been
developed and applied in the ICU
setting.12 A tremendous amount of
nursing effort, time delay, and threat to
patient safety is involved in transporting
a patient from the ICU to a fixed MRI
unit at present. If the imaging quality is
good, portable MRI devices could be
used in large ICUs in a cost-effective
manner.
GENETIC ENGINEERING AND ANTITUMOR
ANTIBODIES

Novel therapeutic approaches have begun
to revolutionize cancer treatment.13 Skull
base tumors have been considered
primarily surgical diseases, and research
of nonsurgical approaches to treatment
s://doi.org/10.1016/j.wneu.2020.06.172
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Table 1. Some Areas of Future Advances in Skull Base Surgery

Advanced imaging techniques, especially using magnetic resonance imaging and ultrasonography

Portable imaging technology in operating rooms and intensive care units

Simulated Raman microscopy and spectroscopy for rapid diagnosis in operating rooms

Three-dimensional printing and rapid prototyping

Tissue engineering to fabricate blood vessels, bone, facial tissue, and so forth in conjunction with
3-dimensional printing

Nanotechnology to engineer diagnostic and therapeutic particles

Rapid molecular and genetic diagnosis of tumors

Antitumor antibodies, CAR-T cells, and checkpoint inhibitors to treat malignant tumors

CRISPR-CAS-9ebased genetic engineering techniques to eliminate inherited syndromes such as
neurofibromatosis and von Hippel-Lindau disease

Stem cell technologies to repair damage caused by traumatic injuries, tumors, and iatrogenic injuries to the
brain and cranial nerves

Mastereslave and semiautonomous robots for use in operating rooms

Humanoid robots as helpers in operating rooms, cleaning services, food services, and nursing services in
hospitals

Artificial intelligence applications for diagnosis of disease in hospitals and outpatient care facilities

Reengineered hospitals that are green, energy self-sufficient, with proper waste disposal and adapted to
patients’ needs

New training methods for residents and surgeons

CAR-T, chimeric antigen receptor T cells; CRISPR, clustered regularly interspaced short palindromic repeats; Cas9, CRISPR-
associated protein-9 nuclease.
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has lagged behind other fields of
oncology. With the advent of more
sensitive techniques for profiling tumors
and the natural transition from generic
chemotherapy regimens to targeted
approaches, it will be beneficial to apply
molecular medicine approaches to skull
base disease. A particular focus should
be on diseases that are, at present,
refractory to even the most advanced
surgical techniques.
Skull base neoplasms are divisible into

syndromic and sporadic disease pro-
cesses. Central nervous system (CNS) tu-
mor syndromes (e.g., neurofibromatosis
types 1 and 2) have shown a specific pre-
dilection for skull base pathology.14 It is
challenging to treat such diffuse disease
processes in which the molecular basis is
a germline mutation present throughout
the body. The advent of genome editing
techniques, in particular, the CRISPR
(clustered regularly interspaced short
palindromic repeats)-Cas9 (CRISPR-asso-
ciated protein-9 nuclease)ebased plat-
forms,15 have created the potential for
such interventions. CRISPR-Cas9 has
WORLD NEUROSURGERY 142: 29-42, OC
already shown promise in editing he-
matopoietic lineage cells in stem cell
transplantation and conferring human
immunodeficiency virus resistance.16 One
application to skull base tumors would
be to correct pathologic point mutations
in genes underlying CNS tumor
syndromes, such as the NF2 gene, which
is associated with multiple tumors in
these patients.17 At present, we do not
know whether correction of the NF2 gene
would be sufficient to halt the growth of
NF2-related tumors. As gene editing
techniques become more refined, the
focus will shift toward safe and specific
delivery. For CNS applications, this might
require the use of viruses engineered to
have cell type-specific tropism to allow
them to target the meninges or Schwann
cells.18 When these issues have been
resolved for syndromic diseases, such
techniques could then be used to correct
similar mutations in sporadic diseases as
well.
Sporadic diseases exhibit multiple mu-

tations, unlike syndromic diseases. They
require broader approaches than does the
TOBER 2020 www.journals.
treatment of syndromic diseases. Immu-
notherapy is an approach often used for
other malignancies,19 using antibody-
based drugs that target tumor-specific
surface antigens. An example is the use
of bevacizumab, an antibody that targets
the angiogenic growth factor VEGF
(vascular endothelial growth factor) in
patients with NF2 and bilateral vestibular
schwannomas.20 Medical treatment with
bevacizumab has already shown some
tumor stabilization and hearing
preservation in such patients.21 Other
antibody-based drugs include those that
target immune checkpoint pathways, most
commonly PD1 (programmed cell death
1), PDL1 (programmed cell death ligand
1), and CTLA4.22 These drugs serve as
immunostimulatory molecules that might
generate tumor-specific immune re-
sponses. A prerequisite for the use of such
immunostimulatory molecules is the
presence of unique neoantigens within the
tumor, which are proteins generated by
mutations that render them different from
the normal host proteins.
Overall, lower grade meningiomas and

schwannomas will have relatively few
mutations, making them poor candidates
for such approaches. However, higher
grade meningiomas have a significantly
greater baseline somatic mutation rate,23

making them potentially amenable to
checkpoint inhibitor therapy. Another
appealing approach is to perform a first
intervention to facilitate antigen release
and inflammation (e.g., using
radiotherapy) and then a second
intervention using checkpoint inhibitor
therapy. Clinical trials using the
combination of radiotherapy and
checkpoint inhibitor therapy are currently
being planned. Finally, directed therapy
against specific surface antigens with
engineered chimeric antigen receptor
T cells could be used to target tumors
highly specifically.24 This requires the
identification of tumor-specific neo-
antigens and subsequent successful engi-
neering of chimeric antigen receptor
T cells able to specifically recognize and
attack such an antigen. These approaches
are under trial in other malignancies,
including glioma, with varying degrees of
success.25

The most important step in bringing
novel therapeutic approaches to skull base
pathology is the detailed molecular
elsevier.com/world-neurosurgery 31
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Figure 1. A patient with skull base chondrosarcoma. (A and B)
Raman spectroscopy with an explanation of the various peaks

present. (C) Hematoxylin and eosinestained specimen. (D)
Simulated Raman microscopy of fresh tissue from the patient.
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characterization of each of the pathologic
entities that collectively constitute “skull
base tumors.” Such efforts are underway
and will expand as investigational tech-
niques become more widely available and
cost-effective. For skull base tumors, we
will need to tailor our therapeutic in-
terventions according to disease-specific
and, even, patient-specific, mutational,
transcriptional, and/or epigenetic profiles.
This type of “precision medicine” will
offer hope to patients for whom our cur-
rent treatment paradigms are inadequate.
STEM CELL TECHNOLOGY

Stem cell recovery techniques after surgi-
cally induced and other neurological defi-
cits will become commonplace within the
next 20 years. This might promote more
complete resection of some skull base
32 www.SCIENCEDIRECT.com
tumors. Thus, in a patient requiring sur-
gery for a vestibular schwannoma, recov-
ery of cranial nerve 7 and 8 function might
be better than at present even for those
with large or giant tumors. This might
also apply to iatrogenic neurological defi-
cits involving the brain or brainstem after
tumor or vascular operations. Under-
standing stem celletumor interactions
might enable the prevention and cure of
some skull base malignant neoplasms.
Different types of stem cells have been

used for regenerative research, including
embryonic stem cells, induced pluripotent
stem cells, and perinatal (cord blood-
derived) stem cells. We have already seen
increased application of induced mesen-
chymal pluripotent stem cells and peri-
natal stem cells.
The problems with stem cell therapy are

twofold. The goal is for the stem cells to
WORLD NEUROSURGERY, http
transform into the target cells and to main-
tain potency after multiple divisions. How-
ever, their uncontrolled growth can result in
neoplasms, which occurred after the un-
regulated use of fetal cell allografts for spinal
cord injury in China (personal communica-
tion, Rostomily R, 2017). An immune-
mediated rejection (host vs. graft or graft
vs. host disease) can also occur. However,
induced or genetically engineered mesen-
chymal stem cells are more likely to find
early applications for neural repair.
Gary Steinberg and his team at Stanford

University have used induced pluripotent
stem cells for recovery after stroke, using the
human neural stem cell product, NR1 stem
cells, in phase I human trials. The Steinberg
laboratory experiments have demonstrated
that these stem cells will survive and migrate
over time. In addition, patients with stroke
have derived benefits even many years after
s://doi.org/10.1016/j.wneu.2020.06.172
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Figure 2. The modern design of an artificial intelligence network compared
with the human brain, which processes external signals and responds
appropriately through the effector organs in the body.
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the stroke.26,27 The effectiveness of the stem
cells might result from local trophic factors
secreted by the cells rather than by direct
multiplication. A phase I/IIa open-label trial
of the genetically modified adult bone
marrow-derived cell SB623 was conducted at
2 U.S. university medical centers (personal
communication, Steinberg GK, 2020, of
press release from SanBio Co., Ltd., 2019).
These cells were implanted stereotactically
into the peri-infarction areas of the brain in
patients with motor deficits due to ischemic
stroke that had occurred 6e60 months pre-
viously. That study showed that such im-
plants were safe, and clinically significant
improvements were found using the Euro-
pean Stroke Scale, National Institutes of
Health Stroke Scale, Fugl-Meyer motor
function scale, and Fugl-Meyer assessment
total score. However, a phase IIb trial of
SB623 failed to achieve theprimary endpoints
for patients with ischemic stroke (personal
communication, Steinberg GK, 2020, of
press release from SanBio Co., Ltd., 2019).
These cells were more effective in pa-

tients with traumatic brain injury in a 12-
month phase II, randomized controlled
trial conducted at U.S. and Japanese cen-
ters. The SB623 cells had been implanted
around the site of brain injury. The primary
endpoint was reached in the study; the
patients had achieved an average 8.3-point
improvement compared with their base-
line Fugl-Meyer motor scale compared with
an improvement of 2.3 in the control group
WORLD NEUROSURGERY 142: 29-42, OC
at 24 weeks (P ¼ 0.040). The SanBio
company is planning to study this further
in phase III clinical trials (personal
communication, Steinberg GK, 2020, of
press release from SanBio Co., Ltd., 2019).
Clinical trials with stem cells are similar to
the development of new drugs or vaccines,
will require investments of money and
time, and many setbacks can be expected.
THREE-DIMENSIONAL PRINTING

The use of 3-dimensional (3D) printing
has been rapidly increasing in many in-
dustries. In the neurosurgical field, 3D
printing is already used to make implants
for cranioplasty, brain models, and aneu-
rysm and tumor models for teaching and
surgical planning.28,29 3D printing of
patient-specific bioresorbable intravas-
cular stents has been developed by the
Northwestern University School of Engi-
neering.30 A proof-of-concept 3D-printed
bionic ear was developed using a cell-
seeded hydrogel matrix in the anatomic
shape of a human ear with an intertwined
polymer of infused nanoparticles, which
allowed for the culturing of cartilage tissue
around an inductive coil antenna in the
ear.31 The printed ear exhibited enhanced
auditory sensing of radiofrequency.31

We envision increased applications for
3D printing and rapid prototyping of im-
plants and stem cell-based bioimplants in
neurosurgery in the near future.
TOBER 2020 www.journals.
NANOTECHNOLOGY

Nanotechnology is the design and fabrica-
tion of submicroscopic particles 1e100
nano-microns in diameter. In nano-
medicine, fabricated nanoparticles can be
useful for diagnosis and targeted therapy of
drugs, gene delivery, neuromodulation, and
neural regeneration. However, many issues
remain in the practical applications of this
advance, similar to other new drugs.32

ARTIFICIAL INTELLIGENCE

Artificial intelligence (AI) is a multidisci-
plinary science focused on developing
computer systems able to perform tasks
that would ordinarily require human in-
telligence. Human intelligence has several
components. Sensory organs collect data
about the environment, leading to
perception and the formation of models
that can be learned, remembered, and
forgotten. Conscious thought links
perception and modeling with a capacity
for problem solving and action. Humans
have highly evolved language, speech, and
symbolism. Imagination is a unique abil-
ity, which can aid in problem solving by
facilitating the creation of new cognitive
experiences and the consideration of
alternative or future realities in the mind.
The harnessing of emotion and the inter-
pretation of social interactions comprise a
part of “emotional intelligence.” The
subconscious includes the execution of
cognitive processes required for normal
functioning that do not rise to the level of
awareness, including intuition, automa-
tion, and premonition. Using meditation,
an individual is able to reach an elevated
state of consciousness and practice the
purposeful focus of attention. Finally,
“consciousness,” or the awareness of self
and one’s ongoing experience, is poorly
understood but has been shown to be
computationally efficient and to confer a
biological advantage by functioning as a
“flexible response mechanism” by which
data can be manipulated to produce
decisions superior to those likely to be
produced by automatic “subconscious”
programs.33,34

Alan Turing, the mathematician and
cryptanalyst, shortly after breaking the
German encryption machine Enigma,
established a vision for AI in his 1950
article “Computing Machinery and Intel-
ligence.”35 From its inception in the 1950s,
elsevier.com/world-neurosurgery 33
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Figure 3. (A) Artificial intelligence (AI) evaluation and treatment
to guide a patient and primary care physician (PCP) through the
diagnosis, required investigations, and appropriate referrals. (B)
The AI system can also help trainees before surgery, educate
and prepare the patient and employer, and, finally, provide

feedback to the primary care physician and specialist. CISS,
constructive interference in steady state; FIESTA, fast imaging
employing steady-state acquisition; CNS, central nervous
system; MRI, magnetic resonance imaging. (Continues)
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AI has branched into a dizzying array of
fields. Most recently, progress has
occurred in the development of 2
methods, known more specifically as
machine learning and deep learning
(Figure 2). In broad terms, machine
learning is a method by which an
algorithm is fed data and uses statistical
techniques to “learn” how to become
progressively better at a task for which it
was not specifically programmed.
Although machine learning has
demonstrated promise for many
purposes, it generally requires the user to
identify and select certain “features” by
which the algorithm will “learn” to
complete a task—such as identifying a
pattern within a high-dimensional
34 www.SCIENCEDIRECT.com
dataset. The process of feature extraction
and selection is time consuming and has
necessarily limited the power of machine
learning for certain applications. Deep
learning is a subset of machine learning by
which these “features” are not pre-
specified, and the algorithm identifies the
optimal features for a classification task
from the data without human interven-
tion.27 These new methods have facilitated
improved machine vision and natural
language processing, which have yielded
breakthroughs in medical imaging
analysis, augmented clinical decision-
making, and robotic performance. Better-
than-human diagnostic accuracy has
already been demonstrated for a variety of
tasks, including classification of
WORLD NEUROSURGERY, http
Alzheimer disease, dermatological lesions,
and interpretation of basic neurophysio-
logical reflexes.36-38

AI could have tremendous implications
in skull base surgery and health care. In
the outpatient area, “chatbots” could be
used for preoperative education and daily
(or at a frequency determined by the pa-
tient) discourse with postoperative pa-
tients to discuss symptoms, evaluate
wounds, provide psychological support,
and report to health care providers when
needed. Such chatbots have been suc-
cessfully deployed to talk with patients
with post-traumatic stress syndrome.39 AI
can also be used to communicate with
various types of providers and healthy
populations of patients. In epidemic
s://doi.org/10.1016/j.wneu.2020.06.172
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Figure 3. (Continued).
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situations, AI could be used to rapidly
detect the trends in the occurrence of
disease, populations, movements of
people, and so forth. Similar techniques
can also be used to study referral
patterns and for clinical research of
outpatients.
In the hospital, AI will become increas-

ingly essential. Robotics and AI will
combine to influence every aspect of health
care (see Medical Robotics). AI could be
used in the ICU and general ward to
monitor patient care, in addition to
providing clinical decision-making sup-
port to doctors and nurses. For example, if
a postoperative patient has developed a
fever, severe headache, or rapid heart rate,
AI could guide a nurse or resident doctor to
act quickly in determining which in-
vestigations should be performed and what
early actions are necessary, while waiting
for the attending physician to respond. AI
systems can progressively learn about the
accuracy of such actions by examining the
outcomes and then guide all clinicians
about the utility of their actions.40,41

AI has made great strides in diagnostic
radiology, and radiologists will soon work
in tandem with AI tools to reduce the
number of “human” reading required and
WORLD NEUROSURGERY 142: 29-42, OC
make imaging diagnoses not previously
possible.42,43 Additionally, AI tools can
analyze images uploaded online from
anywhere in the world, resulting in the
democratization of radiological expertise
and the provision of high-level diagnostic
services in low-resource settings. Such
diagnostics could also be combined with
treatment algorithms, which could help
primary care and emergency department
physicians in choosing the appropriate
referrals to specialists.44

In the past decade, great advances have
occurred owing to the computing power
delivered by handheld devices and the ef-
ficacy of internet-based search engines.
This information is very useful to medical
professionals. However, these data are
usually unfiltered and have not been sor-
ted by levels of evidence. An AI system
could perform such filtering and sorting
and deliver such information rapidly to
physicians through portable devices.
Collaborative researchers from Harvard

and the National Center for Science and
Technology Beijing developed a water-
based electrical circuit.45 This was
injected into the brain of rats and
connected to an external electrical
circuit. The brain cells grew around it.45
TOBER 2020 www.journals.
A company called Neuralink (Neuralink
Co., San Francisco, California, USA) has
been established to develop implantable
brainecomputer interfaces. Extensive
integration between advanced neuro-
electrodes and ultraminiaturized elec-
tronics will make bidirectional braine
computer interfaces possible.46 Although
still largely experimental, these types of
advances will revolutionize medicine and
surgery as practiced today.
The use of AI systems will be able to

create medical education on demand to
patients, physicians, trainees, and nursing
professionals according to individual pa-
tient situations. For example, when a pa-
tient presents to the primary care
physician’s office with hearing loss and
tinnitus, the diagnostic options could be
presented to the primary care physician
(Figures 3 and 4). Such a diagnostic
workup could include an audiogram and
MRI. If a vestibular schwannoma is
diagnosed, an AI-based algorithm could
educate the primary care physician (and
the patient) about the treatment options
available, such as observation, radio-
surgery, or microsurgical removal. The AI
system could also find specialists nearby
who provide the needed services, their
experience, and their outcomes. If
desired, the AI system could schedule the
next available appointment for the patient,
with the possibility to override by the pa-
tient or physician. A trainee about to
perform an operation could learn all the
appropriate steps and potential pitfalls
and complications for a tumor of its size
and location by recalling information from
a large video library. The trainee might
even be able to practice some of the steps
using virtual reality. Holographic images
could further the understanding of anat-
omy and simulations of surgery. Upsur-
geOn Academy (available at: Upsurgeon.
com) is a hybrid simulation platform,
integrating digital and physical tools for
neurosurgical training. It includes a series
of applications for teaching neurosurgical
trainees many types of procedures. It also
provides a physical neurosurgical simula-
tion device, the Brainbox, which replicates
human intracranial anatomy in
morphology and consistency. The use of
augmented reality further enhances the
experience.47 Recent work by members of
this group used AI techniques of
optimization to develop surgical
elsevier.com/world-neurosurgery 35
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Figure 4. The Raven II table-mounted robot for abdominal surgery in use experimentally (not approved
for use in humans). It is table mountable and can accommodate 4 arms. A rapid tool changer has also
been designed to change the surgical equipment.
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approaches to designated skull base
pathologies, which have minimized
morbidity and simultaneously maximized
the distance from critical structures such
as optic nerves and the interior carotid
artery.48

The potential of AI to transform the
practice of skull base neurosurgery and
medicine more generally cannot be over-
stated, and the focus of neurosurgeons
and trainees should be in driving the
optimal development and implementa-
tions of these applications.
Figure 5. (A) The Roboscope is shown with the actua
channels at present. The top 2 (SFE 1.4 mm) are for
are for the instruments (Inst), and the bottom 2 (1.1 m
be modified to suit the surgical requirements.
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MEDICAL ROBOTICS

Robotics will find increasing applications
in all areas of surgery, including skull base
and neurosurgery. To be adopted widely, a
medical robot should be able to perform a
task as well as or better than a human,
should not cause any harm to the patient
or human health care workers, should be
able to adjust to the human environment,
and should able to be rapidly cleaned and
sterilized. Tasks requiring great accuracy,
repetitive but monotonous actions, work-
ing in dangerous (e.g., infectious)
tor mechanism. (B) The bendable sheath has 6
the 2 laser endoscopes, the middle 2 (2.0 mm)
m) are for suction (S) devices. The channels can

WORLD NEUROSURGERY, http
environments, and requiring rapid scaling
up or down are ideally suited for medical
robotics.
Medical robots are divisible into 3 cat-

egories: passive robots or mastereslave
robots, active or autonomous robots, and
semiautonomous robots. Mastereslave
robots are completely controlled by the
surgeon. An example is the da Vinci ro-
botic system (Intuitive Surgical, Sunny-
vale, California, USA), now commonly
used for urological, colorectal, gyneco-
logical, cardiac, and transoral surgery.49

Active robots are programmed to sense
and evaluate data from their environment
and complete their tasks appropriately.
Two examples are the THINK Surgical
Robot (Think Surgical, Inc., Fremont,
California, USA) used in hip replacement
surgery (previously called the ROBODOC)
and the iROBOT (iRobot Corp., Bedford,
Massachusetts, USA) used as an
automatic vacuum cleaner. Semiactive
robots are robots in which the surgeon
retains partial control, and the robot
provides assistive guidance in performing
the procedure. The NeuroMate robotic
system (Renishaw, Inc., Gloucestershire,
United Kingdom) has been used for
stereotactic procedures, including
electrode implantation for deep brain
stimulation, stereo-encephalography, and
stereotactic biopsy.
The Rosa robot (Medtech-Zimmer Bio-

met Co., Warsaw, Indiana, USA) has been
used for a variety of procedures, including
stereoelectroencephalographic electrode
placement and laser interstitial thermal
therapy for epilepsy, without the need for
a stereotactic frame. The advantage is that
no human error in frame placement is
possible. When performing multiple elec-
trode placements, the time per electrode
placement has decreased steadily when
using a ROSA compared with a stereo-
tactic frame. Also, a marked benefit was
found with the use of the robot with the
placement of �4 electrodes (personal
communication, Andrew Ko, 2020). The
Mazor X Stealth spine robot (Medtronic
Co., Minneapolis, Minnesota, USA) has
proved to be very useful for the precise
placement of pedicle screws in trans-
foraminal lumbar interbody fusion surgery
and minimally invasive spine surgery.50

For cranial surgery, the NeuroArm
developed by Garnette Sutherland, Uni-
versity of Calgary (Calgary, Alberta,
s://doi.org/10.1016/j.wneu.2020.06.172
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Figure 6. (A) The Roboscope with 2 different dimensions (14 and 8 mm). (B)
The Roboscope shown bent, with the 2 tools in close up.
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Canada), is an elegant tool consisting of a
robot controlled by the surgeon, from a
distance if necessary, to perform surgical
procedures inside the MRI suite.51 The
Shinshu University NeuRobot (jointly
developed by the Mechanical Engineering
Research Laboratory, Hitachi Ltd., Tokyo
Figure 7. The Karns introducer device for the Robosco
tulip open.

WORLD NEUROSURGERY 142: 29-42, OC
Women’s Medical University, University
of Tokyo, and Shinshu University School
of Medicine) is a mastereslave microma-
nipulator system with a rigid endoscope
and 3 robot arms that can be used through
a small burr hole. It was successfully used
for some surgical procedures and has
pe is shown with (A) the tulip closed and (B) the
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demonstrated its feasibility for telesurgery
between hospitals, albeit with a 1-ms
delay.52

Surgical robotics has been a major topic
of research at the University of Washing-
ton with collaborations between the
School of Medicine and the School of
Engineering. The RAVEN I and the
RAVEN II are compact OR table-mounted
surgical robots that were developed for
abdominal minimally invasive surgery.
They have been used primarily for research
purposes (Figure 5).53,54 The collaboration
among the Departments of Neurological
Surgery, Electrical Engineering,
Mechanical Engineering, and
Otolaryngology led to the development of
a bendable endoscopic sheath with tools
such as the Roboscope (Figures 6 and 7).
The same team developed an expandable
snake-like introducer device for the
Roboscope (Figure 8) and a remote
console device to control these or other
instruments patented by several of the
investigators.55

At present, a University of Washington
team is working on an autonomous robot
conceptually called the Artificially Intelli-
gent Neurosurgical Robotic Assistant
(Figure 9). The goal for this robot is for it
to be able to perform functions typically
performed by a microneurosurgical
assistant, such as pulling on tissue gently
and providing suction in a particular
surgical space. The robotic assistant
should act intuitively according to the
surgeon’s needs or from voice
commands, similar to a human surgical
assistant. The challenge in this project
has been to decipher how the surgeon
interacts with the assistant during an
operation. The team has been recording
the surgeon’s voice and tool movement
under the microscope and deciphering
them using convolutional neural
networks56,57 and Python speech
application program interfaces,
respectively. The instruments in a
surgical field are visually identified based
on their type and tracked across the
frames at a pixel level58 (Figure 10). This
information is used to predict the
intended direction of movement of the
surgeon while working with a surgical
assistant. To provide an intuitive
interface between the surgeon and the
robotic assistant, parsing the medical
terms is of prime importance. The
elsevier.com/world-neurosurgery 37
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Figure 8. Cadaveric use of the Roboscope. (A) Introduction of the Roboscope through an opening in
the skull base of a cadaver. (B) Remote manipulation of the controls. (C) The view of the structures
through the laser fiberoptic endoscope (courtesy of Eric Seibel, PhD).
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speech processing community has
principally focused on converting
everyday speech to text. These models
were fine-tuned to convert important
medical speech terms for natural language
parsing. In a recent study, the team
demonstrated fusion of semiautonomous
robotic therapy with a tumor-specific
biomarker.59,60 “Tumor paint” is a
biomarker specific to brain tumors
derived from a component of scorpion
toxin.61 In bench-top studies reported by
Hu et al.,59,60 a robotic system was used to
survey a simulated tumor margin for spots
labeled for positive tumor cells and
perform an automated ablation motion
pathway after approval of the plan by the
surgeon.
It is widely expected that the use of AI

combined with robotics in the OR will
increase during the next 20 years. The
great benefits will be for procedures that
require great precision, procedures per-
formed through a small space, and
38 www.SCIENCEDIRECT.com
procedures that require repetitive actions
with precision (e.g., removal of a tumor
over a large area). The use of AI could also
assist in surgical decision-making
regarding the apparent anatomy. During
an operation, surgeons might be able to
access a vast library of similar operations
performed by them or other experts to
help in difficult situations.
In Japan, humanoid robots, specifically

nurse robots and robotic assistants, are
being developed owing to a lack of medi-
cal personnel and caregiver resources. In
the United States and other countries,
such humanoid robots have also been
developed for other uses. Hansen Ro-
botics (Hansen Robotics Co., Hong Kong,
China) has created human-looking and
speaking humanoid robots, endowed with
AI, notably those named Jules and Sophia.
These robots have been given speech
recognition skills, responses, and some
other skills, although not all the elements
of intelligence displayed by humans.
WORLD NEUROSURGERY, http
Humanoid robotic nursing assistants will
be developed and widely used in future
because of health care worker shortages,
patients’ desire to have 24/7 nursing
assistance, and the need to minimize
humanehuman contact because of infec-
tious diseases. Humanoid robots will find
extensive applications in hospitals in the
care of patients in ICUs and isolation
wards. They can provide 24/7 nursing and
transmit vital information to health care
providers. Doctors and nurses can expe-
rience haptic feedback provided by robot-
assisted examination of the patients. In
turn, the patient will be able to feel the
touch or soothing movements of nurses or
loved ones not actually inside the room
(Figure 11).
In China, an AI-powered robotic doctor

was developed called Xiaoyi (“little doc-
tor”), designed by iFlytek Co. (Hefei,
China) and Tsinghua University (Beijing,
China). This robot passed the medical
licensing examination in China with high
marks. The Fourth Medical Military Uni-
versity and Beihang University in Beijing
have collaborated to devise a robot that
can perform automated dental surgery.
This robot demonstrated the ability to
place 3D-printed dental implants in
humans with 0.2e0.3-mm accuracy under
the watchful eyes and supervision of hu-
man dentists (available at: https://
wonderfulengineering.com/chinese-robot-
just-performed-first-ever-fully-automated-
dental-surgery/).
We expect that hospitals will also use

robots to replace or supplement employees
such as internal delivery workers, cleaners,
and other positions inside the hospital,
which require regular or rapid mainte-
nance, such as with the hospital’s sewage,
water, and/or electrical supply. Cleaning of
ORs or other hospital rooms that do not
have patients in them can be performed
efficiently and rapidly with ultraviolet light
or other techniques using robots.62,63 Such
robots will need to be supervised by their
human counterparts. However, they will
learn steadily with use, and such
knowledge can be transmitted readily to
other robots like them. It is to be
expected that, initially, there will be
resistance to the deployment of these
robots. However, over time, people will
gradually accept them, primarily because
of the increased safety and lowered costs
of health care, although both of these
s://doi.org/10.1016/j.wneu.2020.06.172
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Figure 9. Concept of the artificially intelligent robotic assistant showing (A) the surgeon and robotic
assistant and (B) the surgeon, a human assistant, and a robotic assistant.
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putative benefits will need to be
demonstrated scientifically.
The humanerobot interface and

communication will create new problems
and require special education and training
to achieve efficacy in practice. Hospitals
will require a new set of workers tasked
with repairing and maintaining these
robots, although eventually AI-powered
robots themselves will be able to perform
the repairs and maintenance.
Telemedicine-based consultations with

patients and other doctors have already
experienced a boost owing to the corona-
virus disease 2019 (COVID-19) epidemic.
An evolution of this could also be the
performance of patient rounds using
telemedicine by doctors who will be able
Figure 10. Ground truth (GT) annotation for identifying
surgical field through the NeuroID dataset generated
Washington team.45 (A) Input frame. (B) Annotations
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to see all the vital signs and laboratory
values of a patient and examine the patient
with the assistance of a nurse, or a robot,
transmitted live to the physicians.
Like all new technologies, the safety

issues of AI and robotics will need to be
studied carefully to protect other health
care workers and our patients. The legal
ramifications of errors by such beings will
be intriguing.
EDUCATION OF STUDENTS AND
RESIDENTS

Technology will transform the education of
students, residents, and surgeons in the
future. Students will be able to study
anatomy and physiology in 3, 4, and 5
instruments in a
by the University of
were created using

the LabelMe annotation too
background (e.g., tissue, ga
instrument in pixel space.53

TOBER 2020 www.journals.
dimensions. The fourth dimension reflects
the time-related changes in 3D images
(e.g., carotid artery anatomy as the heart
beats), along with physiology. The fifth
dimension indicates the 3D images
changing in time with simulated pathology.
Advanced virtual reality and surgical simu-
lations and one-on-one coaching by AI-
enabled robots will supplement traditional
teacherestudent learning. Flexibility in
adapting to the quickly evolving and
increasingly sophisticated systems of
cognitive offloading will be critical to stu-
dent success. In the future, imagination,
problem solving, and the ability to work in
teams with diverse members (including AI-
enabled robots) will be more important
than the accumulation of knowledge. This
is because massive knowledge storage will
be available for quick access. Master AI
brains will assist in all our medical work to
varying degrees. This will reduce medical
errors, increase work efficiency, and
improve on the job learning.
The educational qualifications and

training for trainee neurosurgeons will be
different in the next decade. Mathematics,
biology, physics, chemistry, and logical
thinking will still form the building blocks
of education in science. However, resi-
dents will also need to learn computer
science, software development, robotics,
and AI. Skills in video gaming and surgical
simulations will be very beneficial. Study-
ing ethics and philosophy and developing
communication skills will also be impor-
tant, because these qualities will distin-
guish humans and the various types of
AI-enabled robots. Trainees and devel-
oping surgeons can reduce both physical
and mental stress by the practice of
meditation, yoga, Tai Chi, and so forth.
l.58 (C) GT for distinguishing tool versus
uze). (D) GT for locating each class of
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Figure 11. Conceptualization of the android robotic nurse helper
(NH) for a patient in isolation because of an infection. The
physician (P) and nurse (N) are able to remotely view the patient
and all vital signs, sense palpation using haptic sensors, and

instruct the robotic nurse helper. The android robotic nurse
helper is present with the patient continuously around the clock
and is able to sterilize itself using ultraviolet (UV) light or other
methods.
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HOSPITAL CARE

When surgical procedures become less
invasive and outpatient care has been
enhanced to provide rapid patient access
and monitoring, the need for hospitaliza-
tions will decrease. Methods to reduce the
spread of infection to other patients and to
health care workers will need to be
developed. Techniques to reduce post-
operative pain and immobility and tech-
nologies to provide home-based
rehabilitation for patients will allow for
shorter lengths of stay.
Hospitals of the next 20 years will be

very different from the hospitals today. We
envision that they will be smaller and
closer to patients, with only the most
difficult cases transferred to central hos-
pitals. All hospitals will be environmen-
tally friendly and carbon neutral, deriving
their entire energy requirements from
renewable energy. This will also apply to
the products used in hospitals. Hospitals
40 www.SCIENCEDIRECT.com
will be providing an enhanced and optimal
healing environment for patients. For
example, the patient rooms could be
optimized to each patient with use of
colors, plants, music, sunlight, and other
features. Better methods of medical waste
disposal will need to be developed to avoid
environmental contamination and the
spread of infection into communities.

The Future of Health Care Workers in the
Age of Robotics and AI
In parallel with many other industries,
fewer health care workers will be required
to perform manual and highly repetitive
jobs, and AI-enabled robots will replace
some of these workers. Health care
workers in hospitals will require greater
skills and education. Hospital employees
will be happier, work less, and supervise
robotic workers. Fewer radiologists, pa-
thologists, family doctors, and others will
be required with the use of robotic
WORLD NEUROSURGERY, http
assistants. Home visits could be per-
formed by a humanoid AI-enhanced robot
exhibiting great knowledge, empathy, and
no prejudices. Surgeons, trainees, and
other health care workers will also work
collaboratively with such robots and AI
systems because they will have become
commonplace.
Surgeons will be performing less inva-

sive, but more technically complex, pro-
cedures, with great emphasis on mastere
slave robots and supervision of autono-
mous robots performing procedures. A
great role will exist for innovators and a
constant retraining will be required for the
newer procedures.
With the increasing use of AI and ro-

botics, will humans still be involved in
patient care? Because patients are
humans, a need will always exist for
humans to care for them. However, we
believe we will see an evolutionary change
in health care professionals during the
s://doi.org/10.1016/j.wneu.2020.06.172
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next 20 years. Adaptability, cooperation in
the work environment, compassion, and a
special set of skills will be required of
surgeons. Some of these will not be
obvious until the new reality has emerged.
The current COVID-19 epidemic has

suddenly enhanced the use of many tech-
nologies that had been developed but not
deployed on a large scale. These include
teleconsultations, teleworking, different
requirements for sterilization of hospitals,
and home based learning. The lead au-
thor’s team has also developed a low-cost
“home microsurgery laboratory” for resi-
dent trainees and proposed this as the
seventh competency in resident training in
the United States.64 Many of these
changes will influence patient comfort
and safety, the costs of medical care, and
the need for particular types of health
care workers.
CONCLUSIONS

Thirty years ago, skull base surgery did not
exist as a specialty. Dramatic changes have
occurred since then, not only in this field
of surgery, but also in all areas of medi-
cine, technology, and our lives. Change is
constant, and our adaptation to the de-
mands of our patients and society will
define our survival as surgeons. We expect
that health care requirements will be
different in developed economies than in
less developed economies. However, the
evolutionary steps are the same, based on
the development of the economy. Major
changes in health care occur in spurts,
with some setbacks. Economic-, political-,
and population-based trends are also
important. Crises such as the current
COVID-19 pandemic could usher in major
changes.
Skull base surgeons and neurosurgeons

of the future will need to be nimble,
adopting newer technologies as they
become available. However, the essential
characteristics will remain unchanged.
These are knowledge, innovation, tech-
nical skill, judgment, and compassion.
Our active involvement in these technolo-
gies will enable us to shape some of the
future in our field.
Innovation will be an important

requirement of future and current doctors.
The innovations might not be major but
found instead in the small items that
affect our day-to-day work, or they might
WORLD NEUROSURGERY 142: 29-42, OC
be related to clinical surgery, the basic
neurosciences, workflow and efficiency,
outpatient and hospital infrastructure,
patient satisfaction, and quality improve-
ments. Young surgeons must constantly
strive to leave their field better than they
found them. Surgeons should be actively
involved in hospital and health care
administration to guide these changes.
The peace mantra, which is from the

Brihad�aranyaka Upanishad (verse 1.4.14),
summarizes the central ethos of our work.

May all be happy; May all be
without disease; May all have well-
being; May none have misery of
any sort. Om Peace, Peace, Peace.
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