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Technology in Neurosurgery

Historically, progress in neurosurgery has paralleled
technological innovation. This trend began with improved
neurosurgical instrumentation. In 1927, Bovie and Cushing
revolutionized neurosurgery with the introduction of electro-
cautery [1]. For the first time, neurosurgeons were provided
a technology that could control bleeding, resulting in a sub-
stantial reduction of operative morbidity and mortality. The
ability to achieve hemostasis also allowed surgeons to begin
surgically managing lesions that were previously considered
inoperable.

Around this time, visualization of the surgical site evolved
from the incandescent head lamp, progressing into today’s
counterbalanced operating microscope [2]. Magnification of
the surgical field initiated the microsurgical paradigm, with
narrower surgical corridors and greatly enhanced visual dif-
ferentiation between normal and pathological tissue. The
resulting microsurgical revolution necessitated the creation
of increasingly small, precise surgical instrumentation [3].

Prior to the twentieth century, surgical localization was
based on the principles of Paul Broca and contemporaries,
who established concepts of cortical compartmentalization
of function based on clinical pathological correlation [4].
In 1895, Wilhelm Conrad Roentgen revolutionized diagnos-
tic medicine with the discovery of X-rays [5]. This was
improved upon by the serendipitous discovery of pneumoen-
cephalography, or air injection, in 1917, which visualized
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brain shift through displacement of ventricles [6].
Pneumoencephalography remained the primary neurological
imaging modality until the mid-1950s, when contrast angi-
ography became widespread because of decreased toxicity
of contrast agents. The invention of the microprocessor
allowed for the explosive growth of computer technology,
which, when coupled with X-ray imaging, created computer-
ized tomographic imaging (CT) in the early 1970s [7].
Characterization of electron spin in the hydrogen atom was
also coupled to computer technology to create magnetic res-
onance (MR) imaging [8, 9]. These technologies allowed
serial 2D imaging of the human body and accurate lesion
localization within a particular 2D plane. Volumetric recon-
struction followed, presenting interactive 3D virtual models,
from which additive or destructive lesions on the brain could
be observed. In addition, MR technology evolved to allow
imaging of brain function and metabolism [10, 11].

The explosive growth of imaging technology contributed
to a new paradigm in surgery: one of minimalistic technique.
Rapidly developing technologies merged in the operating
room, equipping the surgeon with an array of new instru-
mentation including endoscopy, high-definition cameras,
computer displays, and elongated tools capable of accessing
body compartments through small portals. It was very
quickly shown that minimalistic surgical technique resulted
in decreased length of hospital stay, lower rates of surgical
complication, improved patient outcome, and increased
patient satisfaction [12, 13].

In addition, as intracranial operations involve fixed anat-
omy in a contained volume, investigators began to exploit
triangular geometry to link preoperative images with intra-
operative surgical navigation [14, 15]. As a result, cranial
openings became smaller, and surgeons were able to accu-
rately target deep brain pathology using patient-specific
imaging. Unfortunately, the act of surgical dissection results
in brain shift, whether through anesthetic management,
patient positioning for surgery, drainage of cerebral spinal
fluid, progressive excision of pathology, or brain edema. In
response to this challenge, several investigators began to
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Fig. 46.1 (a) Screenshot of the neuroArm human-machine interface
showing the integration of 3D magnetic resonance images with surgical
planning (blue cone) and robotic tools (blue and off-white) to target
patient pathology. (b) Timeline showing the chronological introduction

integrate various imaging technologies into surgical proce-
dure [16-19].

Surgeons were soon provided with exquisite lesion local-
ization before and during each operation. Neurosurgical cor-
ridors became smaller, pushing surgeons towards their physical
limits of precision, accuracy, and coordination. Investigators
from around the world began to integrate robotic technology
into the increasingly complex surgical environment. Robotics
coupled the executive capacity of the human brain with the
increasingly precise and accurate technology of machines.
Previously independent technologies are seamlessly integrated
at a single-user interface, allowing for synergistic application
and multicomponent optimization in any particular clinical
exposure. This simplifies access to patient data and facilitates
surgery on a smaller scale. The modern neurosurgical para-
digm of informatic surgery was thus born [20].

Neurosurgical Robotics

The initial concept of integrating a robotic system into neu-
rosurgery was a daunting proposition. In addition to the tech-
nical requirements of the system and its surgical objectives,

of technologies into clinical neurosurgery. Over the past 20 years,
robotic systems have been developed to couple the executive decision-
making capacity of the surgeon with the accuracy of imaging technol-
ogy and the precision of advanced robotics

investigators needed to resolve challenges associated with
sterility, patient safety, ethical and regulatory approval, con-
siderable financial cost, integration with imaging technol-
ogy, and introduction into established surgical procedure and
processes. Multidisciplinary cooperation between science,
medicine, engineering, and industry was crucial in overcom-
ing the complexity of these challenges. Global awareness
and networking allowed incorporation of diverse technolo-
gies as they were developed and became available (Fig. 46.1).

Neurosurgical robotics (Table 46.1) began with the intro-
duction of an industrial robot, Programmable Universal
Machine for Assembly (PUMA), into the operating theatre
in 1985 [21]. In 1987, Benabid et al. coupled the PUMA 200
robot to a Brown-Roberts-Wells (BRW) head frame for
frame-based stereotaxy [22]. The robotic arm had six degrees
of freedom (DOF), and each joint was equipped with spring-
applied, solenoid-release brakes that would immediately
stop motion should any system defect arise. Using CT imag-
ing for navigation, the system was able to orient a cannula
for needle insertion. The robot was modified to hold a retrac-
tor for the resection of multiple pediatric thalamic astrocyto-
mas in 1991 [23]. These developments provided proof of
concept of robotic neurosurgery, allowing multidisciplinary
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research teams to begin development of robotic systems
designed for specific neurosurgical applications.

In 1994, Frankenhauser et al. introduced the Minerva
robot [24]. The system was coupled to the same BRW head
frame used by Benabid and mounted inside a CT scanner for
image-guided biopsy and implantation. Unfortunately, the
requirement of a dedicated CT scanner limited applicability
of Minerva to the neurosurgical community at large. Two
systems, the Robot-Assisted Microsurgical System (RAMS)
and Steady-Hand Robotic System, were developed in 1999
to enhance microsurgery [25, 26]. While these projects were
shown to improve microsurgical precision and provided hap-
tic feedback, respectively, they have not yet been clinically
applied.

By the year 2000, advances in computer technology, the
ubiquity of neurological imaging, and increasing adaptation
of robotic technology across the manufacturing and aero-
space industries provided the potential for development of an
image-guided neurosurgical robotic system. The Harvard
MRI robot was developed and integrated with intraoperative
MR imaging (iMRI) [27]. The robot manipulator was MR
compatible and used for intraoperative tool orientation.
NeuRobot emerged as a microsurgical robot in 2003 [28]. It
was tele-capable and tested in an experimental model with
the surgeon located 40 km away from the surgical site.

In addition to developments in microneurosurgery, robotic
systems were designed for endoscopic and stereotactic appli-
cation. The Evolution I robot was developed for endoscopic
applications and used in 2002 for the transsphenoidal
removal of pituitary adenoma [29]. The CT-based NeuroMate
system became the first neurosurgical robot to receive FDA
approval for clinical use [30]. The Pathfinder system fol-
lowed in 2006, with highly accurate CT-guided stereotactic
application [31]. Finally, the NISS collaboration was pub-
lished in 2009 with direct application in CT-guided
implantation procedures [32].

Two important robotic systems have been developed for
spinal surgery. In 2005, the Georgetown robot was used for
fluoroscopy-guided percutaneous facet blocks in cadaveric
studies and clinical patients [33]. Accuracy was deemed
comparable to manual technique, but movement was only
available in one DOF at a time. The SpineAssist robot has
been used for tool positioning and pedicle screw place-
ment [34]. It received FDA approval and is commercially
available to this day.

neuroArm

Advances in technology provided the opportunity to develop a
robotic system capable of both microsurgery and stereotaxy
[35]. Furthermore, due to the increasing acceptance of intraop-
erative MR imaging, it was also desirable to construct a system
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that could operate within this imaging environment [36].
While this presented significant challenges regarding material
selection, technological equipment, and surgical processes, it
would resolve the problem of disrupting surgical rhythm for
intraoperative image acquisition. In 2002, investigators at the
University of Calgary (Calgary, Alberta, Canada), in collabo-
ration with MacDonald, Dettwiler and Associates, began the
development of such a robot.

neuroArm: Design and Manufacture

The initial requirements document for neuroArm included
the ability to perform both microsurgery and stereotaxy
within the bore of a 1.5 T magnet. At the time of preliminary
design review, it became evident that stereoscopic vision, a
necessary requirement for microsurgery, could not practi-
cally be captured within the magnet bore. Furthermore, due
to requirements of payload (750 g) and speed (200 mm/s), as
well as the size of the existing position encoders, the manip-
ulators needed to be relatively large. Both could not be
placed within the 70-cm working aperture of the intraopera-
tive 1.5 T magnet. For these reasons, scope was changed
such that image-guided microsurgery would be performed
outside of the bore of the magnet and stereotaxy, using a
single arm, within the bore of the magnet.

Manipulators

neuroArm consists of two arms called manipulators, each
has a total of seven degrees of freedom: six spatial and one
degree of tool actuation [37]. Each manipulator was designed
to reflect the limbs and joints of a human surgeon: shoulder
joint to allow for rotation in both the horizontal and vertical
plane, elbow joint to allow for flexion/extension of the arm,
and a wrist joint to allow adjustment of rotation and pitch.
Tool actuation is accomplished through motion of one tool
holder relative to the other. The arms are mounted on a
mobile base, which allows height adjustment to accommo-
date the position of the operating table.

To achieve MR safety, the manipulators were manufac-
tured from titanium, polyetheretherketone (PEEK), and
polyoxymethylene (Delrin, Dupont, Wilmington, DE).
Motion of the arms is accomplished using ultrasonic piezo-
electric actuators (Nanomotion, Yokneam, Israel) that have a
20,000-h lifetime, 1-nm resolution, and inherent braking
characteristics if power is lost [36, 37]. Absolute 16-bit sine/
cosine encoders provided 0.01° accuracy at each joint and
retained positional information when powered off for imag-
ing. Haptic feedback was provided in three translational
degrees of freedom from six-axis force/torque sensors (ATI
Industrial Automation, Apex, NC) that were specifically
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Fig.46.2 (a) The neuroArm end effector uses two standardized con-
nectors (blue) to hold a surgical tool. The upper connection includes a
gear to control tool roll, while the lower connection moves upward and
downward to allow for tool actuation. (b) During surgery, the neuroArm

manufactured for neuroArm. The end effectors were
designed to hold a variety of tools using a standardized inter-
face that allows for tool roll and tool actuation (Fig. 46.2).

Mobile Base

The manipulators are moved in and out of the operating
room on a height-adjustable mobile base. A digitizing arm,
mounted on the mobile base, allows registration of the
manipulators to the radio frequency (RF) coil. The informa-
tion, transferred to the computerized human-machine inter-
face, allows 3D MR image display with tool overlay. The
field camera, mounted on the mobile base, provides overall
visual feed of the surgical field. For stereotactic procedures,
the mobile base is used to transport the manipulators to a
platform inserted into the MR magnet (Fig. 46.3).

Main System Controller

The main system controller consists of four main software
applications, each operating on an individual computer: (1)

manipulators are draped for sterility, while the two standardized tool
connectors penetrate the drape. The scrub nurse is able to exchange all
the neuroArm tools with the standardized tool connectors

The command and status display provides the main graphical
control interface for the neuroArm end effectors. (2) The
MRI display provides 2D and 3D volumetric images of
patient pathology with tool overlay. (3) The hand controller
interfaces to the left and right human-machine interface hand
controllers process kinematic motion at the human-machine
interface. (4) The controller interfaces to the manipulator
arms and other hardware.

Human-Machine Interface

The human-machine interface recreates the sight, sound, and
touch of surgery, while facilitating integration of advanced
imaging and surgical planning technologies [38] (Fig. 46.4).
Two SONY PMW-10MD Full HD Medical Grade cameras,
equipped with 3 one-half-inch (1,920%1,080) Exmor™
CMOS sensors, each delivers over two million pixels. Images
are then displayed on an LMD-2451MT HD medical moni-
tor that enables surgeons to gain full depth perception and
spatial orientation during intricate procedures through clear
3D picture display. Surgeons wear light, comfortable polar-
ized glasses to view the 3D display. These polarized glasses
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Fig.46.3 (a) During stereotaxy,
one neuroArm manipulator is
placed on a specialized board
within the iMRI magnet bore,
opposite to the patient. (b) The
iMRI machine moves to the
operating table, so the patient and
neuroArm end effector meet at the
magnet isocenter. Stereotaxy near
the magnet isocenter allows for
simplified registration and
optimized image quality
throughout the procedure

Fig.46.4 The neuroArm
human-machine interface
recreates the sight, sound, and
touch of the surgical site for the
surgeon. The surgeon is provided
with a 3-D stereoscopic view of
the surgical corridor. The
command status display (right of
the stereoscopic display) shows
the position of the neuroArm
manipulators in relation to the
radio frequency coil. The surgeon
controls neuroArm using two
modified PHANTOM hand
controllers, providing seven DOF
control with three DOF force
feedback. The surgeon
communicates with the surgical
team using a wireless headset

are almost clear and do not interfere with viewing the other
workstation displays.

The MRI display can be manipulated by touch with on-
screen controls to view patient-specific MR images in 2D or
3D, with real-time tool overlay. The surgeon is thus able to
see the tools as they are manipulated down the surgical cor-
ridor and their spatial relationship to the pathology. During
stereotaxy, the command status display provides real-time

feedback of end-effector orientation relative to the RF coil
and magnet bore.

The human-machine interface is height-adjustable, and
two modified PHANTOM hand controllers (SensAble
Technologies, Inc., Woburn, MA), which provide haptic
feedback in three translational degrees of freedom, are
mounted at 45° to optimize ergonomics. The surgeon acti-
vates each of the manipulators by continuously depressing a
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Fig.46.5 (a) For microsurgical
procedures, neuroArm is
positioned at the operating table
in the position of the primary
surgeon. The assistant surgeon is
able to operate in an ergonomic
position relative to neuroArm and
the operating microscope. (b) The
neuroArm bipolar forceps can be
used to coagulate as well as
remove pathological tissue

corresponding foot pedal. Each pedal acts as an emergency
stop switch: if disengaged, all motion input to the corre-
sponding manipulator is immediately stopped, bypassing the
main system controller. This design is not dependent on the
computational capacity of the main system controller, pro-
viding the surgeon ultimate control over any adverse motion
of the manipulators. Motion scaling and tremor filtration can
be applied from the command status display.

As the neuroArm human-machine interface is tele-
capable, precise and reliable audio communication with sur-
gical staff is of critical importance (Fig. 46.5). Each member
of the surgical team wears a wireless headset with a micro-
phone to maintain smooth surgical rhythm. This alone seems
to enhance communication between all members of the sur-
gical team, empowering each member of the surgical team to
optimize their role in the procedure

Safety

The creation of a tele-capable human-machine interface
provides an ergonomic platform from which the surgeon can
interact with complex imaging and sensory datasets. Robotic
manipulators then allow the surgeon to operate from the
human-machine interface but create unique challenges rela-
tive to patient safety.

All motion of the robotic manipulators passes through the
main system controller, where input and output from the
surgical site are analyzed and interpreted. Computational

complexity is increased by redundancy in all manipulator
position encoders, force measurements, computer power
supplies, and redundant hardware wiring. This introduces
the potential for uncontrolled motion of the robotic manipu-
lators at the surgical site should any individual element
within the computational processing malfunction. While the
software is designed to localize any malfunction in the sys-
tem, this can take time due to the complex nature of the com-
putation. To overcome this, the emergency stop switch was
introduced to provide the surgeon with absolute ability to
stop robotic motion at any time of the robotic procedure.

In addition, all members of the surgical team are trained
on robotic safety, in particular, on the potential for unex-
pected collision with object or patient. As stereotaxy with
neuroArm occurs within the confines of the MR magnet
bore, the surgeon is provided with visual feed of the tool by
field cameras within the bore. Prior to executing the proce-
dure, the surgeon must perform a verification intraoperative
scan containing the tool and destination pathology to assess
accuracy of graphical MR tool overlay.

neuroArm: Preclinical Studies

neuroArm and its components arrived and were installed in
the intraoperative MR operating theatre at the Seaman
Family MR Research Centre (Calgary, Alberta, Canada) in
2008. Regulatory and ethics approval was received in the
same year. While such approval is required for clinical
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application, introduction and acceptance into the international
neurosurgical community requires suitable preclinical stud-
ies to demonstrate performance and capability of the system
within the time-sensitive environment of surgery. A two-
stage study was conceived to sequentially test [1] the micro-
surgical capabilities of neuroArm in a rodent model and [2]
the stereotactic capabilities of neuroArm in a cadaveric
model [39].

Animal Studies

Animal studies allowed for in situ testing of neuroArm and
surgeon acclimatization to the novel neuroArm interface.
Compared to conventional neurosurgery, when using
neuroArm for microsurgery, surgeons were viewing the sur-
gical site through a 3D interface rather than an operating
microscope, manipulating hand controllers rather than the
tools directly, requesting tool exchange from the worksta-
tion, communicating via wireless headsets, and relying on
the assistant surgeon for manipulations requiring additional
speed and dexterity at the surgical site. It was found that an
experienced surgeon was required as the assistant, in order to
maximize the benefits of combining the precision and accu-
racy of the robot with human speed and dexterity. Surgeons
adjusted to these changes within the course of the study, indi-
cating a relatively short learning curve for repetitive
procedures.

A Sprague-Dawley rat model was selected to evaluate
neuroArm in microsurgery mode. The procedures included
bilateral nephrectomy, splenectomy, and submandibular
gland excision. Procedures were completed using either neu-
roArm or conventional hand techniques [39]. Surgeons per-
formed equally well using neuroArm or conventional
techniques, showing that neuroArm could be used for micro-
surgery. The procedure demonstrated that neuroArm
included a sufficient haptic interface to allow the surgeon to
feel tissue interaction, which is essential for microsurgery.
This enabled the progression to clinical studies.

Cadaveric Studies

Following animal studies, the neuroArm navigation system
was tested by image-guided implantation of ferrous oxide-
coated nanoparticles in a cadaveric model [39]. The heads of
the caudate nucleus and globus pallidus were selected as tar-
get implantation sites. This was an important preclinical
study to evaluate the accuracy of the frameless neuroArm
navigation software as compared to an already established
navigation system.

Following bilateral frontal craniotomy, the cadaveric
specimens were placed in a head clamp. TIl-weighted
MR images were acquired at 2-mm slice thickness. For
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neuroArm trials, one neuroArm end effector was placed
inside the MR magnet bore and registered to the head clamp
and images. The targets were identified, then implantation
trajectory was planned using the tool tip extension feature
and the Z-lock feature, which restricts end-effector motion to
only the direction of the tool axis. These features, coupled
with 3D tool overlay at the neuroArm workstation, greatly
simplified the implantation procedure. Non-robotic implan-
tation was completed on the contralateral side using a neuro-
navigation system. The specimens remained in the same
head clamp, and the same preoperative T1-weighted MR
images were loaded onto the neuronavigation system. For
this implantation, the surgeon was presented with sagittal,
axial, and coronal images at the tool tip. Following all
implantation procedures, the specimens were imaged using
the same acquisition sequences to determine the final posi-
tion of nanoparticles relative to the desired targets. The neu-
roArm system performed as well as the neuronavigation
system.

neuroArm: Clinical Studies

neuroArm represents a novel paradigm for neurosurgery,
which created a number of practical considerations for
implementation into established neurosurgical procedure.
Wireless headsets provided clear communication between
the surgical team and the surgeon at the workstation. The
scrub nurse was responsible for exchanging the neuroArm
tools. Draping and positioning of the robot required careful
integration into existing nursing and surgical protocols
(Fig. 46.6). Given the complexity of introducing a robot into
the operating room, clinical integration of neuroArm was
accomplished in a stepwise fashion.

Among the first 22 cases, 10 were meningiomas, 9 glio-
mas, 2 acoustic schwannomas, and 1 brain abscess. Each of
these procedures required general anesthesia and craniot-
omy. For 4 cases, neuroArm was registered to the intraopera-
tively acquired surgical planning MR images and used to
target the pathology and determine craniotomy placement
(Fig. 46.6). In all cases, neuroArm was draped during crani-
otomy and brought into the surgical field after partial dissec-
tion of the pathology. Working at the workstation, the
surgeon was able to manipulate tools within the surgical cor-
ridors, coagulate vessels to control bleeding, and aspirate
(Fig. 46.7). For the brain abscess case, the bipolar forceps,
mounted in the right arm, was used to open the capsule and
allow drainage of pus.

There was a disruption in the ongoing integration of neu-
roArm into neurosurgery in 2009, as the 1.5 T iMRI environ-
ment with local RF shielding was upgraded to a 3.0 T iMRI
suite that included whole-room RF shielding. This upgrade
required a 10-month interval, during which the operating
room was shut down. The upgrade to whole-room shielding
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Fig. 46.6 (a) Conventional presurgical planning involves marking of
the surgical site following anesthetic and fixation with pins in a head
clamp. (b) Prior to craniotomy, neuroArm navigation software can be

allowed dramatic improvements in practical aspects for
stereotactic procedures. The manipulator is now able to be
attached directly to the magnet bore, rather than being
mounted on an extension board from the OR table. Cables
are now run through the backside of the magnet, rather than
along the OR table, which was previously required to prevent
penetration of the RF shielding. Finally, the registration pro-
cedure is much simpler as the location of the manipulator is
always constant relative to the magnet’s isocenter and thus
the patient’s pathology (Fig. 46.7).

Benefits and Challenges of neuroArm

Several benefits and limitations of using neuroArm were

observed. The benefits include:

¢ Increased motion precision at the distal tool tip from the
order of millimeters by hand to the order of micrometers
using robotics, aided by the use of tremor filters and
motion scaling.

used to confirm and refine craniotomy placement based on intracranial
pathology. (c) Patient-specific MR images are loaded into the MRI dis-
play at the neuroArm human-machine interface

» Increased accuracy of tool tip positioning using absolute
positioning sine/cosine encoders.

¢ Improved neuronavigation interface with 3D tool overlay
and Z-lock feature for stereotaxy-biopsy.

¢ Improved human-machine interface where the surgeon
can simultaneously visualize the surgical site, the entire
imaging dataset, and the real-time 3D tool overlay.

* Measurement of the forces of tissue dissection is dis-
played, and the force applied can be limited by filters.
The present challenges of robotic surgery will rapidly change

as advances are made in both robotics and human-machine

interface technology. Robotic systems of the future will have
increased dexterity and the ability to present vital surgical infor-
mation in a more pragmatic format for the surgeon to utilize.

Present challenges of robotic surgery with neuroArm include:

e The dexterity of a human surgeon is approximately 23
DOF controlled by 40 muscles, meaning a tool may be
held in a single position with multiple positions of
proximal joints in the arms. Due to present computer
algorithms, neuroArm dexterity is limited to six DOF: a
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Fig.46.7 (a) Positioning neuroArm into surgical procedure is impor-
tant so that ergonomics of the surgical assistant and scrub nurse are not
compromised. (b) At the surgical site, both neuroArm and the assistant
surgeon are able to manipulate tools within the surgical corridor.

unique combination of proximal joint positions will result
in a specific tool position. Increasingly advanced pro-
gramming algorithms exist in other robotics industries for
increased dexterity and are presently being evaluated for
future use with neuroArm.

e Perhaps the greatest limitation for widespread application
of robotic surgical systems is its decreased ability to pro-
vide high- and low-fidelity haptic feedback that is identi-
cal or superior to the actual surgical site. The use of
neuroArm has allowed us to learn the limitations of our
present human-machine haptic interface, which does not
yet accurately mimic the force feedback or touch senses
of the human surgeon.

e While neuroArm decreases some signal to noise, true MR
invisibility has not yet been achieved by neuroArm.

e As computing power increases, it will be possible to
increase the sophistication of the neuroArm system,

(c) Sterile drapes are placed over the neuroArm manipulators, while the
tool holders (blue) are able to penetrate the sterile drapes and hold the
tools

which in turn will support the development of more

degrees of freedom and other features.

The future of surgery will involve an increasing number
of robotic systems. Perhaps the greatest practical issue pre-
venting the widespread development of robotic systems for
surgical applications is the present high cost of medical
robotics. However, as robotic technology becomes more uni-
versally applied, costs of development and implementation
will drop and spark the further development of systems.

Conclusion

The future of neurosurgery lies in the realm of
multidisciplinary teamwork. As surgical staff gather
increasing clinical experience with neurosurgical robotic
systems, robotic technology will continue to be advanced
by teams of engineers, scientists, and technologists around
the world. Mechanically, advances in MR-compatible
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robotics will allow miniaturization without sacrifices in
surgical performance. This will overcome present spatial
limitations and allow movement towards real-time, image-
guided microsurgery within the physical constraints of
intraoperative imaging devices. The second generation of
neuroArm is now in development and will be about 20 %
smaller than neuroArm I, allowing both manipulators to
enter the imaging space. Additionally, the redesign and
selection of new materials will further decrease the mild
impact of neuroArm on signal to noise and contrast to
noise when acquiring MR images.

Perhaps of more impact to the surgeon will be the
rapid upgrades in human-machine interface technology. It
is becoming easier to merge pre- and intraoperative
images from different modalities in a manner that is surgi-
cally relevant and intuitive to manipulate. Improved com-
puter processing will provide relevant real-time data
related to anatomy, function, and metabolism. The sur-
geon will be provided with realistic recreation of touch
through ongoing developments in haptic feedback and
hand controller design. Measurement of surgical forces
and their relationship to tissue deformation will open new
areas of research in basic science towards the understand-
ing of tactile perception and its relation to surgical deci-
sion-making. As these measurements become more
accurate and computer processing progresses, virtual
environments will be able to provide realistic training and
individualized surgical planning.

Neurosurgical robotics will become the hub of tech-
nology in the operating room. It will be possible to inter-
face 1imaging and surgical management with
instantaneous global communication. Advanced tool
design will lead to image-guided biopsy and implanta-
tion and eventually realization of individualized therapy.
Additionally, decreasing component sizes and develop-
ments in visual technology will make cell-specific inter-
vention possible.
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