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ABSTRACT During the last decade, advances in biomedical imaging and
computation have enabled more precise and accurate determination of tissue
structure and function, along with three-dimensional (3-D) reconstruction,
visualization, and intuitive manipulation of such multimodality data. The prac-
tice of neurosurgery has benefited from such advances, as reflected by their
facilitation of surgical diagnosis and planning, miniaturization of operative cor-
ridors, and enhancement of intraoperative localization and effectiveness at the
target site. Hand in hand with these developments has been the incorporation
of a variety of new technologies, both physical and virtual, into the surgical
“environment,” with the overriding aim of optimizing surgical performance.
For neurosurgery, the accurate 3-D reconstruction and intuitive, interactive,
and immersive display of patient-specific multimodality imaging data in real-
time represents the ultimate goal of virtual reality (VR) technology. Computer
graphics, stereotaxis, electrophysiological monitoring, and robotics will aug-
ment both the surgeon’s direct visualization of a patient, either local or remote,
and ability to carry out an operation in the safest and most efficacious manner.
However, practical issues such as cost versus benefit, the need for appropriate
training and an interdisciplinary approach, and error detection must be evalu-
ated as this technology evolves. The present work aims to detail the contribu-
tions of VR technology in neurosurgery and address the contemporary issues
and future directions associated with its development and implementation.
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TECHNICAL AND CONCEPTUAL CHALLENGES IN NEUROSURGERY

Several major technical and conceptual challenges exist in contemporary neu-
rosurgery. These include: determination of the precise focus of pathology and
its relationship to surrounding (normal) vital structures; estimating the 3-D
extent of lesions and, at times, obtaining precise measurements; planning the
best site of craniotomy and safest route of navigation; and knowing the exact
location of the surgeon’s instruments in the brain.’® Specific challenges asso-
ciated with particular neurosurgical operations or procedures are listed in
Table 1.

Computer-assisted Neurosurgery

Computer-assisted surgery planning methods have been applied in neuro-
surgery for over a decade, primarily through the use of stereotactic systems for
intraoperative 3-D localization and navigation. These systems require accurate
segmentation (i.e., tissue differentiation) and visualization of multimodality
image data of the head, including external soft tissue, skull, brain tissues, CSF,
eyes, paranasal sinuses, and musculature.’ Often, external reference frames and
fiducial markers or internally applied fiducials must also be imaged and local-
ized within the context of the 3-D anatomic volume image.*’ The added
resources of preoperative structural and functional information derived from
multimodality 3-D imaging and intraoperative navigational and localization
information derived from stereotaxy represent major advancements in the
practice of neurosurgery. The “minimal access craniotomy” (in keeping with

Table 1 Technical and Conceptual Challenges According to
Neurosurgical Procedure
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the concept of minimally invasive neurosurgery), with its advantages of reduc-
ing tissue disruption, neurologic and wound complications, operative time,
and patient discomfort compared with traditional techniques,"*'* is undoubt-
edly a by-product of these advances. However, a major remaining constraint is
that real-time, intraoperative high-resolution imaging with 3-D interactive
display is not currently available.

Meeting These Challenges

The solution to the aforementioned problem perhaps lies in five spheres of
rescarch and development (Fig. 1): the use of high-performance computa-
tional systems; the use of intraoperative high-resolution imaging; the imple-
mentation of new and appropriate operating room (OR) designs; the
adequate training of surgeons in VR technology; and the physical implemen-
tation of this technology in the OR itself.

Fig. 1 Contemporary technical and conceptual challenges in neurosurgery can be
effectively addressed by the development of high-performance computational sys-
tems, intraoperative high-resolution imaging, and the design of operating rooms
(OR) accommodating new VR and scanning devices, in addition to adequate train-
ing of surgeons in VR techniques, and the adoption and implementation of this
evolving technology in neurosurgical practice.
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High-performance Systems. There is a great need for high-performance
hardware and powerful software that can enable a surgeon to interact with
multimodality images in an intuitive manner (i.e., in volumes and three
dimensions)."" At the Mayo Clinic, a software package known as ANA-
LYZE™ has been developed specifically with this necessity in mind.” This
software features integrated tools for fully interactive display, manipulation,
and measurement of multidimensional image data. Importantly, the software
is intuitive and user-friendly, and runs efficiently on many standard worksta-
tions without the need for special-purpose hardware.” It has been used pro-
ductively at many institutions by physicians, surgeons, and scientists on
images obtained from magnetic resonance imaging (MRI), X-ray computed
tomography (CT), positron emission tomography (PET), single photon
emission computed tomography (SPECT), and ultrasound scanning, as well
as from conventional light, electron, and confocal microscopy.” The greatly
enhanced level of information about the surgical environment provided by
this technology has the potential of enabling surgeons to perform more com-
plete and safe procedures.””'> Examples of neurosurgical (or related) proce-
dures carried out at our institution with the aid of this technology include
complex cerebrovascular cases, epilepsy surgery, brain tumor resection, and
craniofacial reconstruction.”’ The utility of ANALYZE™ is demonstrated in
Figures 2 through 5.

Intraoperative Imaging. There is a requirement for intraoperative high-res-
olution imaging to address the need for precise and real-time intracranial
localization of instruments, especially in the face of tissue positional shifts
during the procedure. To realize this objective, the Departments of Surgery
(Neurosurgery) and Radiology of the Brigham and Women’s Hospital,
in collaboration with General Electric Medical Imaging Systems, have con-
structed a research surgical suite with a prototype open MRI scanner for
intraoperative use during interventional neuroradiologic and surgical proce-
dures.'>!* The scanner features two large parallel torus-shaped magnets placed
side by side with an intervening space between the tori to allow the neuro-
surgeon access to the operative site during imaging. Although the scanner is
compatible with the use of frameless stereotaxy (a built-in optical tracking
system features in this prototype), such equipment, and all operating and
anesthetic tools, must be constructed from materials that do not generate sig-
nificant artifacts and are safe to use in an MRI environment.'*"

OR Design. The neurosurgical OR must be designed in a manner that can
effectively accommodate these expanding imaging and visualization tech-
nologies. A prototype OR fulfilling this requirement has been built at the
University of Southern California, Los Angeles.'* Referred to as “Visualiza-
tion System One,” the OR designers have placed considerable emphasis on
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achieving a more spacious environment, with a key goal being the maximiza-
tion of visualization, from the incorporation of surgical rehearsal and plan-
ning systems to the enhanced use and display of intraoperative imaging
modalities, in addition to accommodation of advanced microscope and
stereotaxy systems, robotic assistants, and on-line text and atlas libraries.>'
The addition of a research and imaging laboratory in close proximity to the
main operating suite facilitates the close interaction required between the
surgeon, engineer, and audiovisual technician.'

text continues on page 120

Fig. 2 Patient with pilocytic astrocytoma. As part of surgical planning, VR visualiza-
tion methods were used to examine the patient-specific anatomy in 3-D to determine
the full spatial extent of the lesion and its proximity to vital structures. Coronal and
sagittal T1-weighted MR images are shown in the left panels, with corresponding
volume rendered views of the segmented (i.c., differentiated) image data on the
right. The 3-D images depict the extent of the tumor, its proximity to the cerebel-
lum and brainstem, and its associated blood vessels. The clinical usefulness of volume
rendering is considerably enhanced by user interactivity and the addition of color.
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Fig. 3 Patient with large arteriovenous malformation (AVM). The lesion was exam-
ined in 3-D to identify the involved cerebral vessels and proximity to vital structures.
The upper two panels were created using a maximum intensity projection of the MR
angiography data to demonstrate the vasculature. The lower left image is a T1-
weighted MRI, while the lower right image is a volume rendering of the AVM ves-
sels. The true extent of the malformation and its relationship to the cerebellum and
brainstem is best appreciated through interactive visualization and manipulation of
the data (further enhanced by the use of color).



Fig. 4 Patient with temporal lobe epilepsy. Image processing methods are involved
in surgical planning for epilepsy.” An MRI was acquired (upper left panel), in addi-
tion to ictal (upper right panel) and interictal (not shown) SPECT scans of the
patient. The SPECT scans were registered to the MRI data (lower left) and, using
digital subtraction methods, the precise location of the seizure focus in the left tem-
poral lobe was determined (lower right panel).
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Fig. 5 VR methods may be used to further examine preoperative data in real time.
A process known as tiling is used to define the surface anatomy of individual
“objects” that have been segmented (i.c., differentiated) from the total volume
image data. The left object is the “tiled” ventricular system of a patient, which can be
viewed and manipulated in 3-D. The objects on the right demonstrate the relation-
ship between the same patient’s ventricular system and cerebral vasculature and
a large pilocytic astrocytoma. Although not shown here, tiling can also be used
to demonstrate the intraventricular anatomy (the basis of the “fly-though” images
created in virtual endoscopy).

Training. Adequate training time and facilities must be available to surgeons
utilizing VR technology to familiarize them with the use of VR interfaces in
the exploration of patient-specific data in 3-D. With this in mind, a Virtual
Reality Assisted Surgery Program (VRASP) is currently under development at
the Mayo Clinic. As described in Part 1, VRASP represents a synthesis of 3-D
biomedical imaging and VR technology aimed at facilitating overall surgical
performance.” The first stage, which has been successfully completed, involves
planning the procedure at a conventional computer workstation using 3-D
visualization and analysis software (in this case, ANALYZE™; Figs. 2 through
5). The second stage, which is currently being evaluated by several of our
physicians and surgeons, involves rehearsal of the operation using a high-
performance computer, VR input/output (I/0O) devices (such as head-
mounted displays and datagloves), and patient-specific 3-D volume scan data.
[t should be emphasized that the creation of critical events in this virtual envi-
ronment does not risk human life and allows for the planning and repetition
of the task that is to be performed or learned.'®” A similar approach has been
used in the development of virtual endoscopy'™?' and virtual anesthesia train-
ing.** The third stage of VRASP, which remains to be developed, involves
incorporation of this system into the OR itself, accurately and instantancously
fusing the preoperative scanning, planning, and rehearsal 3-D image data with
the real image of the patient being operated.”
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Implementation. Perhaps the most important solution to the technical and
conceptual challenges of neurosurgery lies in the physical implementation of
new sensory and robotic interfaces, both local and remote, that achieve
dynamic, fully immersive, multisensory fusion of real and virtual data
streams.'®'*?* Although this technology is still under development, as
described above and detailed in the previous chapter great progress has been
made in the establishment of a working infrastructure.

EMPORARY ISSUES

In almost any field, the major activities of a profession consist of learning,
design, analysis, action, and communication.” Although VR may benefit all
these activities and improve the quality of the end product or its impact, sev-
eral broad issues must be addressed with regard to its overall benefit (Table 2).

There is an immense economic burden involved in technological advance-
ment and application, a factor relevant not only in the United States, but also
globally.? Undoubtedly, the ongoing changes in the structure and function of
the health system in this country will affect the ability of many institutions to
pursue or acquire the technology described. As summarized by Apuzzo,’
Health Maintenance Organizations (HMOs), which champion medical care
by pursuit of the “cheapest bidder,” facilitate economic confinement of effort
and diversion of revenue from the health care economy and, in attempting
to drive costs down, undermine critical investment in the technological and
academic progress of the medical system. Undoubtedly, there is virtue in reg-
ulating the acquisition of the more expensive stereotactic and VR-based sys-
tems until adequate cost-benefit analyses have been carried out.! On the one
hand, it is reasonable to expect that improved surgical planning, rehearsal,
and performance facilitated by this technology will result in an overall reduc-
tion of operative time, patient complications, and length of hospitalization,

Table 2 Issues Relating to Development and Implementation of VR Technology
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while allowing more efficient use of the surgeon’s time and hospital OR facil-
ities, thereby resulting in an overall reduction of costs. On the other hand,
this must be weighed against the cost of purchase and maintenance of equip-
ment and the technique’s impact on the history of the disease itself.” Work-
stations and high-performance graphic computers such as those from Silicon
Graphics are needed, with sophisticated parts and specialist labor imposing
budgets that may run into hundreds of thousands of dollars.’® Simpler and
cheaper medical VR systems have been constructed using personal computers
with 3-D graphics accelerators; however, the slower frame-rates and more
limited overall capabilities are major constraining issues in this setting.”

Time and Training

There is little doubt that more time will need to be devoted by the surgeon
to familiarization with the technology and its accurate, safe, and effective
usage. Lengthy image processing and procedure rehearsal times may also be
a factor, especially in the setting of virtual endoscopy.' All neurosurgery res-
idents of the future will need to become proficient in minimally invasive
operative techniques (which are associated with reduced operation time and
patient morbidity), and increasingly will require training in the use of com-
puter-assisted visualization and navigation systems."" It is intended that the
use of VR systems to simulate surgical scenarios will augment operative train-
ing and allow evaluation of technical competence prior to use in patients.!

Practicalities

Errors

The use of advanced imaging and VR systems mandates an interdisciplinary
approach between the medical /surgical team, the radiology team, and the
technical support team."** The technology that is developed and used in the
setting of surgery must provide real-time interaction and high-resolution, real-
istic graphics, regardless of where the image is projected or whether the image
is a simulation or a fusion of real and synthetic data. The comfort and practi-
cality of the devices developed must also be considered, along with regulation
of the amount of imaging and VR equipment in the OR and the number of
personnel involved in its implementation in that setting. Finally, personal
hygiene during prolonged immersion involving shared user devices such as
head-mounted displays and datagloves must also be taken into consideration.”

and Patient Safety

The need to maintain the highest level of patient safety mandates adequate
training in the use of advanced technologies and the recognition of errors
and common pitfalls."***" In the setting of stereotaxy, errors may arise from
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alteration in the patient’s head position after initial registration, line-of-sight
obstruction between emitters and detectors, imaging techniques that facili-
tate geometric distortions and other artifacts, erroneous point selection and
vector calculation, poor mechanical couplings, human operator error, and tissue
displacement or brain-shift.*** Knowledge of the overall reliability of the sys-
tem is essential to the surgeon and can be gleaned by closely analyzing the
error quantities of each component of the system from the beginning to the end
of the neurosurgical and imaging procedures.® In the setting of robotic assis-
tants, the issue of patient safety must also be comprehensively addressed.!
This can be accomplished by setting the highest standards for the robot’s mechan-
ical, electrical, and software components, utilization of robot-monitoring
subsystems, and the incorporation of devices that freeze robot motion or
interrupt power supply to the robot as part of error recovery strategies.*

THE FUTURE

Pertaining to the fields of medicine and surgery, the rapid evolution of com-
puters, imaging techniques, and communications technology, coupled with
the ongoing search for the safest course and most efficacious outcome in
patient care, mandates our active interest and involvement in the growth of
revolutionary technologies such as VR. The following represent some impor-
tant developments in this field.

Teleoperations

Several organizations have begun to address the issue of teleoperations
(remote conferencing, consultations, clinicoradiologic databases, and/or
operation), especially in the fields of medicine and surgery.””*** In addition
to the requirement for appropriate and sophisticated communication
hardware (e.g., reliable satellite links, optic cables, and audiovisual hardware)
and VR tools (such as the various multisensorial 1/O devices), adequate
operator training must also be achieved.”*** Telepresence surgery (remote
surgery) has been the interest of NASA (space surgery performed from
earth), the military (battlefield surgery or surgical assistance rendered from
remote locations), and medical organizations (providing adequate health care
in underserved or underdeveloped regions).”** The surgeon “operates”
locally on a virtual patient model (with multisensory cues), while his or her
actions are transmitted via high-speed networks or satellite to a robotic assis-
tant operating on a real but distant patient.” Feedback to the surgeon is
derived from the robot’s visual (camera), tactile (arm), and auditory (micro-
phone) sensors, while the patient’s vital biodata is coded and transmitted by
the remote anesthetist or technician.”” The robot’s surgical view, rapidly
transmitted to the surgeon’s head-mounted display, is overlaid on the virtual
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body, thus providing guidance for the surgeon. Although such a system may
seem futuristic, prototype systems have been developed and described.?”*#
Interestingly, such human-computer interfaces allow scalability, whereby a
gross movement by the surgeon may be translated to a microsurgical maneu-
ver by the teleoperator.®

Robotics

Several groups have explored the integration of robotic technology into
the neurosurgical OR.** Here, the development of robotic instrumentation
specifically designed for operative tasks has been demonstrated to be feasible,
safe, and efficient, especially in stereotaxy. Recent developments include
microscope support systems that employ a ceiling-mounted robotic micro-
scope holder that efficiently combines the functionalities of stereotactic guid-
ance and instrument micromanipulation.** There is considerable speculation
as to the applicability of robotic control technologies and the employment of
VR computer interfaces to integrate the various imaging databases obtained
for a given patient.®® The development of artificial intelligence programs may
permit the evolution of intuitive behavior by the robot, such as safe and effi-
cacious autonavigation through the brain.'* Many stereotactic neurosurgical
cases have now been performed successfully using robots.'#!-#°

Teaching

Development of the “virtual cadaver” is just around the corner.” The
National Library of Medicine (NLM) has advanced the concept of the virtual
patient with the Visible Human Project, which aimed to create a digital data-
base of a complete human male and female cadaver in MRI, CT and cryo-
genic modes.'* VR systems of the near future will feature sensory input and
tfeedback (including visual, auditory, olfactory, and tactile), as well as realistic,
dynamic, and fully interactive 3-D displays. Educational systems using high-
resolution 3-D imaging and VR, augmented with natural language user
query and system response functions, will constitute powerful and important
uses of these techniques in the twenty-first century.’ In this context, a VR
surgical simulator has been described®* that involves a separate operative site
(composed of a surgical manipulator, paired video cameras, and a stereo-
phonic microphone) and surgical workstation (composed of a 3-D monitor,
handcontrollers, and stereophonic speakers) coupled in real-time. Further,
many software companies are producing libraries of 3-D modeled “objects.”*
In the near future, it is likely that libraries of realistic medical apparatus,
organs, and tissues will be available for use “off the shelf”; all the clinician has
to do is specify the environment and the objects with which he or she would
like to work.'
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CONCLUSIONS

The field of neurosurgery has benefited greatly from recent advances in imag-
ing and computer technology that have facilitated operative planning and
performance. The incorporation of VR technology into contemporary neu-
rosurgical practice affords the additional advantage of highly intuitive and
interactive, real-time display of patient-specific multimodality data through-
out the entire perioperative period, thus effectively addressing its various
technical and conceptual challenges. In a clinical setting, VR technology will
not only impact favorably on operative planning, rehearsal, and performance,
but will also enhance surgical training and medical teaching, practice, and
research as a whole. There is, however, an ongoing need to evaluate major
issues associated with the development and implementation of new VR-based
systems and techniques, including cost-benefit analysis, demands on time and
training, and the detection and management of device and system errors. It
is feasible to expect that the future practice of neurosurgery will evolve with,
and be greatly augmented by, this highly important technology.
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