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Foreword

“Hopefully we won’t have to use the Robot, today. It’s true, Pr Benabid wants us to
use it. We need to understand how it works and give him and the engineers direc-
tions for its fine-tuning, but what a pain! It means making the procedure much lon-
ger. For giving the coordinates, we only have X-rays in the two projections face and
profile, and we practically have to input everything by hand. Then it doesn’t always
go smoothly, because the ‘petits déplacements itératifs’ are at order of the day. Each
trajectory must practically always be adjusted to the final position by means of
small shifts. With just few approaches, ok it is still feasible. But when up to twenty
trajectories are required as for Stereoelectroencephalography, there is the risk of
never leaving the room. Of course, we can say that we used the robot, but what a
struggle! Fortunately, the most difficult approaches, i.e. those in double obliquity,
are also the most successful, practically always on the first shot.

For the classic orthogonal trajectories of the Talairach frame, on the other hand,
the simplicity and precision of the original approach remain unsurpassed, with the
only limitation that the holes of the double grid allow only a limited and fixed num-
ber of trajectories. We will arrive at the usual compromise in order not to waste too
much time, most of the approaches, the orthogonal ones with the double grid and
the oblique ones with the robot ....”

It was 1990, and I had just arrived in Grenoble with my Master Claudio Munari
and had the good fortune to work in the neurosurgery department of Prof. Alim
Louis Benabid. With Dominique Hoffman we shared the commitments of the ste-
reotactic room, and we were at the same time fascinated and terrified by the use of
the first robot I had ever seen in a neurosurgical room.

The robot is accurate, not that. The robot acts in the surgeon’s place, taking work
away from him, and I can assure you that that took up all our energy. The robot does
not get tired, that is true; of course it does not, but we were exhausted.

But after only a short time, the results of constant work and fine-tuning were
beginning to show the reliability and advantages of the surgical robot.

How much time has passed since then and how the world of surgical robotics has
been transformed by the people who invented the robots and made them!
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viii Foreword

Now they do this and that, they align with sub-millimetric precision, they allow
almost immediate and automatic registration of the patient’s head position, and they
are driven by a very sophisticated planning software that allows planning using
models that are increasingly close to the actual anatomy of the individual patient.

The workflow has to be progressively implemented, but the advantages of using
the robot are soon evident and there are also significant time savings. We, at the
Claudio Munari Centre, also delayed until 2009 to switch completely to the use of
the robot for SEEG, since then we can no longer do without it and the average time
per implant has been reduced by several hours.

Of course, in other surgeries, the robot is also the arm of the surgeon who can,
for example, operate in master-slave mode and, in some cases, has greater auton-
omy even though it is supervised by the surgeon. This is not yet the case in neuro-
surgery where the time does not seem to be ripe.

But even in our specialty, the robot in its various presentations has become part
of the routine and its evolution seems unstoppable. The possibility of controlling the
surgical act and the reliability seem to be the main goals to be achieved, and imagin-
ing a working robot is no longer confined to science fiction films. There is still a
long way to go, but the continuous technological evolution allows us to glimpse at
possible solutions and goals that are no longer unreachable.

This book by my dear friends JGM and F(C)C represents the current state of the
art and an undoubted reference for the developments we are aiming at.

I wish them all the success I am sure they deserve.

“Claudio Munari” Center for Epilepsy Surgery Giorgio Lo Russo
Azienda Socio-Sanitaria Territoriale Grande Ospedale

Metropolitano Niguarda

Milano, Italy



Introduction

The application of surgical robots in neurosurgery has been significant in the last
decade, and it will likely continue to expand at an unparalleled rate. The develop-
ment of computational engineering and adaptations to surgical methods related to
the so-called minimally invasive surgical techniques have been the driving forces in
recent years. The utilization of robotics in many surgical fields is becoming the new
standard of care. Neurosurgery is not an exception.

Robots have been applied to the manufacturing industry as earlier as the 1960s
where they performed tasks like welding, assembly, shipping, handling of raw
materials, and product packing. Only recently have they been applied to medicine.
Interestingly, the inception of robotic technology in the field of medicine was in
neurosurgery. Authors often differ in their definition of the first robotic procedure of
the modern era, but arguably, Kwoh and colleagues were the first to use the PUMA
560 robotic system in stereotactic brain biopsies with great accuracy. Since then, the
application of robots in neurosurgery has taken a slow but continuous progression,
until the very last two decades, when it acquired a fast and diverse pace, involving
several subfields in neurosurgery.

Although the practical applications of robots are relatively recent, the concept is
more than 100 years old. The word robot derives from the Czech word robota,
which describes a forced labor or activity, in other words, a “slave machine.” The
term rapidly became corrupted to reflect a machine-oriented repetitive task with no
associated artificial intelligence. The Czech writer Karel Capek introduced the con-
cept in his play “Rossum’s Universal Robots” in 1920, defining the term robot for
the first time. In the play, the robots attempted to take control of their own destinies
and taking independent decision. Although the science fiction nature of his play is
evident, we can start realizing that it is closer in realization than we could possibly
predict. The upcoming new technologies and the most recent human interactions
with robots are triggering new adaptative behaviors in our societies, whether related
to scientific, social, or legal spheres. To guide us into this journey and preserve the
essence of our mission of improving the medical care and the quality of life of our
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X Introduction

societies, we could perhaps recall some initial concepts in robotics, resting at the
nebulous interface between fiction and reality.

Many writers of robot stories, without actually quoting the three laws, take them
for granted, and expect the readers to do the same.
Isaac Asimov

Isaac Asimov (1920-1992) was a prolific and provocative American writer.
Many of his writings were related to science fiction, especially robots and their
interaction with humans. In 1941, he wrote Runaround, the latest in a series of sto-
ries on robotic machines with positronic, humanlike brains in the era of space dis-
coveries. In Runaround, three astronauts (two humans, Powell and Donovan, and a
robot SPD-13—Speedy) are sent to an abandoned mining station on the apocalyptic
planet of Mercury. While there, a compound necessary to power the station’s life-
giving photocells, selenium, alters SPD-13 and causes him to become dysfunctional
and confused, unable to operate under the three laws of robots. According to
Asimov’s imagination, these laws are the following: (1) a robot must not injure a
human being or allow a human to come to harm; (2) a robot must obey orders given
by humans, except if the order conflicts with the first law; and (3) a robot must pro-
tect its own existence as long as it does not conflict with the first and second laws.
In the end, Powell was able to fix the photocells and Speedy went back to a normal
function, and the mission was saved. Over the course of his prolific career, Asimov’s
view on the sacredness of the three laws varied, from seeing them as simple rules
and guidelines through to wholly uncompromising subroutines imprinted into the
robot’s operational system. What is interesting is the fact that the “three laws” lifted
robots from the mindless cadre of Frankenstein-like machines and creatures with no
guiding principles that had characterized horror and science fiction for decades and
gave them the capacity of dealing with moral dilemmas, as humans. In 1985,
Asimov added a fourth law, known as the “zeroth law,” to precede the first law: a
robot may not harm humanity or, by inaction, allow humanity to come to harm.
Asimov’s laws were so highly regarded that it was as though his three laws would,
in the real ages of robotics to come, be a foundational stone in a positronic Brave
New World (in reference to the famous Aldous Huxley book). In the current age of
automation, artificial intelligence, and social distancing, our interactions with
machines and “intelligent” operating systems have acquired a new importance and
the 100-year-old robot concept has suddenly acquired a new interest. The reality is
that no computer or robot has so far had the three laws built into its network. They
were, and remain, little more than imaginary literacy concepts, designed to further
the plot of the finest science fiction models ever written, but maybe applicable in the
near future.

As opposed to science fiction, the collection of manuscripts present in this book
attempts to describe the current state-of-the-art applications of robotic devices in
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neurosurgery. Our goal is to inform the readers regarding the new robotic technolo-
gies currently applied in neurosurgical interventions and research and perhaps guide
them to new developments and applications for the next decade.
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Chapter 1 )
Robotics in Neurosurgery: Overture ST

Francesco Cardinale @), Piergiorgio d’Orio ®, Martina Revay,
and Laura Castana

Introduction

Since the first robot-assisted CT-guided brain biopsy was stereotactically performed
in 1985 by Kwoh and coworkers with an industrial PUMA robot [1], the adoption
of robotic assistance in neurosurgical practice has progressively gained popularity.
The above-mentioned system was quickly abandoned for safety issues, and the
early years were signed mainly by the pioneering work of Alim Louis Benabid at
Grenoble University, the father of the NeuroMate robotic assistant (Renishaw,
Wotton-under-Edge, United Kingdom). Out of the several systems developed in the
first two decades of neurosurgical robotics, only NeuroMate is still available in the
market. It was the first neurosurgical robot certified by the US Food and Drug
Administration at the beginning of the 2000s [2] and it is still one of the most
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accurate systems for stereotactic implantation of intracerebral devices, as suggested
by recent papers reporting smallest errors in the implantation of stereoelectroen-
cephalography (SEEG) electrodes for both children and adults [3-5].

For some decades, the neurosurgical use of robotic assistance has been limited to
intracranial procedures. Subsequently, the range of available procedures has been
widened, now including also spine surgery. Differently from the field of body sur-
gery, robotic assistants are not commonly used for surgeon’s motion replication
aimed at performing tele-controlled micro-neurosurgical operations. Instead, most
popular clinically available systems are passive robots able to hold a surgical tool
along the vector of a pre-planned direction, exploiting the well-established tech-
nologies that have been developed in the field of image-guided surgery.

Besides surgical assistance, robotic systems can be used also in the fields of
rehabilitation and prosthetics.

Clinical Applications

As already mentioned, most popular systems can passively assist the neurosurgeon
holding a tool (e.g., a twist drill to prepare the intracranial path to implant recording
or stimulating electrodes, laser fibers, or biopsy needles) along the direction of one
or multiple pre-planned trajectories. In 1992, more than 20 years ago, Benabid and
coworkers had already described the use of Neuromate robot in a number of stereo-
tactic intracranial needle biopsies, intracerebral electrode implantations for SEEG
or deep brain stimulation (DBS), and brachytherapy procedures [6]. In the same
year, the same Grenoble group pioneered the use of the robot also in neuroendos-
copy [7].

SEEG

SEEG gained popularity worldwide in the recent years, pushing the adoption of
robotic assistance. We can also interpret this tendency in a “circular” view because
a wider availability of robotic assistants made easier the birth of many SEEG pro-
grams even outside the countries where this method was traditionally adopted in the
last decades, France and Italy [8, 9]. Since the number of SEEG trajectories is com-
monly high [10], this is the field in which robots can give their best because they do
not suffer fatigue and cannot be affected by tremor. Moreover, most modern systems
are characterized by high mechanical accuracy and therefore guarantee safe implan-
tations when planning is based on high resolution images providing comprehensive
multimodal information. In fact, numerous recent papers have reported a high safety
profile for robot-assisted SEEG implantations [3, 11-15]. Non-inferior or superior
accuracy and safety profiles against other types of framed or frame-less equipment
have been also reported [5, 16, 17].
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Neuromate and ROSA (Zimmer Biomet, Warsaw, Indiana) are the two most pop-
ular robots used for SEEG implantation. Both of them have been originally devel-
oped in France. Another similarly large robot, Sino Robot (Sinovation Medical
Technology—Beijing—China), has been recently developed in China [18, 19]. A
small form-factor robotic device, originally developed in Austria, has been also
developed and reported: the Stealth Autoguide (Medtronic; Minneapolis, Minnesota,
USA—formerly known as iSYS1) [20]. In particular, it has been compared against
a manual arm-based technique in a single-blinded controlled randomized trial,
showing shorter median operative time but lower stereotactic accuracy [21].

Besides the surgical aspects of electrode implantation, it remains dramatically
important to understand that a rigorous technique can guarantee the necessary safety
profile, but also that without an appropriate method for the selection of patients, the
definition of topographical strategy and the interpretation of long-term monitoring
findings, SEEG cannot give the expected results in terms of post-operative seizure-
freedom [22], whatever the used stereotactic tools.

Radio-Frequency Thermocoagulation and Laser Interstitial
Thermal Therapy

Strictly related to SEEG investigation, there is the possibility of ablating multiple
small volumes of brain tissue surrounding the recording probes if an adequate power
of electrical current is administered between two adjacent contacts. Radio-Frequency
Thermocoagulation (RF-THC) was first published by Guénot and coworkers in
2004 [23] and has gained popularity particularly in the most recent years, as testi-
fied by a number of articles on larger and larger case series [24—28]. Robotic assis-
tance provides the necessary accuracy, and the main advantage is the possibility of
performing the ablation before removing the SEEG electrodes, thus coagulating the
brain tissue surrounding the contacts best seated in the ictal onset zone. Thanks to
RF-THC, SEEG is no longer only a diagnostic method but offers also a treatment
option for malformations of cortical development [29-32]. Of particular interest is
the reborn interest for SEEG-guided RF-THC of mesial temporal structures, repro-
posed with local high-density implantation and also with the opportunity of ablating
between contacts lying on different probes thanks to special equipment [33-35].
Finally, robotic SEEG-guided RF-THC has been reported even in the field of pedi-
atrics [36].

Tissue ablation performed by means of robot-implanted devices can be per-
formed also independently from SEEG, following it as a second-stage procedure or
performed without any prior intracranial recording. Mullatti et al. recently pub-
lished their experience on the successful use of a larger electro-catheter implanted
into an epileptogenic insular lobe to perform ablations in a variety of epileptogenic
clinical conditions (tumor, focal cortical dysplasia (FCD), or unknown pathological
substrate) [37]. Robotic RF-THC of hypothalamic hamartoma has been also
described [38].
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Robot-assisted Laser Interstitial Thermal Therapy (LiTT) is an emerging tech-
nique in the treatment of drug-resistant epilepsy. The first case, following SEEG in
a patient presenting with a periventricular nodular heterotopy, was described by
Gonzalez-Martinez et al. in 2014 [39]. LiTT is now used for ablating brain tissue
also in other epileptogenic conditions, such as FCD [40, 41], hypothalamic hamar-
toma, [42] and mesial temporal lobe epilepsy (MTLE) [43, 44].

Out of epilepsy surgery, LiTT is largely used also for the treatment of many other
brain lesions such as primary or metastatic malignant tumors and radiation necrosis
[45—48]. Robotic assistance guarantees the necessary accuracy also in these cases,
of course.

Deep Brain Stimulation

Chronic high-frequency DBS mimics the effect of surgical ablation of functional
targets. Therefore, it is used to treat movement disorders and, more recently, also
drug-resistant epilepsy (commonly targeting the anterior nucleus of thalamus or the
hippocampus). Parkinson disease is certainly the most common indication for such
treatment in adults. Thalamic nucleus ventralis intermedius (VIM) was the first
reported target of robot-assisted DBS [6]. In early 90s, it was quickly replaced by
the subthalamic nucleus (STN) because DBS of this structure improves not only
tremor, but also rigidity and bradykinesia [49]. DBS with robot-assisted bilateral
implantation of the stimulating electrodes in the STN is therefore the most common
procedure for treating Parkinson disease in adults [50], while the globus pallidus
internus is the target of choice for dystonia, often treated during pediatric age
[51,52].

All the subcortical structures that are targeted for DBS treatment in the field of
movement disorders are small and characterized by a somatotopic arrangement that
must be carefully considered in order to obtain the best balance between benefit and
side effects. Thus, high accuracy at the target is critical. A recent meta-analysis, fol-
lowing a systematic review of the literature, suggested that robotic assistance sig-
nificantly and independently provides better accuracy of implantation not only in
the field of SEEG, but also in the DBS one [17].

Biopsy

As above mentioned, the history of robotic assistance in neurosurgery started with
a brain biopsy surgery [1]. It is not surprising that at the present time, given the
renewed enthusiasm likely due to the worldwide spread of SEEG, also stereotactic
biopsies are often performed with the aid of robotic equipment. Even if the number
of trajectories is usually very limited (only one in most cases), robots still guarantee
the necessary accuracy and mechanical stability in such critical procedures. For
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multi-bite biopsy of the lesion, the arm of large robots not only aligns the tool
holder with the vector of the planned trajectory. It also gives the possibility of
advancing by small steps to sample different zones of the abnormal tissue, from the
periphery to the core, as described by Zanello and coworkers in the largest study
reporting on a robotic biopsy series [53]. The histopathological diagnosis has been
obtained in 98.7% of 377 patients, with a favorable safety profile guaranteed by
Neuromate robot. The use of ROSA system has been also reported [54], as long as
the utilization of the Stealth Autoguide [55, 56].

Neuroendoscopy

The disconnection of hypothalamic hamartoma is one of the most common surgical
techniques that takes advantage from robotic assistance. It was popularized by
Delalande and coworkers in the early 90s for treating patients suffering from gelas-
tic seizures, especially when the insertion of the hamartoma is pedunculate and the
stalk is accessible [57]. Expanding from the original indication, robotic neuroendos-
copy is used mostly in pediatric neurosurgery for ventriculostomies or septostomies
aimed at treating obstructive hydrocephalus, for fenestration of intraventricular or
extraventricular cysts, or for biopsies of intraventricular or midline tumors [58].
More recently, robotic endoscopy has been utilized also to perform hemispherot-
omy in patients suffering from catastrophic hemispheric epilepsy [59].

Spine Surgery

SpineAssist was the first robot to obtain Food and Drug Administration (FDA)
clearance for spine surgery in 2004 [60]. Since then, the number of indications and
procedures in this field of interest are progressively increasing. In fact, robotic
equipment can guide the neurosurgeon to deep anatomical structures along a narrow
path, making the avoidance of vessels and nerves easier. Moreover, robotic assis-
tance offers intraoperative navigation, decrease of incision size, elimination of hand
tremors, and reduction of neurosurgeon fatigue [61]. Throughout the years, the ini-
tial level of mistrust against the use of robotics in spine surgeries is decreasing, and
the two most popular procedures are the pedicle-screw placement and the anterior
lumbar interbody fusion. Likely, image-guided navigation is the most important
advantage of robotics for pedicle-screw placement, as suggested by a large meta-
analysis aimed at comparing conventional free-hand against navigated surgery [62].
While pedicle-screw placement is typically performed by means of supervisory-
control robots [63—-67], robotic anterior lumbar interbody fusion is done using Da
Vinci Surgical System (Intuitive Surgical - Sunnyvale - California), a tele-controlled
assistant for surgeon’s motion replication very popular for abdominal and urologi-
cal surgery [68].
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Other Procedures

Robotic assistance has been described also in some other types of procedures, such
as drug delivery [69], radiosurgery [70], laser osteotomy [71].

Moreover, neurosurgical robots not only can assist neurosurgeons during surgi-
cal procedures but can also support patients with impaired motor or sensory func-
tions during rehabilitation or assist them in their daily life. The more complex
implementation of such robots is the brain—machine interface-controlled exoskele-
ton for tetraplegic patients recently developed by Benabid and coworkers [72].

Final Remarks

Robots for cranial surgery are accurate and can assist the neurosurgeon in perform-
ing safe operations, reducing sources of inaccuracy and the probability of proce-
dural errors. Most of them are passive supervisory-control robots able to align a tool
holder along the vector of a pre-planned trajectory, as in the cases of stereotactic
intracerebral electrode implantation or of a biopsy needle advancement into the
cranial space. They are used also to constrain the movements of an endoscope in
order to limit healthy brain injury. The accuracy of such robots is not the only com-
ponent affecting the final accuracy of the procedure: it is also mandatory to plan the
surgery on high-definition and undistorted images and to register correctly the
image and the robotic spaces.

Compared to cranial surgery, robotics is still at an earlier stage in the field of
spine surgery. Nonetheless, the use of supervisory-control robots is progressively
gaining popularity, especially for pedicle-screw placement. Differently, anterior
lumbar interbody fusion is performed with the assistance of a tele-controlled manip-
ulation system.

Compared to the existing non-robotic standard of care, the main tradeoffs of
robotics are the need for additional special training and the considerable start-up
costs [9]. Especially for spine surgery, the cost-benefit balance is not yet well esti-
mated and further studies are needed [73].
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Chapter 2
Historical Perspectives

Elena De Momi

History of Robotic Surgery

A robot is “a reprogrammable multifunctional manipulator, designed to move mate-
rial, parts, tools or specialized devices through variable programmed motions for
the performance of a variety of tasks” (Robot Institute of America) [1]. First indus-
trial robots started to be developed in the early 60s in order to replace labor-intensive
tasks previously carried out by humans.

The definition of “surgical robot” given in [2], is “a powered computer-controlled
manipulator with artificial sensing that can be reprogrammed to move and position
tools to carry out a range of surgical tasks.” Robots do not replace surgeons, rather
they assist during surgical task execution, under his/her supervision, allowing
increasing accuracy and safety, while alleviating surgeon fatigue. Given their intrin-
sic repeatability and maneuverability, their potential advantage in high-accuracy
requiring procedures was first demonstrated in the 80s.

The first robot-assisted surgical procedure was reported by Kwoh et al. in 1988
[3]. This historical milestone is represented by a CT-guided stereotactic brain tumor
biopsy performed in 1985 on a 52-year-old man with a suspicious brain lesion. The
robotic system, i.e., an industrial Puma 560, Unimation Limited, with stated rela-
tive accuracy of 0.05 mm, autonomously reached the desired position, and the task
execution was based on the CT-based preoperative plan. Once the robot reached
the planned pose, the biopsy probe was manually inserted into the skull by the sur-
geon. Thus, the surgeon’s actions were limited to straight-line insertions and axial
rotations. The authors claim that the procedure resulted faster than the manually
adjustable frame and they improved the targeting accuracy. Since manufacturing
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companies refused to allow the use of the robot outside protective barriers, due to
the lack of safety measures, the project was dismissed.

Another industrial robot was used for hip surgery [4]: a SCARA robot autono-
mously reamed out the proximal femur to accommodate the femoral component of
a hip prosthetic implant. The system, so-called ROBODOC, was then tried on a
human being in 1991.

In the late 80s, the PROBOT system was used to assist in transurethral prostatec-
tomies [5] and represented the first attempt to translate the surgical robotic activities
to “soft-tissue.” In essence, the PROBOT represented a framework to direct a rotat-
ing blade to autonomously resect the prostate. The system was clinically used on 40
patients by 1991. Key advantages to the PROBOT were its small size, cutting accu-
racy, and no-fatigue for the surgeon when performing the surgery.

After these first attempts, a new era of robotic tools and computer assisted pro-
cedures was revolutionizing surgery, creating the needs of experts in technology
within the medical doctors, and the need of shortening learning curves to be profi-
cient in benefitting from the clear advantages represented by such instruments.

Surgical Applications

Orthopedics

Orthopedic surgery is ideally performed using robotic systems: the robot can gener-
ate high cutting forces on hard tissue, based on the preoperative or the intraoperative
plan. If the movement of the robot is constrained applying virtual walls/constraints,
the robot is prevented from entering in contact with soft tissues.

The abovementioned ROBODOC system for hip surgery was then commercial-
ized by Integrated Surgical Supplies Limited, Sacramento, USA [6]. While plan-
ning phase is performed on CT dataset, the intraoperative rigid registration is
performed attaching “fiducial” markers into the bone in both the proximal head of
the femur and the distal femoral condyles, so that, given their coordinates in the
preoperative CT scans and in the intra-operative settings, the spatial transformation
can be estimated. Long-term reported benefits for robotic procedures were good
alignment of the implant stem in the femur and a very good contact area between
bone and stem [2], which could offer improved bone growth. Short-term benefits,
however, were more difficult to demonstrate as the time for the procedure was lon-
ger, resulting in increased anesthesia times and blood loss.

The “Caspar” system, developed by Orto-Maquet, used an anthropomorphic
Stdubli-Automation industrial clean-room robot and was tested on 75 patients for
hip replacement procedures. Other projects using robots for orthopedic surgery
include Rizzoli Orthopaedic Institute, Bologna [7], which used a Puma 560 robot,
and Helmholtz-Institute, Aachen, which started to develop a special-purpose paral-
lel link robot for hip surgery in the early 2000s [8].
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As far as the knee implant is concerned, the system developed by Imperial
College in [9] allowed the surgeon to hold a force-controlled lever placed at the end-
effector, together with a motorized cutter. The surgeon could use the lever to back-
drive the robot motors within software-based virtual constraints so that an
appropriate cutting shape is performed. The “Active constraint” robot (known as
“Acrobot”) allows the surgeon to feel directly the forces experienced by the cutter.
Acrobot represented a new type of robotic system for surgery, known as a “syner-
gistic” system, in which the surgeon’s skills and judgment are combined with the
controller-provided spatial constraint capabilities to enhance the performance of the
robot/surgeon [2]. The concept has been now brought to the market by the Mako
(Striker, USA) system, which has proven to offer better surgical results in terms of
clinical outcome with respect to the manual approach.

Neurosurgery and Spine Surgery

Robots excel at handling spatial information, and are, thus, obvious candidates in
the guidance of instrumentation along precisely planned trajectories. The above-
mentioned milestone achieved in 1985 is in fact related to neurosurgery, where high
positioning accuracy is demanded, and the robot can be seen as a replacement for
the stereotactic frame. Faria et al. [10] reviewed robotic systems specifically devel-
oped for or capable of executing stereotactic neurosurgery, describing specific char-
acteristics and workflows. As future perspective, the authors stated that the trend of
technological progress is pointing toward the development of miniaturized cost-
effective solutions with more intuitive interfaces.

Back in the late 80s, Benabid and colleagues [11, 12] in Grenoble, France, ste-
reotactically reached several intracranial targets for biopsy, stereoelectroencepha-
lography (SEEG), or brachytherapy procedures. An industrial robot was fitted with
additional large-ratio gearboxes so that the robot could move slowly and safely. The
addition of a preoperative planning facility based on CT imaging has made this a
powerful system. The intraoperative registration was performed using X-ray projec-
tion and a so-called calibration cage held by the robot. By 1992, 140 cases were
performed, including image guided robotic endoscopy. The special-purpose robot,
later called “Neuromate,” to be used “passively,” was later distributed commercially
by IMMI Limited, Lyon, and received FDA approval for cranial procedures in the
early 2000s. The original French company was then acquired by Integrated Surgical
Systems Inc. (USA), by Mayfield (USA) and finally by Renishaw (UK). The robot
can be used for stereotactic procedures, such as deep brain stimulation, and has been
extensively used for SEEG [11-16]. Median application accuracy (and Inter-
Quartile Range—IQR) at the cortical entry point in frame-based or frame-less
modality was reported to be 0.78 mm (IQR 0.49-1.08) and 0.59 mm (IQR
0.25-0.88), respectively. Median application accuracy at the deepest target in frame-
based or frame-less modality was reported to be 1.77 mm (IQR 1.25-2.51) and
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Fig. 2.1 Research activities performed at Politecnico di Milano in the framework of robotic sur-
gery. On the left, the platform developed within the ROBOCAST project and, on the right, the
ACTIVE system

1.49 mm (IQR 1.06-2.4), respectively. Of note, accuracy at the deepest point of
trajectories is affected not only by image and robotic properties, but also by possible
intracerebral deviations of the semi-rigid SEEG electrodes.

A further example of an active robot was the “Minerva” project, which was clini-
cally applied for stereotactic neurosurgery [17]. This was a special-purpose system
developed by the precision mechanisms group at the University of Lausanne. A
powered robot, operating in a dedicated CT imaging system, was used in 8 neuro-
surgery clinical experiments. The operation is entirely performed by the robot, i.e.,
skin incision, bone drilling, dura perforation, and probe manipulation. This single
axis then linearly advances the tool into the region of the patient’s head which is
fixed in a stereotactic frame.

The ROSA system (Zimmer Biomet, USA)! is a 6-degrees-of-freedom (DoF)
system which can be directly manipulated by the surgeon in any desired direction.
It received FDA approval in 2010. The system can be used for a wide range of clini-
cal applications, including endoscopy and SEEG.

Among the systems which remained at a research phase with experimental stud-
ies completed in lab environments (reaching TRL? 6), the ROBOCAST EU? project
is worth being mentioned (Fig. 2.1, on the left) since it introduced novel insight in
robotic neurosurgery, namely the possibilities of (1) adopting an intelligent and
automatic preoperative plan to compute the best trajectory for the surgical probe
[18-20], (2) providing haptic perception during the active advancement of the surgi-
cal probe within the brain soft tissue [21, 22], and (3) performing curvilinear paths
within the brain, using a steerable catheter, in order to reach the target with a greater
number of possible paths. This last concept was then explored and translated into
preclinical trials within the EDEN2020 EU project* [23].

"https://www.zimmerbiomet.com/medical-professionals/cmf/rosa-brain.html

2https://ec.europa.eu/research/participants/data/ref/h2020/wp/2014_2015/annexes/
h2020-wp1415-annex-g-trl_en.pdf

3https://cordis.europa.eu/project/id/215190
“https://www.eden2020.eu/
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https://ec.europa.eu/research/participants/data/ref/h2020/wp/2014_2015/annexes/h2020-wp1415-annex-g-trl_en.pdf
https://ec.europa.eu/research/participants/data/ref/h2020/wp/2014_2015/annexes/h2020-wp1415-annex-g-trl_en.pdf
https://cordis.europa.eu/project/id/215190
https://www.eden2020.eu/
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With the aim of introducing the possibility of increasing the spectrum of possible
operations on brain tissue, with respect to stereotactic procedures, the ACTIVE EU
project (Fig. 2.1, on the right) was aimed at performing delicate tissue manipulation
being able of actively compensating the small movements of the brain and of the
skull, which might occur during awake neurosurgery [24].

Recent developments in neurosurgery have been dedicated to spine surgery. The
first-ever spine robot, the SpineAssist (Mazor Robotics Ltd., Caesarea, Israel),
gained FDA approval in 2004. With its ability to provide real-time intraoperative
navigation and rigid stereotactic guidance, robotic-assisted spinal surgery has the
potential to increase accuracy while decreasing radiation exposure, complication
rates, operative time, and recovery time. Currently, robotic assistance is mainly
dedicated to spinal fusion and instrumentation procedures, but, recently, complex
procedures such as spinal tumor resections and ablations, vertebroplasties, and
deformity correction have been performed. D’Souza et al. reviewed and discussed
the history of spinal robots along as well as currently available systems [25].

From Cardiac Surgery to General Surgery/Urology/Gynecology

The advent of laparoscopy (or “minimally invasive surgery”) at the beginning of the
XXI century has seen several benefits over open surgery but also several drawbacks:
a steep learning curve, a bidimensional view, and rigid instrumentation with a ful-
crum effect and 4 degrees of freedom. The solution to the problems of laparoscopy
was to be found with the rise of robotic surgery [26].

None of the systems mentioned in previous sections, however, was specifically
designed for laparoscopic procedures. Initially, this technology was created by
NASA in order to ensure surgical assistance to astronauts in space, thanks to the
telepresence, avoiding the physical presence of a surgeon, which was allowed by
immersive viewers. Consequently, NASA’s Ames Research Centre, which was then
joined by the Stanford Research Institute in 1990s which had developed a robotic
telemanipulation system, designed the first phase robotic prototype based on tele-
surgery, which served as the starting platform for the future systems.

The US military recognized the potential significance of performing remote sur-
gery (distant from the battlefield) to patients via a robotic platform, thus reducing
the mortality and morbidity from service personnel serving in fields of conflict.
Further support was offered by the Defense Advanced Research Project Agency
(DARPA) for developing a system aimed at performing vascular surgery from
remote [27]. Another project funded by DARPA gave birth to the voice-controlled
robotic laparoscopic camera system, named AESOP® (Automated Endoscopic
System for Optimal Positioning) (Computer Motion, Inc., Goleta, CA) and received
FDA approval in 1994.

To improve surgeon dexterity during minimally invasive procedures, the same
company developed an integrated robotic system composed of a control console
connected to three robotic arms attached to the operating table, forming a
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tele-manipulator system. The endoscope holder arm was voice-controlled and the
two other arms, with 4 DoFs each, hold a variety of instruments manipulated with
joysticks from the surgeon console. The main clinical application was cardiovascu-
lar surgery, two aortocoronary bypasses were performed in 1999 [28].

In 1995, F. Moll and R. Young founded Intuitive Surgical in California and
developed a new robotic surgical system, which they called MONA. In 1997, the
first cholecystectomy was performed on a 72-year-old patient. The system was able
to reproduce the surgeon’s hand movements within the patient, giving the surgeon
the impression of being immersed in the operative field. The first version of the da
Vinci® surgical system with three arms became available in Europe in January 1999
and obtained FDA approval in July 2000.

Cardio-Thoracic

Despite first robotic devices were specifically designed for cardiovascular proce-
dures, as already described, that surgical segment was not greatly pervaded by such
technologies. Recently, robotic endovascular catheters for minimally invasive pro-
cedures have been proposed, but the spectrum of possible applications is being
increased, as well as the possibility of reflecting the haptic feeling to the remote
cardiologists (such as the Magellan system from Hansen Medical®).

F. Moll also founded Auris Health, aimed at developing micro-instrumentation
(so-called Monarch) for diagnostic and therapeutic bronchoscopic procedures.

At the same time, Intuitive Surgical (CA, USA) is releasing the ion system, for a
similar surgical application.

The Future of Robotic Surgery

The rise in robots used to assist surgical operations in the last 20 years is undoubted.
Global surgical robots market size stood at USD 1463 million in 2018 and is pro-
jected to reach USD 6875 million by 2026, exhibiting a CAGR of 21.4% between
2018 and 2026.° Surgeons are recognizing that robots can increase the surgical out-
come and decrease the possibility of errors. Patients are less and less skeptical of
being operated by surgeons assisted by robots and the general tendency is to trust
technology in exchange for increased results, reduced invasiveness and hospital stay.

SHansen Medical was bought in 2016 by Auris Health, which was then bought in 2019 by Johnson
& Johnson.

¢ fortunebusinessinsights.com/industry-reports/surgical-robots-market- 100948
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Fig. 2.2 Research directions for new robotic systems used in surgery

The three main directions towards which worldwide research and development
are pointing at can be summarized in: (1) increased tools miniaturization, allowing
reaching narrow spaces further reducing the size of the needed surgical access; (2)
enhanced vision capabilities, and (3) greater autonomy (Fig. 2.2).

Miniaturization

Medical Microlnstruments (MMI) (Italy) is developing a robotic platform for
reconstructive microsurgery for lymph vessel anastomosis and micro-neurosurgery.
The platform has been preclinically validated.

Preceyes BV7 is developing a system for vitreoretinal eye surgery, with stated
precision of 10 microns. The system is currently tested in clinical trials.

From swallowed capsule robots for gastroscopy, we are now close to see mag-
netically actuated capsule robots, for colonoscopy. Human trials will start soon with
the aim of proving that such approaches can be more efficient in detecting malig-
nant tissue and less painful for the patients.

Smaller and smaller robotic devices are being designed, which could also be
implanted, and which could be aimed at target personalized therapies.

"http://www.preceyes.nl/
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Vision

The possibilities offered by artificial intelligence in image processing astonish (e.g.,
the reconstruction of a black hole achieved in April 2019). Filters on the endoscopic
light and contrast media have allowed enhancing malignant tissue in the collected
images in several surgical applications [29]. Artificial intelligence tools based on,
e.g., deep learning allow for the automatic classification of tissues, detection of
anatomical lesions, surgical tools and, in general, identification of the surgical step
of the workflow [30]. This research line (called “surgical-data-science”) will allow
enhancing the surgeon awareness of the context and the possibility of preventing
errors [31].

Autonomy

From the milestone paper describing the 5 levels of autonomy of robots in surgery
[32] and the review paper listing all the attempts in literature towards the inclusion
of autonomous control in surgical robotics [33], it is clear that increased autonomy
means increased safety.

As reported, autonomy spans a broad range of possibilities. Several attempts
have been performed and already translated into clinical practice for what concerns
planning of safest paths in needle insertion, avoiding anatomical structures at risk.
A review has been recently published by Scorza et al. [34].

Researchers have been also working on making some surgical gestures such as
stapling, suturing, tissue retraction autonomously performed by the robotics arms,
without the surgeon control, based on the processing of endoscopic images.
Autonomous control will offer a further safety overlay, likewise autonomous con-
trol is offering to the automotive industry. The surgeon will always be in the loop,
having the possibility to stop and change to manual surgery. Attention should be
paid in training young surgeons, so that doctors are trained to go back to the manual
approach in case of need.

Conclusion

In general, in the surgical robotics environment, the need for clinical evidence is
recognized. Although the existing robotic platforms have an important role in other
surgical interventions such as prostatectomies, clinical and economic benefit or at
least equivalence must be demonstrated by properly conducted randomized con-
trolled trials.
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AA Anthropomorphic arm

Al Artificial intelligence

AR Anthropomorphic robot

AV Autonomous vehicle

CAS Computer-aided surgery
CBCT Cone beam computer-aided tomography
CT Computer aided tomography
DBS Deep brain stimulation

DIH Digital innovation hub
DIH-HERO DIH for HEalthcare RObotics
DoF Degree of freedom

EE End effector

FB Feedback
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FF Feedforward

FK Forward kinematics

FM Fiducial marker

IEC International electrotechnical committee
IK Inverse kinematics

ISO International standard organization
IWG Joint working group

LoA Level of autonomy

LVDT Linear variable differential transformer
MRI Magnetic resonance imaging

OR Operating room

RASE Robot-assisted surgical equipment
RASS Robot-assisted surgical system

sEEG Stereo electroencephalography

Introduction to Medical Robotics

Notwithstanding the wide number of already existing clinical applications matured
in the last three decades, defining a medical robot is a hard challenge that still
depends upon the medical application and the technology. A very recent analysis of
robotic surgical systems for keyhole and endoscopic procedures, for example, has
been published by Chen et al. in July 2020 [1]. A survey about this definition is
important for properly framing the history and prospective uptake of robotics sys-
tems in neurosurgery, as well as in other fields.

A help in this sense comes from the work carried out since the beginning of 2010
by Joint working groups (JWG) of ISO (International Organization for
Standardization) and IEC (International Electrotechnical Commission) committees,
which have defined two main standards about medical robots (published in 2019).

The need of setting up JWGs for this purpose raised from the fact that ISO has
been largely involved in industrial robot standards, while, on the other hand, IEC
has been committed to medical electrical equipment standards (e.g., the IEC 60601
series), so a common effort was indeed needed.

Further definitions of medical robots have been brought about or fostered,
recently, by European Commission (EC) funding schemes managed by unit Al of
the DG CONNECT (Directorate-General for Communications Networks, Content
and Technology). Between 2018 and 2020, several ICT! calls have addressed the
Robotics and Artificial Intelligence (AI) challenges including and promoting health-
care domain topics.

The interest of EC conjugates a better healthcare delivery for citizens at a reduced
cost for the providers, with the concurrent development of new industrial markets

'ICT - Information and Communication Technology



3 General Principles of Robotics 25

and technologies in the framework of Industry 4.0. Among the projects started
under that umbrella, the Digital Innovation hub in Healthcare Robotics (DIH-
HERO) is relevant for medical robotics. DIH-HERO is an independent platform,
funded by EC, which connects Digital Innovation Hubs across Europe to create a
sustainable network for helping all those who are active in the healthcare robotics
sector. The project consortium consists of 17 core partners spread across 11 pan-
European countries.? This consortium has defined five paradigmatic application
areas for robotics, which are helpful in the definition of medical robots (see “Fields
of Application of Robotics in Health-Care” Section).

In order to define and classify a medical robot, a unique definition of Robot,
though possibly changing in the years, is mandatory.

Robots at a Glance

Definition of Robot and Robotic Devices has been developed by ISO 8373:2012,
“Robots and Robotic Devices—Vocabulary” in 2012. At that time, the vocabulary
was managed by Subcommittee SC 2 (Robots and Robotic Devices) under the
umbrella of the Technical Committee (TC) ISO/TC 184 (Automation Systems and
Integration). Nowadays the increasing importance of robots in their wide range of
applications, including professional robots for healthcare, has pushed to create a
new Technical Committee ISO/TC 299 completely dedicated to Robotics.

Following ISO 8372 definition, a robot is an “actuated mechanism programma-
ble in two or more axes with a degree of autonomy, moving within its environment,
to perform intended tasks.” It “includes the control system and its interface with the
operator.’

While also laypeople are quite familiar with the control system (basically per-
ceived as a big box) and the interface (becoming more and more user friendly), the
required autonomy needed to be classified as a robot is still a critical and nebulous
point. Only recently this topic has been brought to a wide audience by discussing
safety in Autonomous Vehicles (AV, e.g., Tesla autonomous cars).

On the one hand, autonomy is expected to speed up operation time and relieve
cognitive load (for a surgeon or car driver), on the other, it raises ethical and legal
problems related to the possibility of errors, possibly fatal, the responsible of which
(human or machine error) is hard to define. An example is choosing, for a sentient
car, between killing somebody crossing the street or killing the driver (who paid for
the car!) crashing on a wall to dodge the undisciplined pedestrian. Extension to
neurosurgery would be, as an example, the well-known trade-off between sparing
eloquent areas and avoiding relapse.

*https://dih-hero.eu/; https://www.deib.polimi.it/eng/research-projects/details/339 (retrieved on
15/1/2021)
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Standards for Medical Robots

As mentioned above, in 2019, two “particular’® standards for medical robotics have
been published after an almost ten-year-long process, started in June 2011 in
Torrance, CA, at “Toyota Motor Sales” premises, involving expert, mainly indus-
trial and freelance, of standardization, medical electronic devices, and robots. Some
medical experts participated from time to time as well.

These standards allow for a comprehensive definition of medical robots (see
abstracts here below). They are available at ISO and IEC with the following
identifiers:

o IEC 80601-2-77:2019*—Medical electrical equipment—Part 2-77: Particular
requirements for the basic safety and essential performance of robotically
assisted surgical equipment.

o IEC 80601-2-78:2019° Medical electrical equipment—Part 2-78: Particular
requirements for basic safety and essential performance of medical robots for
rehabilitation, assessment, compensation or alleviation.

The abstract of the “particular” 2-77 mentions

“IEC 80601-2-77:2019 applies to the basic safety and essential performance of Robotically
Assisted Surgical Equipment (RASE) and Robotically Assisted Surgical Systems (RASS),
referred to as ME equipment and ME systems together with their interaction conditions
and interface conditions.”

The abstract of the “particular” 2-78 states the following

“IEC 80601-2-78:2019 applies to the general requirements for basic safety and essential
performance of medical robots that physically interact with a patient with an impairment
to support or perform rehabilitation, assessment, compensation or alleviation related to
the patient’s movement functions, as intended by the manufacturer. [IEC 80601-2-78:2019
does not apply to external limb prosthetic devices (covered in ISO 22523), electric wheel-
chairs (covered by ISO 7176 (all parts)), diagnostic imaging equipment (e.g. MRI, covered
in IEC 60601-2-33), and personal care robots (covered in ISO 13482).”

Although the “particular” which is better related to the robots in neurosurgery is
the 80601-2-78, both abstracts highlight two important concepts in standardization:
“Basic Safety” and “Essential Performance.”

Basic Safety is related to the elimination or mitigation of all the possible risks for
whom is defined in the vocabulary ISO 8373:2012 as Beneficiary (usually the
patient, unless he or she falls in the User category as for in some home-based treat-
ments) and for the User (usually the medical operator). Basic Safety thus accounts

3A particular standard is an add on to a family of standards, which includes provisions for a par-
ticular device. As an example a collection of requirements for the basic safety and essential perfor-
mance of cardiac defibrillators is a particular of medical electrical equipment.
“https://www.iso.org/standard/68473.html (retrieved on 15/1/2021)

Shttps://www.iso.org/standard/68474.htm (retrieved on 15/1/2021)
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for risk related to system malfunctioning, which can generate harm to the people
involved (not only the patient).

Essential Performance is that way of functioning of the RASS or RASE, which,
if not respected, may not cause direct immediate harm to the people involved, but
does not ensure proper use of the system. This can potentially threaten the effective-
ness of a therapy leading to morbidity or death instead of a healthy life.

As a general example, the loss of accuracy in surgical tool positioning is a lack
of Essential Performance, which must be checked at each use with proper registra-
tion tools.

A force transmission cable breakage is a lack of Basic Safety, which must be
prevented, for example, by defining the maximum number of uses of a surgical tool,
which does not likely cause such a breakage. It is intended that the breakage not
only stops the operation, but potentially may hurt the patient in his/her internal
organs possibly leading not only to a failure of treatment, but to permanent damage
or death. In the example, a maximum number of uses should be counted by the
system hardware to avoid user misuse.

The impact of these adverse events strongly depends upon the field of applica-
tion. As an example, the need for Basic Safety and Essential Performance is particu-
larly important for neurosurgery, where the delicate and highly interconnected
neural cells may, in a small area, control important functions, which, if lost, can
affect dramatically the life of the patient. Indeed 5 mm of error in tool positioning
may be in this case intolerable and the effect devastating. This example confirms the
dependence of Basic Safety and Essential Performance upon the application.
Indeed, in an orthopedic intervention, 5 mm error in hip joint center location creates
an error lower than 1° of error in femur functional axis positioning, which is fully
tolerable.

Robotic Autonomy

Robot autonomy, explicitly mentioned in ISO 8372 definition as a robot component,
has recently been a hot topic for application domains such as Al and AV. Defining
and regulating autonomy in surgery represent an even more delicate and challeng-
ing task. While introducing the automation of certain procedures and a more com-
fortable human-robot interaction should provide a remarkable step forward in terms
of efficiency, safety, and usability of surgical robots, the actual deployment of
autonomous systems remains, as of today, mostly limited to research applications.

Levels of Autonomy (LoA) have been widely discussed in the past decades. An
example among the most cited is the paper of Sheridan and Verplank [2] that in 1978
proposed a ten LoA scale for describing the cooperation of generic operator and
computer (the application to the case of surgical robots is straightforward, replacing
“computer” with “robotic system control”).
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The ten LoA of the Sheridan paper are the following, starting with the lowest (1)
and ending with the highest (10) LoA (where the word “computer” can be substi-
tuted with “Robot Control and Planning system”):

Computer offers no assistance; human does it all.

Computer offers a complete set of action alternatives.

Computer narrows the selection down to a few choices.

Computer suggests a single action.

Computer executes that action if human approves.

Computer allows the human limited time to veto before automatic execution.
Computer executes automatically, then necessarily informs the human.
Computer informs human after automatic execution only if human asks.
Computer informs human after automatic execution only if it decides to.

. Computer decides everything and acts autonomously, ignoring the human.

SOOI N A LD =
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More recently, AV, drones, and underwater robots development raised a similar
problem including strong ethical and legal issues. The most popular LoA scale for
AV is on 6 levels, from 0 meaning no autonomy, to 5 which means complete auton-
omy (level 10 in Sheridan’s table). The intermediate levels are:

Level 1, driver assistance (already exists) including support functions as brake
assistance and cruise control.

Level 2, partial automation, includes vehicles assisting with functions like steering,
braking, and speed control, although drivers still need to have both hands on the
wheel and be ready to take control if necessary. No other constraints must be
applied.

Level 3, conditional automation, allows drivers to release hands and let the car do
all the driving. Many Level 3 cars do not require any human intervention when
driven at a moderate speed of less than 60 km/h.

Level 4, high automation, AV manage steering, accelerating, and braking. They’re
also able to monitor road conditions and respond to obstacles, determining when
to turn and when to change lanes. Level 4 autonomous driving can only be acti-
vated when road conditions are ideal.

In 2017, Guang-Zhong Yang and other 12 authors published an editorial [3] dis-
cussing the “Regulatory, ethical, and legal considerations for increasing levels of
autonomy” in Medical Robotics. They proposed, for the discussion, a paradigm of
6 LoA (starting from 0, the lowest as for AV) that will be only partially commented
here recommending the reader to access the cited paper for further in-depth infor-
mation (see Table 3.1).

Elaborating the similarities between medical robots and AV LoA, we can see that
also for medical robots, the “road conditions™ are important. So we can expect that
LoA can increase only if the anatomy and physiology are well known and detect-
able (better intelligent imaging systems), the procedure is standardized and the
expected adverse events are very rare and at some extent predictable, so that a risk/
benefit ratio can be easily evaluated.
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Table 3.1 The six levels of autonomy for medical robots, as defined by Yang et al. [3]. The lowest
level is no autonomy, level 5 is complete autonomy. As can be seen, there are many resemblances
with the AV scale reported in the text

Level of

autonomy Description Specifications

0 No autonomy | This level includes tele-operated robots or prosthetic devices

1 Robot The robot provides some mechanical assistance during a task.
assistance Examples include surgical robots with virtual fixtures (also

known as active constraints, electronic corridors, etc.)

2 Task The robot is autonomous for specific tasks initiated by a human,
autonomy for example, suturing

3 Conditional A system generates task strategies but relies on the human to
autonomy approve and/or select from among different strategies

4 High The robot can make medical decisions but under the supervision
autonomy of a qualified doctor, like it was a resident

5 Full autonomy | No human intervention is needed

Fields of Application of Robotics in Health-Care

As anticipated above, a very recent taxonomy of robotics application areas in
healthcare has been brought about (although the last two are probably going to
change the name for a better understanding of the meaning) by the EC-funded proj-
ect DIH-HERO. In brackets some paradigmatic examples.

e DIAGNOSTIC ROBOTICS
(Human function analysis, automated imaging, capsule endoscopy, blood

sampling)

e INTERVENTIONAL ROBOTICS
(Surgical robotics, image-guided robotics, dry or wet training robotics)
* REHABILITATION ROBOTICS
(Wearable exoskeletons, mobile training devices)
e ROBOTICS SUPPORTING PATIENTS
(Functional support, robot assistant, communication robots, social robots)
e ROBOTICS SUPPORTING HEALTHCARE PROFESSIONALS
(Ergonomical robots, telepresence robots)

Although almost all the application areas can fit in neurosurgery, we will focus
in this chapter on interventional robotics, while leaving a deep analysis of robotics
exoskeletons in rehabilitation, training devices, BCI, and functional electrical stim-
ulation in other dedicated chapters.
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Robot-Assisted Surgery

Robot-assisted surgery has been introduced as a natural evolution of the “computer
assisted surgery—CAS.” The main difference is that in CAS the motion of the surgi-
cal instruments is controlled and generated by the surgeon, while, when the robot
enters into play, it moves, with different modes, as we will see hereafter, the tool or
at least controls the trajectory leaving to the surgeon the responsibility to move or
not along the controlled path.

The first brain biopsy guided by images executed by a robot holding the surgical
tool [4, 5] was performed in 1985. The robot base was registered with the reference
system of the images of the patient, and the tool was directed toward the lesion by
controlling the position of said tool. The evolution in time of the functions and
approach are reported in the chapter “Historical Perspectives,” but it is worth men-
tioning the RoboDoc® that in the same years was developed for total hip arthro-
plasty and was based on CT images [6].

Anyway, notwithstanding the very different requirements for the medical use of
the robots (think of the difference between RoboDoc® and an endoscopic catheter
insertion system), basic properties, control methods, Human—Robot Interface, etc.
share some basic robotics fundamentals that will be introduced in the next section.

Fundamentals of Robotics
Basic Concepts

Starting from the robot definition given in “Robots at a Glance” Section, we see that
a robot is a mechanical system supposed to have “Degrees of Freedom” (DoF),
which allow it to move and carry tools in the Cartesian space (with a dimensionality
up to six independent DoF, three translations, and three rotations).

A classical robot has a base, which is its global reference frame, and a kinematic
chain of links, each one defined by a frame, which ends with an “end effector” (EE).
This latter, in surgery, is itself, or brings, the surgical instrument to carry out the
operation. The EE moves in the patient’s centered space, easily registered by medi-
cal image space registration to robot base (Fig. 3.1).

A Robot is made of links connected among them by joints, the actuation of which
moves the EE in space in a pose (Cartesian position x, y, and z and orientation angles
such as the three Euler angles or Nautical Angles—roll, pitch, and yaw). In the
three-dimensional space, the pose is specified by six independent values, three of
which represent the Cartesian Position and the other three represent the Cartesian
Orientation.

Joints can be rotational, i.e., the link; | is moved with respect to link; thanks to a
rotary actuator (e.g., an electrical motor with a gear-down box), or prismatic where
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Fig. 3.1 Relationships among the OR reference frames in robotics-assisted surgery. Three spaces,
opportunely registered, are highlighted: robot, task (i.e., patient), and camera reference frames. In
general, the first two are three-dimensional, while camera space is a two-dimensional projection on
an optical sensor. Anyway, being two projections available in the modern endoscope, surgeon’s
eyes let the brain perceive a stereoscopic view of the scene. The reference frames (denoted as F
with subscript) of robot base, arm EE, task, and camera EE are denoted by black Cartesian axes
while the relationship among them (transform) is denoted by curved, colored arrows. This infor-
mation allows to easily shift from one frame to another. RCM (arm and camera) will be introduced
later on in the chapter

link; , ; slides with respect to link; thanks to a linear actuator (e.g., a slide screw or a
hydraulic piston). Figure 3.2 represents the behavior for a rotational (link; , ; is
rotated with respect to link; of an angle ) and one prismatic (link;, , is translated of
a distance d with respect to link;).

Figure 3.3 presents two classic kinematic configurations that can be, in their
wholeness, serial (the most used in the following examples) or parallel [7]. A well-
known parallel robot for neurosurgery is the Renaissance MARS® [8], which is now
under further development at Medtronic.

Links are generally supposed to be rigid rods (or other fancy shapes) and joints
are supposed to be ideal mechanical hinges or prismatic coupling. There are anyway
robots, also studied for surgery, which address tendons and flexible links [9].

Other robots for surgery do not present a well-defined link-joint structure, but
rather a quasi-continuous deformation. An example is represented by concentric
tubes [10], steerable needles [11], and snakes [12], which will not be dealt with here.
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Fig. 3.2 A Robot is made of Links, which are connected among them by joints, the actuation of
which moves the EE in space in a pose. In rigid robots (the one we are acquainted with) the dis-
placement among two links is composed of rotary (rotating joint) or sliding movement (prismatic
joint) relative to the previous position (link;, ; with respect to link;). Rotation is reported as a and
sliding by d

Parallel

JOinti+1 Linki+(DoF)

Link;,

Joint;

<

Serial

Fig. 3.3 Robots can have a serial or parallel kinematic chain. In the left part of the figure, an
example of multiple link serial chain including rotary and prismatic joints is reported. Each link is
connected to only one other link of the chain. In the right part, a six DoF fully parallel robot
encompassing six prismatic joints is depicted
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Fig. 3.4 CAD representation of a classical industrial anthropomorphic, 6 DoF, serial robot. It
works by actuating 6 rotary motors. The intersection between adjacent joint axes lets us define a

” <

“waist,” “shoulder,” and “spherical wrist” (composed by roll, bend, and swivel). One can observe
that with respect to the human arm, one DoF is missing at the shoulder (only two DoFs). Six DoFs
are indeed enough to establish a pose of the EE (on the third link of the spherical wrist in the pic-
ture) in the so-called dexterity space

Robot Kinematics

One particular kind of serial robot is the “Anthropomorphic Arm” (AA).
Anthropomorphism does not mean human-like in the aspect, a robot with such char-
acteristic is rather called a humanoid.® Anthropomorphism is, instead, related to the
similarity to the function of the human arm. A classic AA has, in fact, six rotational
DoF (joints) and six links (plus a link 0, which supports the global reference frame
in space). The first and second joints axes intersection define the center of the
“shoulder” of the robot. The rotation axis of the first joint is called waist, while the
rotation axis of the second is the shoulder. The following joint is the elbow, and the
last three joints define the spherical wrist. They are defined as wrist roll, bend, and
swivel (Fig. 3.4).

The full similarity with the human arm lacks one DoF at the shoulder. Seven DoF
AA mimic better the human arm, but for many applications this is not required since
six DoF are enough to reach any point in a sub-space (called dexterity space) with
an arbitrary orientation of the EE, so apparently the seventh DoF is useless, but we
will put it in the game later on.

Chttps://icub.iit.it/ (retrieved on 15/1/2021)
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Simplifying the math behind the positioning of the EE in a desired position (let
say an endoscope in the center of a burr hole) and orientation (pointing to a target
within the body), we simply realize that we want to send the EE in a well-specified
pose in the Cartesian Space, but the robot assembly can only receive angles (or
sometimes translation) at the joints (Joint Space) as operational input.

Therefore, to perform the basic control of the robot, a precise Joint-to-Cartesian
Space transformation (and vice versa) is needed, and this is achieved through spe-
cific kinematic formalisms.

Kinematic is the branch of mechanics that performs the rigid objects motion
description without regard to the forces which cause it. Within the science of kine-
matics, position, velocity, and higher derivatives of motion are mathematically dealt
with [13].

The Forward Kinematics (FK) represents the process of obtaining the Cartesian
Space pose (position and orientation) and its derivatives from a given Joint Space
configuration (angles).

The inverse process (computing joint values and their derivatives from a Cartesian
Space pose) is called, instead, Inverse Kinematics (IK).

A full kinematic chain is built up by specifying the dimensional (by the links
formalism) and mechanical (by the joints formalism) properties of each structural
component of the robotic assembly (Denavit-Hartenberg, or D-H, parameters [14]).

Within the space of dexterity FK has always solutions, (they may be more than
one depending on the so-called configuration like elbow up, elbow down, etc.),
while IK, for example, in setting Cartesian velocity from joint space velocity, could
fall in singularities, which make the computation impossible, basically requiring
almost infinite velocity to reach a specific configuration. Singularities are often
related to the collinearity of two or more links, in such configuration the robotic
structure cannot guarantee the designed dexterity, and the number of actual DoFs is
reduced. The potential presence of such singularities inside the workspace often
leads to a modification in the design of the robot consisting of the introduction of
one or more additional degrees of freedom (the structure is therefore defined as
redundant) which improves the manipulability, versatility, and stability of the robot.
Redundancy on a robotic arm allows, in fact, the possibility of reaching the same
desired pose with different alternative values of the joints. This could, for example,
be used to rearrange a robotic arm to avoid unwanted contacts potentially harmful
to the OR personnel and instrumentation while keeping the EE steady [15].

Architecture

The functionality, geometry, potential field of application, and many other charac-
teristics of a robotic system strongly impact its low-level mechanical design.

A robot can be defined as serial when its structure is composed of an end effector
having multiple degrees of freedom and a fixed base linked together by a single
kinematic chain where each link is connected only to the previous and the following
link (Fig. 3.3).
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A serial manipulator is, in fact, also defined as an open-loop manipulator since
each link is never connected to more than one of the previous links in the kine-
matic chain.

A parallel manipulator can be defined, instead, as a closed-loop mechanism com-
posed of an end effector having n degrees of freedom and a fixed base, linked
together by at least two independent kinematic chains [16].

A widely adopted closed-loop architecture is the parallelogram; such a mechani-
cal structure is composed of at least four links with equal pairwise dimensions inter-
connected by rotational joints.

The peculiarity of the parallelogram design is that of generating, when properly
configured (Fig. 3.5), a mechanical Remote Center of Motion (RCM).

An RCM can be seen as a point inside the kinematic chain which is stationary in
position but follows the orientation changes of the link in which it is located. Such
an entity provides a kinematically constrained pivoting motion (also said fulcrum)
at the point where the endoscope or tool enters the patient’s body [17, 18].

The RCM turns out to be fundamental in most of the surgical keyhole and mini-
mally invasive robotic applications where a surgical tool has to be inserted inside
the body and no perpendicular forces with respect to the tool entrance direction
want to be exerted on the tissue surrounding the entrance hole.

_{,f.--'i—' £

Modified
Parallelogram

Fig. 3.5 A modified parallelogram structure allows the establishment of “physical” RCM. In the
figure two different positions (solid and shaded) of a parallelogram, which preserve the position
(not the pose) of RCM, are shown. The actuating joint is reported in red, while all the other joints
are passive
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Inserting a tool inside a body without aligning correctly, the RCM and the tool
entrance site would lead to potential tissue damages or limits to the EE workspace.

Note that a virtual RCM (oppositely to mechanical) can be obtained through
proper control of a serial manipulator [19].

Well-known commercial serial robots deployed for neurosurgery are the
NeuroMate® and the Rosa® (Medtech S.A. Montpellier, France) while a parallel
configuration is used in the spine robot MARS® (Mazor Robotics Ltd. Orlando,
USA) and Surgiscope® (ISIS Robotics, Grenoble, France). They all have no
mechanical RCM [20]. A widely adopted robot both serial and parallel with RCM
is the daVinci Surgical System® (Intuitive Surgical Inc. Sunnyvale, USA).

Control and Interfacing

When considering a robot from the control perspective, we can see it as an input-
output system where we model three fundamental components: a sensor, a control-
ler, and an effector.

A sensor is an apparatus, electromechanical in most applications, deployed to the
measurement and transduction of a specific physical variable (i.e., force, light,
angular position, etc.) into an electrical signal.

Sensor outputs can be deployed as simple “watchdogs” to prevent system dam-
age when a value goes over-threshold or can be used continuously by the controller
to modulate a response or an action (perception-action paradigm).

The controller is, in fact, a computational unit where one or more codes are run
to interpret the sensors signals following a specific control strategy to constantly
obtain the desired operational outputs.

The effector, finally, is the component deployed to the transduction of the con-
troller output signal into a behavioral effect of the robotic system (i.e., the activation
of an electrical motor or a hydraulic or pneumatic piston).

This control scheme holds true both at the low level when considering the simple
single joint angular positioning (Fig. 3.6), and at the high level when, for example,
considering an autonomous car perceiving the environment through multiple
advanced sensors and actuating hundreds of mechanical systems to keep the correct
trajectory.

A robotic system is, in fact, composed of many elementary control loops with
different control strategies and feedback modalities, and the complexity of the sub-
systems interconnection increases with the growing number of joints, arms, inter-
facing modalities, and, finally, degrees of autonomy featured by the system.

A controller can deploy mostly an infinite number of different control strategies,
and each application finds its specific architecture, anyhow, the three main branches
of control loops are FeedBack (FB) or error-based, FeedForward (FF) or model-
based, and Adaptive or data-driven (or a combination of all of them) [21].

The first two modalities represent the classic architectures and most of the robotic
control systems can be modeled through FB, FF, or combinations of those loops
(Fig. 3.7).
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EFFECTOR Joint Motor

Fig. 3.6 The general control system (left block diagram) for robots encompasses sensor, control-
ler, and effector. In the figure, an example including only one joint and two links is reported. At this
very low level of control, the effector is the joint motor actuator, which should ideally send the link
to the desired pose, while the actual position is read by the joint encoder. The controller reduces
the possible errors in positioning, also avoiding any oscillations around the target position
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Fig. 3.7 Robot controller example. The controller is split into two parts, the feedback and feedfor-
ward blocks. Feedforward exploits the a priori knowledge, so the output is directly dependent on
the input, while the feedback loop is driven by the residual error. This latter is built on the differ-
ence between input and actual output. The dynamics of the system could give rise to high errors or
instability of the overall loop. This latter can be avoided by properly designing the “Feedback
Controller” block

The third class refers to the most recently trending field of Machine Learning and
Artificial Intelligence where the input-output transfer function is trained, tested, and
constantly tuned according to a variety of internal and external variables and their
temporal evolution [22].
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Besides the aforementioned groupings, a further distinction can be made depend-
ing on the variables being controlled between the most widely used we can find
motor current, force, gravity, position, and velocity.

Haptics

Haptics is a comprehensive term used to address the aspects of perception linked to
the sensory domain of touch. Haptic sensing and perception are innate in humans
and represent key elements to success in activities such as workspace exploration,
consistency and pattern discrimination, manipulation, or force modulation.

The most successful and sophisticated haptic interface available is the human
hand, where a high spatial resolution in the skin receptors coupled with the joint
action of self-perceiving tendons and muscles generate a complex closed-loop, fully
actuated, multi-joint/multi-DoF mechanical system.

In traditional (open) surgery, the surgeon’s hand acts both as a sensor and actuator
deploying an accurate and reliable action-perception loop. Minimally invasive
approaches introduced a medium between the actor (the hand) and the object (the ana-
tomical target) forcing the surgeon to re-learn the mapping of the different haptic cues.

In laparoscopy, for example, palpation and force modulation are biased by the
fulcrum effect generated by the instrument and the tissue entry point (trocar); only
some of the haptic cues can be transmitted by the instrument to the surgeon’s hand [23].

The robotization of the surgical instruments increases the decoupling layers
between the hand of the surgeon and the anatomical target; this is especially true for
fully tele-operated systems where such interaction is totally decoupled. In robotic
minimally invasive surgery, in fact, the action-perception loop relies only on vision:
haptic cues (such as tissue properties, thread resistance, or exerted forces) need to
be estimated indirectly through real-time images leading to a feedback mechanism
called pseudo-haptic [24].

For what concerns neurosurgery, the use of haptics in robotics is mostly exploited
to achieve stabilization of the end effector, weight reduction of the tool (i.e., gravity
compensation of a drill assembly), guidance through a specific trajectory, and spa-
tial constraint generation.

The two latter aforementioned haptic augmentations are most commonly referred
to as virtual fixtures, or more specifically as haptic guidance and haptic constraints.
Haptics is mainly deployed in neurosurgery in shared-control systems (see “Shared-
Control Systems” Section).

Robots in the Operating Room

Medical robots have been adopted to assist in the most various types of surgery,
ranging from, just to mention some, urogynecological, vascular, pulmonary, ortho-
pedic, spinal, and cranial surgery, up to the most recent introduction in fields like
ophthalmology or dental surgery [25].
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Classifying medical robots, therefore, results in a non-trivial task especially con-
sidering that their structural complexity, technical features, and degree of applica-
tional specificity are in constant growth. Nevertheless, a series of functional and
morphological characteristics can always be highlighted and deployed to attempt a
basic classification.

A first classification could be made depending on the size and the overall foot-
print of the robotic surgical system in the operating room. A distinction is worth
mentioning in this context is between small robots directly attached to the patient
(i.e., Mazor’s MARS) or to the operating bed (i.e., Medtronic’s Stealth Autoguide),
or compactly transportable through wheels (i.e., Renishaw’s NeuroMate), and
robots that are large, heavy, and mostly grounded or not easily removable from the
operating room (i.e., Intuitive’s daVinci). For these two categories, we will refer to
“small footprint” and “large footprint” (respectively).

While this chapter aims at delivering an as-broad-as-possible knowledge on
medical robotics, a specific focus is also directed towards interventional neurosur-
gery robots, for which at least two other major distinctions can be made: consider-
ing (i) how the robotic manipulation is performed (passive/active), (ii) the level of
autonomy in performing such manipulation (tele-surgical, shared-control, supervi-
sory controlled) [26].

The motion strategy and the level of autonomy a robot deploys during surgery
are, in fact, a direct result of both its architectural/technological features and the
type of surgeon—robot interaction it was designed for. Other important aspects of the
robot integration in the surgical workflow, such as the preoperative planning, the
visualization methods, or the registration with the patient, are mostly dependent on
the technological solutions deployed in each computer-integrated/robot-assisted
operating room, as well as the specific surgical target.

For these reasons, the following subsections aim at delivering a general and
hardware-oriented set of definitions and considerations, hoping to allow the reader
to navigate the world of neurosurgical robots with the needed knowledge. The last
one serves, specifically, as a general introduction to the concept of stereotaxis and
the neurosurgical workflow. Further and more specific analyses from a functional/
clinical perspective will be given in the next chapters.

Passive and Active Robots

A passive robot is an electromechanical system in which the intraoperative move-
ment of the end effector is always a consequence of the end effector manipulation
by the surgeon. Therefore, the robotic joints only modulate the level of backdriv-
ability of the system (compliance to external manipulation) but do not perform “vol-
untary” movements directed towards the interaction with the human tissue [27].
Note that the end effector is moved in the Cartesian space by the user, while the
actuation is in the joint space, so it is there that backdrivability is generated and
controlled. Thus, the level of backdrivability of the robot mainly depends on fine
control of actuators or application of the brakes. A good level of backdrivability is
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reached when the end effector applies no forces or torques to the hand, which is
displacing it. It is straightforward that the gravity effect on the end effector should
be canceled by the control system.

In the case of non-actuated passive robots, the level of backdrivability can be:

(1) Full backdrivability when no mechanical brakes are deployed. The structure
serves only for metrology/localization purposes (e.g., using encoders or linear
transducers).

(i1) Null backdrivability when brakes are deployed. The structure is mainly used to
hold a guide or an instrument in a fixed configuration after manual positioning;
metrology can be added through encoders and sensors [28].

In the case of actuated passive robots, it can be:

(i) Full backdrivability when joint actuators provide only the effort to keep the end
effector stationary (gravity compensated), but no movement constraints are
imposed (i.e., the surgeon-side manipulators of the daVinci).

(i1) Constrained backdrivability when joint actuators limit the operational work-
space of the end effector resulting in haptic augmentation. Gravity compensa-
tion can be either performed or not but is present in most haptic applications to
deliver more uniform and meaningful feedback.

An active robot is an electromechanical system in which the movement of the
end effector is not exclusively a consequence of the manipulation of the surgeon
when interacting with the anatomical target. Therefore, the robotic joints need to be
actuated and can actively take part, intraoperatively, in the manipulation of the end
effector.

The end effector of an active robot is usually backdrivable only during those
applications that imply collaborative tasks between the robot and the surgeon
(shared-control, “Shared-Control Systems” Section). Most frequently while an
active robot is performing a task, it does not allow external perturbations (i.e., the
hand of the surgeon) to modify the end effector planned trajectory.

It has to be noted that both active and passive robots, when redundant, can allow
reconfiguration of the links without modifying the end effector pose (joint
backdrivability).

Tele-surgical Systems

Tele-operation can simply be described as the act of controlling a moving system
from a remote location [29]. This technique has been widely used through years in
different contexts such as, just to mention some, robotic rescue and hazard handling,
excavators and construction cranes, unmanned aerial and amphibious vehicles [30].
While its application outside the operating room is ubiquitous, the use of tele-
operation in the medical field has been mostly directed towards minimally invasive
robot-assisted surgery [31].
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TELE-SURGERY

Fig. 3.8 Tele-surgical system. It usually encompasses a passive master leader unit where the sur-
geon inputs the motor controls, and an active patient follower unit where surgical instruments are
driven by a mechanical system to reproduce the surgeon’s hands motion. In the figure, the opera-
tion is simulated on the red phantom (laparoscopy). Note that the leader acts as a passive and
transparent manipulandum, but in order to be really transparent, a gravity compensation is imple-
mented. The image has been taken by authors in the dVRK room of the NeuroEngineering And
medical Robotics Laboratory (NEARLab) of Politecnico di Milano

Intuitive integrated in the early 2000 the concept of tele-operation on an FDA-
approved surgical system, the daVinci®. The system was submitted for approval as
a sophisticated endoscopic device instead of a surgical robot. With the futuristic
vision of physically decoupling, the patient and the surgeon allowing ideally for
cross-oceanic tele-surgery, a Defense Advanced Research Project Agency spinoff
project for surgical assistance in remote war field locations [32] has brought to the
commercialization of a clinical robotic system with more than 5000 units installed
in healthcare facilities all over the world.’

A tele-surgical system is usually composed of a passive leader unit where the
surgeon inputs the motor controls, and an active follower unit where surgical instru-
ments are driven by a mechanical system to reproduce the surgeon’s hands motion
(Fig. 3.8).

The original DaVinci® had, for example, two 8DoF passive, gravity compen-
sated, fully backdrivable, redundant leaders on the surgeon side, and a multi-arm
patient side (follower) composed of four passive backdrivable setup joints used for
the positioning of four non-backdrivable active manipulators (three 7 DoF tool
manipulators and a 4 DoF camera manipulator). Even though the most recent
daVinci Xi® has reduced its overall size and introduced many technological

"https://isrg.gcs-web.com/ (retrieved on 15/1/2021)
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advancements, the system still has a large footprint in the operating room and it
lacks any form of haptic feedback.

NeuroArm is one of the most advanced tele-surgical systems ever developed for
neurosurgerys it is the world’s first MRI-compatible tele-operated robot and it was
developed by the University of Calgary [33]. Its active patient side arms can both
perform biopsy and microsurgery while performing real-time intraoperative MRI
imaging guidance. The robot can perform haptic feedback through sensors applied
to the patient side in the proximity of the neurosurgical tools attached to the end
effector. This type of robot-imaging system fusion is a clear example of how tech-
nology is going towards a rapid integration in the operating theater. The project has
been taken over by IMRIS in 2010 and up to now, the system has still to transition
from research to the clinical market.

Shared-Control Systems

Following the initial tendency to deploy only passive robots, especially for keyhole
neurosurgery, with the simple aim of trajectory alignment and instrument support,
an intermediate step towards the integration of more advanced passive and some-
times even active systems has found its way through the operating room in what is
defined as shared-control modality.

The trivial explanation of such a method is that the robot and the surgeon share
either continuously or during specific steps of a procedure the control of the surgi-
cal tool.

The role of the surgical system in this collaborative context is anyhow limited to
the delivery of haptic cues, as the robot is never allowed to perform the task on its
own. The system can perform haptic augmentation of the surgeon’s hand motion
either in the form of stabilization/constraint (passive robots) or active guidance
(active robots). Override should be always possible.

A well-known commercial shared-control surgical system is the ROSA® a 6DoF
passive robot used in different contexts ranging from spine neurosurgery, stereotac-
tic biopsy, Deep Brain Stimulation (DBS), to ventricular and trans-rectal endos-
copy. Moreover, the system can perform haptic collaboration in the form of
isocentric (through a virtual RCM), axial, and speed constraint (the latter also
defined as “free-hand”).

An example of mixed human-only and shared-control application is SEEG: while
drill guide positioning is robot-assisted, the actual drilling and depth electrodes
insertion are performed by the surgeon alone. Another example in a different field
(orthopedics) is represented by Stryker’s Mako SmartRobotics® with AccuStop®
haptic technology, allowing the precise milling of bones in lower limb joint total or
partial replacement surgery. The end effector of the robot, driven by the surgeon’s
hand, moves freely or gets stuck in space based on preoperative images of the bones.®

$https://www.stryker.com/us/en/portfolios/orthopaedics/joint-replacement/mako-robotic-arm-
assisted-surgery.html (retrieved on 15/1/2021)
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Supervisory Controlled Systems

A supervisory controlled framework is realized when one or more human operators
are in charge of the decision-making process and setup of the initial conditions nec-
essary for a procedure (e.g., the preoperative planning and the operating room setup)
while supervising one or more computer-driven systems (e.g., a robot, an imaging
device) performing low-level tasks. Supervisory control is also more generally
defined as “...intermittently adjusting and receiving information from a computer
that itself closes an inner control loop through electromechanical sensors, effectors,
and the task environment.” [34].

Under this definition, together with most of the human—computer—robot interac-
tion activities investigated in the last decades, the majority of the actuated surgical
robots can be classified as supervisory controlled. A crucial distinction is therefore
to be made depending on the nature of the task that is left for the robot to perform.

Remaining in the neurosurgical context, sticking with the active/passive defini-
tions of “Passive and Active Robots” Section, most of the diffused commercial sys-
tems limit their contribution to actuated, passive, tool positioning/alignment tasks
(e.g., NeuroMate®, Stealth Autoguide®, Mazor X Stealth®, MARS®).

As the level of allowed autonomy grows, the surgeon moves step by step further
aside from the manual control of the surgical tool. The surgical robot is no more just
a sophisticated extension of the surgeon’s hand (as in Tele-surgical systems), or a
tool to support it (passive supervisory controlled) and to constrain/guide it (passive/
active collaborative). Robots can finally start to actively and independently (“super-
visedly”!) interact with the surgical target.

A classical method for supervision is the execution confirmed by the pressure on
a pedal. Whenever the pedal is released, the system stops in a safety position, e.g.,
applying brakes. Further pressure starts the process again.

As of 2020, while high-level robotic decisional and operational autonomy are
still far from realistic applications (both from technological and ethical perspec-
tives), medical robotic research is moving towards demonstrating the feasibility of
small autonomous surgical tasks such as tissue manipulation [35, 36], suturing [37,
38], or camera motion [39].

An early exception to this trend, showing already full autonomy in following the
whole pre-planned and real-time re-planned treatment is the Cyberknife® (Accuray
Incorporated, Sunnyvale, USA). Such a system is used to perform radiation therapy
of lung tumors and it is capable of adjusting autonomously and in real-time the
irradiation target accounting for both the respiratory cycle and the small movements
of the patient. Cyberknife® couples a 6DoF robotic arm supporting the LINAC (lin-
ear accelerator—the source of the radiation), a localization system, and a 6DoF
patient positioning system called RoboCouch®.

It has to be noted that Cyberknife® represents a unicum in 2020, as a fully auton-
omous interventional system on the market, and this is only possible because the
risks connected to not performing such movement compensation, both in terms of
missed irradiation of the target and unwanted irradiation of the surrounding healthy
tissues, clearly exceed the potential risks deriving from inaccuracy of the autono-
mous system.
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As in tele-surgery before, partially and fully autonomous systems may allow
surgeons to control or supervise an increasing variety of procedures from a remote
location. These far-from-the-patient modalities take even more relevance today, in
the light of global pandemic outbursts, potentially removing or drastically reducing
the risk of mutual infectious agents exchange in the operating room.

Stereotactic Workflow

The stereotactic technique has, since the beginning, been a fundamental method-
ological scaffolding for the development of keyhole neurosurgery and many other
computer-assisted procedures [40]. Such a technique envisions the use of geometric-
mathematical approaches to defining points in the three-dimensional space utilizing
three orthogonal planes [41].

The main goal of stereotaxis is to allow for quantitative approaches to the spatial
localization and reciprocal registration between the key elements in the operating
room (i.e., imaging devices, anatomical targets, surgical instruments, etc.).

Nowadays, stereotaxis, together with advanced 3D imaging techniques and
sophisticated robotic devices, allows surgeons to perform preoperative planning and
registration, intraoperative navigation, multimodal imaging fusion, and postopera-
tive assessment as a whole optimized computer-integrated surgical workflow [42—
45] (Fig. 3.9).

Preoperative planning: Initially, a few weeks before the intervention, a radiolo-
gist performs manual or semi-automated segmentation of volumetric slices coming

Pre-operative Intra-operative Intra-operative
[ CT/MRI Imaging ] [ OR Imaging ] [ Navigation ] o
| | [ ] 3
o
L
i i ()
‘ Segmentation ] ‘ Segmentation ] Planning g
l l & Patient & 3
Tools
[ 3D Modelling ] [ 3D Modelling ]

|} ]
[ Planning ]-[ Updated Planning ]-[ Registration ]

Anatomical Space

Fig. 3.9 The stereotactic workflow in the OR is reported. The two first columns refer to planning
in the anatomical space. The first column happens before the intervention, while the second repre-
sents the update in the OR. The last column shows the operations carried out after in-OR register-
ing of the updated planning to patient and tools (passive or robotized) deploying the in-OR
navigation. “&” symbols highlight co-registration among planning, patient, and tools
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from CT/MRI scanners with dedicated software. Subsequently, the resulting high-
accuracy 3D model of the patient’s pathology is evaluated by the surgical specialists
and enriched with labels, annotations, and ad-hoc planned interventional strategies
(i.e., trajectories, safety boundaries, targets, etc.).

Intraoperative model update: The preoperative model might vary significantly
from the actual anatomy right before or during the intervention, due both from natu-
ral degeneration of the pathology and surgery-induced deformation (i.e., brain shift,
insufflation, patient positioning, changes in morphology, etc.). For this reason, the
model is always updated intraoperatively, ideally utilizing the same imaging tech-
nique used to build the planning. Such smooth intraoperative update (where pre-
and intraoperative 3D volumes obtained with the same imaging device are compared)
is difficult to obtain in most cases due to various technological incompatibilities,
first of all, the complexity of integrating large CT/MRI systems into regular operat-
ing rooms. A different imaging method (i.e., 2D X-rays, ultrasound, CBCT, etc.) is
therefore used to update the preoperative anatomical model. An exception to this
trend is represented by modern hybrid operating rooms that are specifically built to
accommodate both surgical technologies and imaging devices (i.e., CT/MRI) [46].

Intraoperative registration and navigation: The final step is to bring the planning,
which is defined in the image coordinate system in the room coordinates system
(also referred to as global space, tool space, frame space, or robotic space) to allow
for correct alignment of the surgical tools and execution of the planned procedure.

The image space can be registered to the robotic space in frame-based or frame-
less modality.

In frame-based modality, the stereotactic frame serves not only as a rigid head
holder, but it also provides its own coordinate system. It is usually secured to the
anatomical region of interest (i.e., the head) through screws or conical pins. 2D or
3D localizers are fixed to the frame in order to be visualized in the planning images,
thus guaranteeing a software-based procedure to transform the stereotactic coordi-
nates from the image space to the robotic space. The most modern framed systems
provide both 2D and 3D localizers for projective X-rays or MR/CT scans, respec-
tively. Of note, the Talairach frame, the most popular stereotactic frame until the
90s, provides only 2D localizers. However, 2D and 3D image datasets can be
“fused” in the planning software by means of a point-to-point rigid registration
based on extrinsic or anatomical FM visible on both modalities [47].

Probably due to the lack of a 3D localizer, the Talairach frame is likely not used
any longer at any neurosurgical center as a true stereotactic frame. It is rather still
used only as a head-holder in some centers performing stereoelectroencephalogra-
phy implantations in frame-less modality [48]. The patient’s head is rigidly secured
to the robotic assistant and different tools and methods can be adopted to register the
image space to the robotic space. In the NeuroLocate® system, for example, the
robotic system handles, as an end effector, a tridimensional support for multiple
FM; the support is positioned close to the anatomical target and a 3D imaging
method and software are used to directly register the anatomical and the robot coor-
dinates spaces in the OR. The rest of the surgical workflow remains un-altered.
Other methods for frame-less registration involve the use of a laser scanner (or other
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3D reconstruction modalities) attached to the robot end effector to scan the anatomi-
cal target surface (i.e., the skull and face of the patient) allowing for single-step
direct 3D/3D patient-robot-planning registration.

Intraoperative registration techniques are further detailed in the next chapter.

Conclusions

In conclusion, this chapter presented the robotics foundations, which represent the
basic knowledge needed to understand the design and operation of medical robots.
Starting from the definition, through the new standards and the future aspects of
autonomy, the reader is supported with surgical robots taxonomy, based on different
criteria and basic architectures. Basic control and human-robot interface issues are
presented and discussed. This information allows medical professionals and tech-
nology providers to share a common language on surgical robots. The lack of such
unified and accessible knowledge usually represents a barrier in medical robot’s
uptake and full exploitation.
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“Sometimes doing your best is not good enough. Sometimes you must do what is
required”—Winston Churchill

Introduction

Why would a surgeon like to use a robotic assistant?
According to Schweikard and Ernst, we can distinguish four goal-based sce-
narios [1]:

* Robots for navigation

* Robots for motion replication

e Robots for imaging

* Robots for rehabilitation and prosthetics

In the first scenario, “robots for navigation,” the surgical device is positioned by
the robotic arm in the surgical space, based on a stereotaxic planning.

In the second scenario, “robots for motion replication,” the surgeon’s hands
motion is replicated by the robot via a dedicated interface. It is possible to down-
scale the motion and reduce the tremor, thus improving the dexterity and making
easier the surgical movements in a context of minimally invasive surgery.

In the third scenario, “robots for imaging,” two-dimensional (2D) or three-
dimensional (3D) images are obtained by means of an imaging device mounted to a
robotic machine.

In the fourth scenario, “robots for rehabilitation and prosthetics,” mechatronic
devices can support the movement of paralyzed segments of the body or fully
replace missing parts, such as limb.

Robots for motion replication and for rehabilitation/prosthetics will be exhaus-
tively illustrated in other chapters of the present textbook. In this chapter, we will
essentially cover the topic of image-based planning of supervisory-control robotic
assistance, out of doubt the most popular scenario in neurosurgery. Since most of
the robot-assisted surgeries at our center (“Claudio Munari” center for Epilepsy
Surgery) are performed in the context of StereoElectroEncephaloGraphy (SEEG)
implantations, we will provide also an example of the use of a robotic mobile com-
puted tomography (CT) scanner that is integrated in our workflow, thus briefly cov-
ering also the topic of robots for imaging.

The aim of this chapter is to provide the reader with the strategical and technical
fundamentals of image-based navigated robotic surgery. Supervisory-control robots
available on the medical market are wonderful devices able to assist the neurosur-
geon in positioning intracranial probes along the vectors of planned trajectories.
These high-cost machines are intrinsically accurate but are only a part of a complex
procedural chain. In fact, “the total clinically relevant error (application accuracy)
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comprises errors associated with each procedural step, including imaging, target
selection, vector calculations, and the mechanical errors...” [2]. In other words, to
buy an expensive robot is not enough to guarantee an accurate, safe, and efficacious
diagnostic or therapeutic stereotactic procedure. The neurosurgeon must understand
what’s before, behind and after the robot-assisted surgery. Most popular systems are
versatile, offering different workflows and operating modalities. How to choose
between CT and magnetic resonance (MR) datasets? And what about the choice
between frame-based or frameless robotic procedures?' What are the best options
for biopsy, deep brain stimulation (DBS), or SEEG surgeries?

Let’s go back to the initial question, slightly modified for the context that now is
more specific: why would a neurosurgeon like to use a supervisory-control robot
instead of a more conventional frame-based non-robotic stereotactic equipment? A
possible answer is “to save time and reduce the risk of procedural errors (especially
in case of multiple trajectories), still guaranteeing an accuracy at least as high as with
conventional frames.” The reader could note that we repeatedly used the term “accu-
racy”’ and not “precision.” It is important to understand that they are not synonyms,
as it was clearly explained by Maciunas and coworkers who were inspired by a
milestone textbook of biomedical statistics: “...a clear distinction must be drawn
between three commonly misused terms: ‘unbiasedness’ or lack of skew, ‘precision,’
and ‘accuracy’. A series of observations that tend to the true value are ‘unbiased’ or
without skew. If these observations have considerable spread, however, they lack
‘precision’. A series of observations with little spread among them indicates preci-
sion, although they are biased or skewed if the observations tend to center at a value
displaced from the true value. The term ‘accuracy’ encompasses both unbiasedness
and precision: accurate measurements are both unbiased and precise, whereas inac-
curate measurements may be biased, imprecise, or both [2].” Looking at Fig. 4.1, it
is easy to understand that we need accurate robots (and procedural robot-assisted
workflows) because precision alone is not enough. For safety reasons, it is necessary
to obtain the highest accuracy at the first attempt for every trajectory: both the neu-
rosurgeon and, most important, the patient could have not a second chance.

The application accuracy of the stereotactic procedure is ultimately in charge of
the neurosurgeon, as clearly stated by Bucholz (probably the true clinical father of
modern optical-tracking navigation systems): “Although consultation with a radi-
ologist or a specialist in nuclear medicine is important in the interpretation of diag-
nostic images, the surgeon is ultimately responsible for the direction and conduct of
surgery. As the surgeon relies on imaging to guide surgery during a stereotactic
procedure, it is vitally important that the surgeon fully understand the basics of each
imaging technique. Further, in a time of cost containment, the choice of imaging
technology has to be based not only on clinical efficacy, but also on the risk to the
patient, cost, and benefit gained. Therefore, the choice of imaging used for the guid-
ance of surgery must be made by the surgeon, as only the surgeon knows what has
to be avoided en route to what should be removed [3].”

The setup of an appropriate workflow, optimizing the mandatory requirements
with the available facilities and equipment, is therefore crucial to guarantee the

!'This is not a mistake: a “robotic” procedure is not always “frame-less”!



52 F. Cardinale et al.

Accuracy and Precision

Not Precise and Biased c ot . * o \°  NotPrecise and Unbiased
INACCURATE . . INACCURATE

Precise and Biased
INACCURATE

Precise and Unbiased
ACCURATE
Fig. 4.1 Difference between accuracy and precision

In metrology, accuracy is closeness of repeated measurements to the true value. The circles in the
figure represent the range of values approximating the true value sufficiently well. This range
depends on the specific field of interest

A measuring device can be inaccurate because of random or systematic errors, leading to impre-
ciseness or bias, respectively. A measurement device can be inaccurate because characterized only
by impreciseness (orange circle), or only by bias (red circle), or both (green circle). It is important
to emphasize that a precise system (all the measurements are close each other) can be inaccurate
because of bias (all the measurements are far from the true value). It is also important to note that
an unbiased system (the mean of the measurement is close to the true value) can be inaccurate
because of impreciseness (the measurement values are too much spread). These concepts can be
translated with slight modifications in other sciences such as statistics or robotics

In the field of neurosurgical robotics, especially when dealing with supervisory-control systems
aimed at advancing a diagnostic or therapeutic probe into the intracranial space, the situations
represented by the green and red circles are not acceptable because they do not tend do the true
value (correct positioning), of course. It is important to understand that also the case represented
by the orange circle is not acceptable. We cannot perform repeated procedures and then calculate
the mean. We have to reach correctly the target (correct positioning of the probe) with the only
chance we have. An incorrect stereotactic placement could lead to a severe bleeding or to the fail-
ure of the diagnostic procedure

needed accuracy. The following sections of the chapter are intended to help the
neurosurgeon in embedding the chosen robotic assistant in a coherent workflow
covering all the steps from the planning to the verification of the obtained result.

Strategical Planning

In most applications, the strategy of implantation, intended as the number and the
position of targets to be reached by the implanted probes, is quite “simple.” Targets
can be deep, as in case of tumors for biopsies and subthalamic nucleus (STN) or
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anterior nucleus of thalamus (ANT) for DBS (for the treatment of Parkinson disease
or drug-resistant partial epilepsy, respectively). In these situations, no more than
two trajectories are generally implemented, usually planned only on neuroimage
datasets that could be co-registered with an atlas when targeting MR-not-visible
deep nuclei. The case of SEEG is largely different. The study of an epileptogenic
lesion (when present) and the 3D definition of the epileptogenic zone are the main
aims of the investigation [4]. “...we believe that the surgical therapeutic decision
must be based on clinical, EEG and neuroradiological investigations [5].” It is nec-
essary to sample many deep or superficial cortical areas, as long as white matter
bundles and mesial temporal lobe structures. An appropriate planning is based
mostly on structural MR images, but also many other modalities are utilized such as
functional MR (fMR), white matter bundles reconstructed from diffusion-weighted
image (DWI) datasets, positron emission tomography (PET), single photon emis-
sion computed tomography (SPECT), and many others. Some software packages or
pipelines can be also adopted to enhance the visualization of difficult-to-see epilep-
togenic lesions or epileptic networks [6—13]. Information provided by all these
image modalities must be “co-registered” in the patient-specific intracranial space,
ideally together with data coming from clinical history, neurological examination,
neuropsychological testing, and interictal/ictal electroencephalography (EEG),
often coupled with long-term video recording (video-EEG).

By means of registration techniques, multimodal information can be mapped
into the individual intracranial space according to the method originally developed
by Jean Talairach, the “true father of what we now call image-guided stereotactic
surgery [14].” Horsley and Clarke, when first implanted an electrode in an animal
[15], coined the term “stereotaxic,” a composite word derived from the ancient
Greek “stereos” (three-dimensional) and “taxic” (referring to an arrangement of
data, as in taxonomy). The term “stereotactic” (from the Latin “tactus,” to touch)
was introduced years later to define the surgical advancement of a probe to a target
(Fig. 4.2).

Therefore, every stereotactic procedure must be preceded by the stereotaxic
mapping of multimodal information. In the context of SEEG, this way of work-
ing is particularly important because its goal is the 3D definition of the epilepto-
genic zone. “Stereo-EEG” means much more than “stereotactic EEG”: the
method is stereotaxic and three-dimensional, including a crucial stereotactic sur-
gery. It is a big error to reduce conceptually the SEEG method to the simple
implantation of intracerebral electrodes. The global strategy must be defined
having in mind that its purpose is to test a patient-specific anatomo-electro-
clinical hypothesis, based on clinical history, semiology, imaging, and video-
EEG data [16]. It is also important to underline that the position of SEEG
electrodes must be aimed not only at gray matter recordings. Electrical stimula-
tions, performed with low-frequency or high-frequency modality, allow to induce
seizures but also to map brain functions, probing both cortical areas and white-
matter tracts [17, 18].
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Stereotaxic Planning Stereotactic Surgery

Fig. 4.2 Stereotaxic planning and stereotactic surgery

The stereotactic advancement of a probe to an intracranial target is performed after a stereotaxic
planning has been done. Such planning includes the mapping of all information into the intracra-
nial space, defined by a 3D coordinate system, and the use of the map to plan the trajectories

Principles and Terminology of Trajectory Planning

Even if the first stereotactic procedures in humans were performed at the end of the
XIX century, the birth of modern stereotaxy is commonly localized around the mid-
dle of the XX century [19]. Ernest A. Spiegel and Henry T. Wycis first performed at
the Temple Medical School in Philadelphia a number of lesioning procedures aimed
at treating “mental disorders, intractable pain, petit mal and extrapyramidal disor-
ders [20, 21].” All the targets were point-shaped and seated in deep brain structures.
Thus, stereotactic trajectories started to be generally intended as rectilinear seg-
ments obviously defined by a target point and, unavoidably and only secondarily, by
an entry point that had to be as safe as possible. Almost simultaneously, Jean
Talairach, after his first period in psycho-surgery, moved his main focus of interest
to epilepsy surgery co-working with Jean Bancaud and Gabor Szikla at another
temple of stereotaxy, the Hopital St. Anne in Paris [22, 23]. In 1980, Szikla reported
the words written in a letter by Nicholas Zervas, neurosurgeon at the Massachusetts
General Hospital, who had written “...stereotaxis is at a dead end in this country...,’
after the decreased number of indications determined by the advent of L-Dopa in
the drug treatment of Parkinson disease. Szikla argued that stereotaxy was not dying
and that it was rather increasing the area of interest. He schematized the evolution
of the stereotaxy concept listing three fundamental points: “(1) The target point
became enlarged and transformed into the target volume; such is the case for epi-
leptogenic cortical areas and even more for brain tumors (2). The field of applica-
tion of stereotactic methods was progressively extended from some centrally located
deep structures to the entire brain including the cortex (3). Multi-probe methods
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became available, allowing for safe simultaneous exploration of several brain
structures [24].

Szikla perfectly analyzed the ongoing evolution and forecasted the future.
Nowadays, the number of trajectories planned to reach a simple point-shaped target
is very limited. Even in the cases of DBS or biopsies, the neurosurgeon needs to
cover with the probe a deep-seated segment rather than a small spherical volume.
The multi-lead stimulating probe implanted for DBS should be aligned with the
major axis of the subthalamic nucleus and positioned according to its functional
topography [25]. Similarly, even in the case of a stereotactic tumor biopsy, multiple
points of interest can be targeted [26]. The neurosurgeon likely will want to cover
more points along the trajectory in order to sample different parts of the lesion and
the surrounding tissue as indicated by the images (the perilesional brain tissue, the
transition zone between healthy and diseased tissue, the gadolinium-enhanced com-
ponent, the necrotic part, etc.). In a recent retrospective study on 377 patients, the
histo-molecular diagnosis of a diffuse glioma and the glioma grade were obtained
in 98.7% and in 92.6% of patients, respectively, by means of multiple-bite robot-
assisted biopsy [27]. Image guidance of stereotactic needle biopsies is important not
only for an appropriate histological and molecular characterization, but also for
safety. Since many tumors are highly vascularized and the procedure aims at sam-
pling the lesional tissue with a cutting tool, bleedings are more frequent than in
electrode implantation for DBS or SEEG. The robotic assistant can guarantee a high
accuracy but the human planning, based on preoperative images, is crucial. Zanello
and coworkers reported that in most cases complicated by intraoperative bleeding
the reason lay in a non-completely appropriate planning rather than in device inac-
curacies [28].

SEEG implantation is the best example of a procedure in which every implanted
probe targets an intracerebral segment, aiming at sampling multiple electrical
sources all along the planned trajectory. Moreover, the overall strategy of implanta-
tion guarantees a large, multifocal, and hypothesis-driven sampling of several corti-
cal areas aimed at delineating the 3D shape of the epileptogenic zone. The
aforementioned concept illustrated by Szikla and the St Anne school is now fulfilled.

Stated that the target of different stereotactic minimally invasive procedures is
almost never point-shaped, we can specify that we will continue to use the terms
“entry point” (EP) and “target point” (TP) to indicate the points that describe
every trajectory. We will thus maintain the classical terminology of the scientific
community, but now we are convinced that the readers can understand what we
mean as “target.”

On another terminological topic, we will not adopt the terms “depth electrodes”
(DE) and “intracerebral electrodes” as synonyms in the field of stereoelectroen-
cephalography. SEEG electrodes record the brain activity from every brain struc-
ture, including the crowns and the sulcal banks of gyri seated not only in the depth
but also on the convexity of the hemispheres. The term DE should therefore be
reserved to the electrodes that are aimed at recording only from deep structures
[29-31], as typically in the case of bilateral hippocampal sampling for mesial
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temporal epilepsy lateralization. When only DE are implanted, the term SEEG is
not appropriate even if a percutaneous technique is implemented.

Multimodal Image-Guided Trajectory Planning

Neuroimages contain the information needed for a safe and successful stereotactic
procedure, and the trajectory planning for supervisory-control robotic assistants is
therefore based on them. Image properties strongly affect both the diagnostic or
therapeutic yield and the application accuracy.

The diagnostic information is almost always multimodal. The neurosurgeon
must take the most useful data from every available image dataset, combining crite-
ria for best diagnostic information and accurate 3D localization. As an example,
when performing a DBS procedure aimed at implanting the stimulating electrode
into the subthalamic nucleus, the best visualization of the target is commonly
obtained with dedicated T2-weighted (T2W) MR sequences, but the best scan for a
complete view of the head and its registration in the surgical space is generally a 3D
T1-weighted (T1W) sequence. Thus, the neurosurgeon will want to bring the T2W-
derived visualization of the subthalamic nucleus into the TIW image space, per-
forming a registration process (Fig. 4.3). It is thus important that the neurosurgeon
knows at least the basic principles of registrations in order to set a proper workflow.

Fig. 4.3 Multimodal imaging

The subthalamic nucleus, the most common target of DBS procedures aimed at treating Parkinson
disease, is not directly visible in 3D T1W images. Differently, it is well visible with T2W
sequences. Registration guarantees the combination of the information in the same space
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Coordinate Systems

The three-dimensional space can be described with different coordinate systems.
René Descartes recognized that the position of a point in a plane can be defined with
a simple graph comprising two perpendicular lines, the x and y axes, intersecting at
the origin. Given a point on the plane, the distances from the origin along both the
axes (x and y coordinates) define univocally its location. Indeed, the position of
every point is uniquely defined by an ordered pair of numbers. The x,y coordinates
of the origin are 0,0. Such Cartesian coordinate system may be extended to the third
dimension, including a z axis, and can be therefore used to define and quantify every
3D space. It is the most popular coordinate system, and it is adopted in many image-
guided-surgery (IGS) systems. Other coordinate systems can be used, such as the
polar and the cylindric ones and coordinates can be converted from one system to
another [32].

By medical convention, the Cartesian coordinate system is applied to human
anatomy describing the positions along the right-left, the antero-posterior, and the
cranio—caudal axes with x, y, and z coordinates, respectively. Every image or physi-
cal 3D space can be defined and quantified in this way.

Medical Images and 3D Localization of Anatomical Structures

Medical images, with the exception of very advanced techniques (immersive virtual
reality, augmented reality, holograms), are generally reproduced on simple paper
sheets, on printed films or, more modernly, on computer screens. They are 2D rep-
resentations of data obtained from human anatomical structures by means of differ-
ent scanners. In fact, whatever the 3D complexity of the represented object and its
appearance, information must be mapped on a Cartesian plane (the paper, the film,
or the computer screen).? It is thus important to understand how 3D coordinates can
be managed to plan trajectories and drive robotic assistants.

Medical images for stereotaxic planning can be projective or stacks of slices.

X-ray 2D images are projective in nature. From a point-shaped source, a conic
beam of X-rays is directed towards the region to be studied. The denser or the
thicker the scanned object, the larger the absorption of X-ray quanta: this phenom-
enon is at the basis of final image appearance. It is important to understand that it is
impossible to get tridimensional information from only one 2D projective image. In
order to use 2D X-rays for stereotaxic planning and subsequent stereotactic

>The problem is not different with stereoscopic technologies, where a pair of slightly different 2D
images (taken or reconstructed from different points of view) is presented to the user in a way that
allows the perception of depth. These images are not really 3D: despite the illusion of three-
dimensionality, the user cannot see the hidden face of the objects. Therefore, surgical microscopes,
endoscopes, and otoscopes provide the neurosurgeon with a stereoscopic view of the surgical field,
and the term 3D should not be considered appropriate even if it is very popular.
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guidance, it is necessary to acquire at least two of them from different angles with
dedicated localizers aimed at registering the 3D image space with the stereotactic
space (see below).

On the other hand, conventional CT datasets provide a volumetric representation
of the scanned objects, not its 2D projection. Classically and schematically, a highly
collimated beam of X-rays is directed towards the head of the patient while an emitter/
detector system rotates around it acquiring a slice-shaped volume. After an image has
been obtained, the bed is moved and another image is acquired. The whole dataset is
thus made of a stack of sliced images, each one of them computed applying the Radon
Transform to the intensity profile detected throughout the 360-degrees rotation.
Besides the higher sensitivity and the possibility of quantitative measurements, the
most important advantage of CT versus projective X-ray images is the possibility of
localizing anatomical structures. In fact, CT records X-ray attenuation for small volu-
metric elements (the slices) independently. Differently, X-ray images superimpose the
X-ray absorption values of a number of tissues along a ray [33]. The spatial resolution
of a CT dataset is essential for accurate 3D localization of scanned objects and cru-
cially affects the final application accuracy of every stereotactic procedure. It is
defined by the parameters of CT scanning: the “image matrix” (the number of pixels
per slice, e.g., 512 x 512), the size of the pixels (e.g., 0.5 x 0.5 mm?), the number of
slices (e.g., 200), and the slice thickness (e.g., | mm). With the above reported exam-
ple parameters, the reconstructed 3D field of view (FOV) of a typical axial acquisition
is 256 x 256 x 200 mm?, being the voxel size (voxel = pixel extended to the third
dimension) 0.5 x 0.5 x I mm?. It appears obvious that the higher the spatial resolution,
the more accurate the localization of the objects. Anyway, the thinner the slice, the
lower the signal/noise ratio. The accuracy of 3D localization and the image diagnostic
quality are therefore inversely proportional. The best balance between quality of the
images, accuracy of localization, and radiation protection must be tuned based on
patient- and procedure-specific clinical needs.

Even if some correction algorithms are available with modern equipment and
software, to acquire CT dataset with a gantry tilt is not advisable because the com-
pensation warping could be not appropriately managed by the planning software.
Also, the use of a dataset with scanning parameters that are not identical for all the
slices (e.g., when the slice thickness is different between cranial and caudal slices)
must be absolutely avoided because the 3D reconstruction would be incorrect. On
the other side, it is not mandatory to use isotropic voxels and this important because
most CT scanners output datasets with non-isotropic voxels. A slice thickness larger
than planar pixel size can be advantageous to increase the signal-to-noise ratio,
without affecting the correctness of 3D reconstruction. The uncertainty (see below)
along the z axis will be increased, but if the thickness is not larger than 1 mm, the
planning inaccuracy will be clinically irrelevant in most situations.

The uncertainty of measurements and localization is strictly related to pixel/
voxel size. When the neurosurgeon selects a point on the computer screen with the
mouse, the visual target is located “somewhere” in the pixel space, and the uncer-
tainty of the position selection is half of the voxel spacing (e.g., it is 0.25 mm if the
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pixel size is 0.5 mm). Similarly, the uncertainty along the z axis for axial datasets is
half the slice thickness. Since a distance is measured between two selected points,
the uncertainty of the measure is double than that of a single point selection [34].
Last but not least, the accuracy of point selection on the computer monitor is related
also to the pointer (usually a mouse or a trackpad) and to the screen resolution.
Zooming in the images is a useful trick to mitigate these sources of inaccuracy.

Of note, modern CT scanners acquire images in a much more complex way than
above schematically described. However, modern improvements (multi-slice, heli-
cal or spiral, etc.) have largely improved the quality of images and reduced the time
of acquisition but the features of the datasets relative to planning principles remain
essentially unmodified.

The above-mentioned CT scanners are essentially based on fan-shaped beams of
X-rays. Using different back-projection algorithms of reconstruction, it is possible
to acquire several 2D images obtained with cone-shaped beams of X-rays while the
system emitter/detector rotates around the head of patient. The output is a dataset
with the same properties of conventional CT scanners that can be similarly used for
stereotaxic planning. Such Cone-Beam CT (CBCT) scanners are often designed for
intraoperative imaging. Two popular examples are the O-arm® (Medtronic;
Minneapolis, Minnesota, USA) and the Loop-X® ((Brainlab AG, Miinchen,
Germany) systems. These O-ring mobile scanners are robotized, thus pertaining to
the third category of robots as classified at the beginning of the present chapter. In
fact, different positions of the emitter/detector system and of the whole gantry can
be memorized and replicated thanks to their robotic features, providing both 2D
projective images and 3D datasets. Of note, with such systems, the gantry can be
tilted without adding any geometrical inaccuracy.

Modern angiographic equipment offer a similar modality, called Rotational
Angiography, obtained rotating the C-arm around the head of the patient [35, 36].
Again, the output dataset is very similar to conventional CT ones and can be used
for stereotaxic planning under the same principles. However, particular attention
must be paid to distortion artifacts. The “pincushion” distortion is a typical artifact
occurring with X-ray image intensifiers. A source of such pincushion effect is the
deflection of electrons in the earth’s magnetic field, continuously changing during
the rotational acquisition. This artifact can be corrected using a rectilinear grid of
small steel beads and performing a subsequent calibration procedure. Of note, this
crucial calibration cannot be handled by the user, and therefore periodic mainte-
nance and quality check must be rigorously scheduled. Thanks to this calibration,
also other causes of distortion (much more relevant with present flat-panel technol-
ogy) can be mitigated, as deviations from a perfect circular trajectory of rotation.

Magnetic resonance is the “king” of modern diagnostic modalities. Its sensitiv-
ity to tissue properties and a large variety of available sequences allow to discrimi-
nate the three main tissue classes: gray matter, white matter, and cerebrospinal fluid.
Therefore, the planning of stereotactic trajectories will be mainly guided by MR
imaging (MRI). To describe the main physical principles of MRI is out of the scopes
of the present chapter.
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From the planning point of view, also MR datasets are made of multi-slice volu-
metric data with the same properties described for CT (orientation, localization,
etc.). The ability of discriminating soft-tissues make MRI the best modality for
neurological diagnosis and optimal planning in most cases. 3D T1W sequence is
used at most centers. It serves efficiently as anatomical base for stereotactic plan-
ning because of its low geometrical distortion and good gray/white matter discrimi-
nation. FLuid Attenuation Inversion Recovery (FLAIR) sequences are also
frequently used because they are more sensitive to abnormal tissue, but their use in
children younger than 3 years should be considered with caution for the lower diag-
nostic yield due to incomplete myelination. It must be underlined that even if MR is
superior for soft-tissue, CT remains advantageous for hard tissues and objects, such
as bone or metal probes. Thus, when it is necessary to get detailed information
about the skull, a high-resolution CT dataset must be used besides MR. This is the
case of many SEEG trajectories, when the neurosurgeon wants to check that the
bony entry point is not at the level of para-nasal cavities or if the skull is thick
enough to hold the guiding screw.

Compared to CT scans, MR images are much more informative but are also more
insidious for stereotaxic planning. Distortion is a not negligible source of stereotac-
tic error. Balachandran and coworkers have studied the stereotactic localization
error due to MRI distortion in DBS procedures. With a clinical 3 T MR scanner,
“mean targeting error due to MR distortion in T2 was found to be 0.07 + 0.025 mm
with a maximum of 0.13 mm over 12 targets; error in the T1 images was smaller by
4% The reported error was thus found small, likely negligible for stereotaxic plan-
ning [37]. Anyway, the situation can be much more dangerous, in particular when
metal artifacts are present. Hardy and Barnett reported a targeting error of more than
2 cm in a stereotactic procedure in a patient with dental braces [38]. Modern correc-
tion algorithms can mitigate these errors but the neurosurgeon has to pay attention
to this kind of error sources. Indeed, metal artifacts can affect the accuracy of both
the image-to-patient registration and the planning of the trajectories. Moreover, also
the maintenance and the quality check of MRI equipment must be periodically and
rigorously performed in order to guarantee inherent errors as small as possible.

Of note, distortion is larger with very fast MR acquisition techniques. This means
that image datasets such as the echo-planar images (EPI), commonly acquired for
functional MR, are the most distorted and this should be considered.

All other volumetric datasets, such PET and SPECT ones, can be considered
similar to CT and MR ones for the aspects pertaining to stereotactic planning and
localization. We invite the reader to consult more specific textbooks for the techni-
cal specificities.

Up to 20 or even more multi-lead electrodes per SEEG investigation are implanted
at many centers [29]. Since the surgical technique of implantation is percutaneous,
preoperative image-based visualization of brain vasculature is crucial to avoid intra-
cranial bleeding. Several angiographic modalities are available, and an appropriate
choice can lead to safer procedures. In the first decades of SEEG, catheter angiog-
raphy obtained in tele-stereoscopic-stereotaxic framed conditions was the only
available modality. See references by Musolino et al. and Benabid et al. for
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technical details [39, 40]. Actually, as far as we know, the use of 3D angiographic
datasets has completely replaced framed 2D X-rays. MR angiography with
gadolinium-enhanced 3D T1W sequence is used at most centers where new SEEG
programs have been started in the last decade [29]. Minkin et al. have also proposed
a modified gadolinium-enhanced MR venography protocol with a short acquisition
delay, allowing simultaneous arterial and venous visualization [41]. Anyway, the
team of Cleveland Clinic Foundation has recently “identified MRI as the vascular
imaging modality leading to higher hemorrhage and symptomatic hemorrhage
rates,” based on cumulative sum analysis [42]. This finding sounds coherent with
the paper published by the researchers working at University College of London,
who reported that “vascular segmentation from DSA images was significantly more
sensitive than T1 + gadolinium or magnetic resonance venography (MRV) images”
(DSA = digital subtraction angiography) [43]. Therefore, MR angiographic modali-
ties should be considered potentially less safe than CT ones, likely due to higher
distortions. Some teams are therefore replacing MR- with CT-angiography. Its most
popular implementation is done with conventional fan-beam CT scanners with
peripheral injection of iodinate contrast medium. The preliminary acquisition of a
non-contrasted bone mask permits also to subtract hard tissue for better segmenta-
tion and visualization of brain vasculature.

At “Claudio Munari” center, we developed a similar technique based on the use
of O-arm, a robotized mobile O-ring CBCT scanner [44]. The preliminary acquisi-
tion of a bone mask permits the bone tissue subtraction, in this case even more
efficient because O-arm vascular images are more contrasted (soft-tissue is only
mildly visualized). The main difference is that our technique is based on selective
catheter injection of contrast medium in the internal carotid artery (and also in the
vertebral one when necessary). Since the extra-cerebral vasculature is not enhanced,
the visualization and gray-scale thresholding segmentation of brain vessels are
more efficient, as clearly visible in the pictures we have already published [44]. It
could be argued that catheter angiography is invasive and thus inherently dangerous.
Anyway, as far as we know, older age (>54 years) and cardiovascular disease were
the only patient-related predictors of adverse effect occurrence in a very large study
[45]. Since candidates for SEEG are generally younger and free of comorbidities,
the rate of complications occurring with our 3D CBCT DSA technique resulted
extremely low [46].

3D Visualization

Interactive 3D visualization, namely volume rendering, is very helpful for surgical
planning. The description of the different techniques that can be adopted to render
the three-dimensionality of anatomical structures is out of the scopes of the present
chapter. Anyway, we like to stress that 3D interactive visualization (the position of
the object can be changed relative to the point of view of the user) is crucial for
optimal planning. Since brain anatomy is extremely variable and complex, it is
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Fig. 4.4 Planning with multiplanar reconstructions, 3D rendering, trajectory cuts, and probe’s
eye view

In panels a, b and c axial, sagittal, and coronal 2D reconstructions are depicted, 50% faded between
3D T1W and 3D CBCT angiography. The projection of an SEEG trajectory, planned to sample the
posterior part of the superior temporal gyrus, the Heschl gyrus and the posterior long gyrus of the
insular lobe, is visible. The yellow shaft of the virtual probe is represented also on the 3D volume
rendering of the brain surface and vasculature, closely posterior to the Labbé vein (panel d, red
arrow). In panels e and f, the trajectory (not its projection) is fully represented in two trajectory
cuts, one coronal (with only angiographic data) and one axial (with only MR data), respectively. In
panel g, the probe’s eye view is visible at the cortical entry point with the diameter of the virtual
probe set at 5 mm. The same vessels depicted in the 3D view are recognizable around the cortical
entry point

often too difficult to mentally imagine the three-dimensionality of interesting struc-
tures without the aid of volume rendering. On the other side, details that are “hid-
den” under the brain surface can be better investigated with multiplanar 2D
reconstructions, being the details explorable pixel by pixel. Therefore, it is advis-
able to combine 2D and 3D visualization side by side. It is also possible to combine
2D and 3D information visualizing the intersection of a 3D segmented model and
2D slices or, vice versa, showing 2D slices in a 3D scene (Fig. 4.4).

3D visualization is helpful not only for optimal trajectory planning. Since brain
anatomy is highly convoluted, the 3D estimation and rendering of brain surface can
be helpful for the identification of abnormal gyral/sulcal patterns often related to
difficult-to-see focal cortical dysplasias associated with drug-resistant epilepsy.
Indeed, such 3D reconstructions increase the diagnostic yield when a small cortical
malformation is not obvious at visual inspection of 2D slices [47-50].

Registrations

Multimodal image is based on image-to-image registrations, while the image guid-
ance of stereotactic surgical procedures is based on image-to-patient registration,
being the head of the patient in the robotic dexterous workspace.
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Registration can be defined as “...the determination of a one-to-one mapping
between the coordinates in one space and those in another, such that points in the
two spaces that correspond to the same anatomic point are mapped to each
other [51].

Image-to-Image Registration

To align two image datasets is the goal of image-to-image registration. This a pro-
cess between two (and only two) datasets: the fixed (or reference) dataset and the
moving (or input) dataset. The moving dataset is registered to the fixed one.
Registration between multiple spaces (e.g., from a FLAIR to a 3D T1W sequence,
and then to an angiographic CT scan) can be obtained by concatenating several one-
to-one registrations in a global multi-stage workflow.

The registration process includes two sequential steps (Fig. 4.5). First, a trans-
formation must be applied to all voxels of the moving dataset to compute the new
3D coordinates of every voxel. Subsequently, a new intensity value must be assigned
to every voxel based on an interpolation process.

Image - to - Image Registration

Fixed (Reference) [ Fixed Dataset Nearest Neighbor Trilinear Sinc
Image Dataset

*

 2) Interpolation
* (Nearest Neighbor)
« Trilinear
* Sinc
* 1) Transformation L
* Linear . - 1 2D (AP and Lateral X-rays with localizers)
* 6 DOF (Rigid) | » Manual (paired points)
* 12 DOF (Affine) * Anatomical landmarks |
* Non-Linear (warps) « External fiducials 3D
i Automatic optimization |
Movmg (InpUt) (3D search of best ——————— lterative Maximization of Similarity or Cost Function
Image Dataset transformation)

Fig. 4.5 Image-to-image registration

The main steps and options of an image-to-image registration process are depicted in the figure.
Since the fixed dataset is not modified at all (neither translated, rotated, scaled, sheared or warped,
nor interpolated), the reference dataset is typically the one carrying information about the brain
vasculature (3D CBCT, 3D conventional angio-CT, angio-MR with or without contrast enhance-
ment) in the context of intracranial stereotaxic planning. In fact, the interpolation, whatever the
quality of the used algorithm, induces a degradation of the original information, albeit a minimal
one. After a rigid transformation to a 3D T1W dataset has been applied, a 2D FLAIR dataset has
been interpolated with three different algorithms available in FLIRT software package [52].
Nearest neighbor, trilinear and sinc algorithms have been applied, taking 25 s, 39 s, and more than
5 min, respectively, in our experiment. It is appreciable that the preservation of original informa-
tion is proportional to the taken time. Of note, nearest neighbor algorithm gives often non optimal
results because it produces artificially non-smooth boundaries, as in the depicted case. Despite its
speed, it should be therefore avoided
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A spatial transformation can be linear or not linear and is described with 4x4
matrices in computer graphics [53]. When a linear transformation is applied to the
moving dataset, all voxels are moved to their new coordinates in the same way (e.g.,
all voxels are translated along the x axis by n pixels towards left). A linear transfor-
mation can have up to 12 parameters: 3 translation, 3 rotation, 3 scaling, and 3
shearing parameters, each of one can be named also as degree-of-freedom (DOF).
All these separate parameters can be differently combined. The most commonly
used linear transformation is called “Rigid” because it includes only 3 translation
(along x, y, and z axes) and 3 rotation (about x, y, and z axes) parameters. Since every
object in the image dataset is only moved in the 3D space without applying any
shape modification (neither scaling nor shearing), it is clear why the term “rigid
transformation’ is used. Such 6-DOF transformation is the best choice when it is
assumed that the size and the shape of the objects represented in both images are
constant. This is the case of the same brain acquired two times in different MR stud-
ies (split sessions) when the temporal gap is negligible and the position of the patient
(usually supine) is similar. When the correction of MR eddy currents [54] is required,
it can be advisable to add some more parameters. Therefore, when linear shape
modifications must be allowed, it is possible to use “affine transformations,”
including up to 12 DOF (3 translations, 3 rotations, 3 scales, and 3 shears in the
three dimensions) (Figs. 4.6 and 4.7).

When “different brains’” must be co-registered, non-linear transformations can
be used. They are known also as warps or elastic registrations and can have anything
from tens to millions of DOFs. Warps can be advisable when we want to co-register
pre- and post-resection datasets, or when the temporal gap between the two exams
is long, or when large pathology modifications occurred, or even when we want to
find a best inter-subject spatial correlation. The latter is the case of population stud-
ies where it is necessary to collect image data from different subjects in a unique
template (e.g., fMRI studies), or the case of registration to an atlas (that must be
intended as a different subject).?

It must be clear that “rigid” and “linear” are not synonyms. Rigid, 6-DOF trans-
formations are a subset of affine, 12-DOF transformations. After the application of
arigid transformation, all the structures are only moved, remaining their shape and
size preserved. When affine, 12-DOF registrations are applied, shapes and sizes can
be changed but, analogously to rigid transformations, three points of the moving
dataset that were on a same line before the application of the transformation con-
tinue to be on a same line after the image has been transformed. This is practically
understandable because the same transformation has been applied to the coordinates
of all voxels. On the opposite, when non-linear transformations are applied, the
coordinates of each voxel are differently modified.

3A patient-to-atlas registration is common when a target is not directly visible in the patient
images, as in the case of some DBS procedures. Other types of inter-subject registrations are never
performed in surgical planning, but only in research studies registering different subjects to a com-
mon template.
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Fig. 4.6 Affine transformations (12 DOF)

Translations, rotations, scales, and shears along or about x, y, and z axes are represented. The effect
of the transform application is represented for each parameter comparing the original image with
the transformed one with convenient 2D images (axial, coronal, or sagittal)

Once the most appropriate type of linear transformation has been chosen accord-
ingly to theoretical assumptions, up to 12 parameters must be computed.* The
simplest case is that of a manual alignment obtained selecting some pairs of points

*Non-linear transformations are rarely adopted in the context of intracranial stereotaxic planning.
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Fig. 4.7 4 x 4 transformation matrices

The coordinates of every voxel in the moving dataset are multiplied by a matrix with n X m dimen-
sions. T'is a transformation that describes three translations, along x, y, and z axes, reported in the
cells with zx, ty, and #z values, respectively. S describes three scales along x, y, and z axes, reported
on the main diagonal of the matrix. Sh is the transformation describing the shears. Three transfor-
mations, describing the 0 rotation about x, y, and z axes, are reported in the central column of the
picture. All translation, rotation, scaling, and shear matrices can be multiplied, obtaining a unique
4 x 4 matrix containing all the 12 parameters. M is an example of a 4 X 4 matrix written with 3D
Slicer software that will translate all the voxels of the moving dataset by 5 mm towards right (red
oval) and 10 mm upward (green oval) and will also rotate the dataset 10° about the x axis (light
blue oval). Identity matrix, characterized by 1 numbers all along the main diagonal and zeros in all
other cells, has no effect when multiplied with voxel coordinates

that are visually recognizable on both the image datasets. Once an adequate number
of point pairs have been selected, the computation of the transformation matrix is
fast and simple. The mathematics of this computation is out of the scopes of the
present chapter, but it is important to know that a minimum of three non-colinear
point pairs is required and best results are obtained with up to 6 pairs.

Points can be anatomical landmarks as sulcal or vascular bifurcations (intrinsic
fiducials, based on patient-generated image content only). Anyway, such anatomical
landmarks are not exactly point shaped. When external fiducials, usually spherical,
are fixed to the patient’s head, their center can be more easily and reproducibly
recognized and selected. This is typically the case of fiducials used for the subse-
quent intraoperative image-to-patient transformation (extrinsic fiducials that are
foreign objects introduced into the imaged space) [55].

The manual point-to-point definition of landmarks preliminary to the computa-
tion of the transformation matrix is very intuitive. Nonetheless, the accuracy of
manual registrations is strictly operator-dependent and user’s inexperience can be
detrimental to its accuracy. Moreover, the selection of anatomical landmarks can be
tricky and time consuming. External fiducials, fixed to the head of the patient (better
if trans-osseous) or provided by a stereotactic frame, are easier to use and more



4 Image Guidance for Intracranial Surgery with Supervisory-Control Robots 67

accurate than anatomical landmarks, but they are usually not yet available when
advanced multimodal diagnostics must be performed preliminary to the definitive
planning. Multimodal imaging is therefore mainly based on an automatic search of
the transformation that will guarantee the best fit of the moving dataset to the fixed
one (automatic registration). The most common strategy adopted to find the best
transformation is to measure iteratively the similarity or the dissimilarity between
moving and fixed datasets after a number of transformations have been applied. The
highest value of a similarity function or of a cost (dissimilarity) function is searched
through an iterative series of trials. The most common similarity function is Mutual
Information, based on the measurement of joint entropy [56, 57]. Since entropy is
a measure of disorder, the lower it is, the higher is the value of the function and the
better is the fit between the co-registered datasets. During the optimization process,
the global maximum of the similarity function can be searched about every 3D axis.
Correlation Ratio is another popular similarity function [58]. Some comprehen-
sive overviews about the numerous optimization strategies are available in the lit-
erature [53-55, 59-64].

The lower the number of DOF, the faster and reliable is the registration.
Conversely, the final fit can be better with more DOF. In fact, affine transformations
often guarantee a better fit when slight distortions, or brain shape modifications or
motion artifacts occur. Requested time is a bit higher, but the true problem is that
sometimes the final fit can be paradoxically totally invalid (post-registration mis-
alignment). When large local differences between the two brains to be registered
exist (surgeries, modifications of structural lesions), non-linear registrations can be
preferred. Anyway, warps are extremely time consuming (and more complex to be
managed). While linear registrations take from some seconds to few minutes, non-
linear registrations can take from tens of minutes up to a few days when millions of
DOF are allowed with normally available computers.

Some important and practical suggestions can be resumed for the young readers>:

e The dataset that is most critical for the patient’s safety should be used as the
reference space. Especially when a percutaneous implantation of the probes must
be performed, as in SEEG procedures, the less distorted dataset providing the
crucial information for safety (usually brain vasculature) should be chosen as the
reference dataset.

e After the best transformation has been found and applied, the moving dataset is
interpolated and resampled, “acquiring” the geometric properties of the fixed
datasets. This means that registering the lower resolution dataset (moving) to the
higher resolution one (fixed) is always advisable. Vice versa, the details and the
diagnostic yield of the high-resolution dataset will be irremediably lost.

SMany and more complex aspects of image registrations should be covered for special processing
workflows such as the ones to estimate activations with functional MRI or white matter tracts from
diffusion-weighted images datasets, but this is out of the scopes of the present chapter. Here we
want to remain in the context of image registrations in the last mile of surgical planning.
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The automatic optimization step is aimed at finding the transformation that guar-
antees the best fit of the two datasets maximizing their similarity through a pro-
cess of repeat trials and estimations, iteratively changing the matrix parameters
according to allowed DOF. Simplifying, the search goes on until the similarity
function value increases significantly and stops when further modifications of
the moving dataset do not add any significant improvements. This implies that if
the two datasets do not match at all at the beginning of the search process, or
match too few, the registration will fail. When the initial position is not similar,
as in the case of two datasets obtained in different studies, it is always advisable
to start from an approximate global fitting that can be obtained by a rough man-
ual alignment in many software packages.

Best choice of cost function can be guided by simple criteria [54]. The two most
common and successful choices are Mutual Information or Normalized Mutual
Information for any two image datasets (e.g., TIW to CT) and Correlation Ratio
for any two MR modalities (e.g., FLAIR to TIW).

The basic assumption of linear registrations is that the content of the image data-
sets has not been modified between the two scanning sessions. This is approxi-
mately true for the brain whose movements in the intracranial space are negligible
if both studies have been conducted in supine position but it is not true for mobile
anatomical structures that are included in the image space such as the jaw or the
neck. It is strongly advisable not to include these parts in the scanning FOV or,
alternatively, to exclude them by manual cropping before running the automatic
registration. If most of the air around the head will be also cropped, a rough ini-
tial alignment will be also guaranteed (see previous point). When cropping is not
possible and the success of the registration is compromised by different positions
of the mobile anatomical structures, a manual point-to-point registration is the
only possible way to align the two brains.

Unfortunately, most registration options are available only with free software
developed at high level centers and “intended for research,” such as 3D Slicer
[65], Freesurfer [66], FSL [67], and SPM [68]. Commercially available IGS
workstations rarely provide the neurosurgeon with details about the implemented
algorithms for automatic search of the best fit. Likely, applying a rigid transfor-
mation is the most common choice to run a “fusion tool,” but the user does not
fully know what she/he is doing most of the times. Anyway, even if such algo-
rithms cannot be chosen with most commercially available software, it is still
important to understand which are the limits of the used devices and technolo-
gies. At meeting discussions, we have heard many times something sounding
like “T correct MR distortions fusing T2W dataset with CT!” Only if the metrics
of the transformation is affine (12 DOF), this assertion could be considered valid
at least for linear sources of error, but most MR distortions (e.g., metal artifacts)
are non-linear and cannot be compensated by means of linear transformations.
The correction of major MR distortions by “fusing the dataset with a CT scan” is
likely only an erroneous myth, at least for most IGS planning workstations. And,
anyway, who knows? Implemented algorithms are almost always patent-
protected and neither national, nor international regulatory medical authorities
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deal with such fundamental aspects of the commercialized devices. Nonetheless,
a certain level of intervention is still in the hands of the neurosurgeon even when
only commercial software are used: the choice of most appropriate scans and of
the best reference dataset, the scanning parameters (essentially the spatial resolu-
tion with the consequent uncertainty), the cropping (during the scanning session
or later on, limiting the number of imported axial slices), the number of optimi-
zation iterations (even if it is not explicitly settable, the registration process can
be often repeated starting from the results of the previous run, thus increasing the
total number of iterations until the registrations looks satisfactory), etc.

e Manual registrations are operator-dependent, and inexperience can lead to low
reproducibility. Anyway, expert users guarantee affordable results that can be
considered as gold standard when external fiducials are used [64]. On the oppo-
site, automatic registrations are perfectly reproducible when transformation met-
rics and optimization algorithms are fixed. Nonetheless, automatic registration
can give even completely wrong results. In fact, it must be finally understood that
itis impossible to be informed by a software package that the performed registra-
tion is accurate enough for the clinical goals. According to the above-mentioned
principles of the optimization, an automatic registration can be stopped very far
from finding the transformation that would guarantee the best fit, without any
warning. Accurate visual inspection of the two datasets, overlaid or side by
side, is the only way to assess the correctness of the registration [53, 63]. In
other words, experimental results indicate that automatic registration “fechniques
have the potential to produce satisfactory results much of the time, but that visual
inspection is necessary to guard against large errors [64].”

Image-to-Patient Registration

The topic of image-to-image registrations for multimodal diagnostics and stereo-
taxic planning has been briefly covered in the previous section of the present chap-
ter. In that context, we have used the term “coordinates” referring to “voxel
coordinates,” used to specify the location of every voxel within an image dataset.
Such coordinates just indicate the offset from a corner of the image, expressed as
integer of pixels. The origin of the coordinates (0, 0, 0, or 1, 1, 1) is seated at a cor-
ner of the image space, and all other coordinates are defined only by positive values.
Unfortunately, conventions for voxel coordinates are not standardized. With a cer-
tain software package, an x coordinate of 35 can indicate the position of the voxel
along the latero-lateral axis starting from left, but it could be the opposite with
another software tool, starting from right. Therefore, to deal with coordinates pro-
vided by different packages (included the commercial ones) is very complex, and
the neurosurgeon must be helped by biomedical engineers or physicists if it is nec-
essary to move coordinates from a package to another. The space defined by plan-
ning software, such the ones provided with robotic assistants, is defined by “world
coordinates.” It is obviously related to the surgical space, in which the patient’s
head is positioned and every point can be efficiently reached by the end effector
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attached to the extremity of the robotic arm (the dexterous robotic space). Differently
from image space, that is discretized in a 3D grid of voxels and described by integer
coordinates, the surgical space is described by world coordinates that are expressed
in millimeters. Floating point values are used because the world space is not dis-
cretized. The way in which voxel coordinates are converted when image datasets are
imported in the planning software is unpredictable. The position of a certain point
is often expressed with both voxel and world coordinates, and the neurosurgeon
must understand very well the difference between these two systems of coordinates.
It must be understood that if the neurosurgeon wants to target a voxel that has been
already chosen on a diagnostic image viewer, it is not enough to copy its voxel coor-
dinates into the planning software. This simple operation can be done only if the
planning software clearly uses different editable fields or tools to input the coordi-
nates of entry and target points.

Once a trajectory has been defined in the planning software, the voxel coordi-
nates of both the entry and the target point must be transferred to the world coordi-
nates of the patient’s head positioned in the stereotactic space. Analogously to
simpler and most common image-to-image registrations, a rigid transformation will
serve as a “coordinate mover” (image-to-patient registration). A point-to-point strat-
egy can be simply adopted, based on the selection of an adequate number (not less
than three) intrinsic or extrinsic fiducials. Anatomical landmarks cannot be fully
adequate when high stereotactic accuracy is required. In fact, anatomical features as
tragus or lateral canthi cannot be as discrete as many intracranial landmarks.
Extrinsic fiducials, visible in the planning image dataset and localizable in the ste-
reotactic space, can guarantee higher accuracy.

Image-to-patient scenario 1. We can now describe a frameless workflow, con-
ceptually similar to the marker-based registration preliminary to a navigation proce-
dure in which some head-attached fiducials are selected with a tracked pointer. First,
some dedicated bone markers are fixed percutaneously to the skull with a mini-
mally invasive procedure. Second, a contrasted 3D CT scan is obtained inside or
outside the operating room. Third, the patient’s head is fixed with a rigid holder that
will guarantee a constant spatial relationship with the robotic space. Fourth, this
image dataset is imported in the world space of the planning software and the center
of each fiducial (usually spherical) is easily selected, thus defining its world coordi-
nates. Fifth, the bone markers are physically touched with a dedicated probe attached
to a robotic arm with haptic movement capabilities, as the one of the ROSA system
(Zimmer Biomet, Warsaw, Indiana) in shared-controlled mode. By means of this
step, the world coordinates of the bone fiducials are selected in the robotic space and
the image-to-patient registration is completed.® Sixth, the trajectory is planned in
the actual image dataset, registered to the patient, and the robotic arm can align the
tool holder with the vector of the planned trajectory [69]. When the target of the
procedure is not directly visible in the actual dataset, or when a high number of

¢Differently from image-to-image registrations, an image-to-patient registration includes only the
computation of a rigid transformation. In fact, the surgical space is physical, it is not a discretized
image space and no interpolation is required.
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trajectories and multimodal complex planning would take too long to be managed
intraoperatively, trajectories can be planned some days in advance. The day of the
stereotactic implantation, once the image-to-patient registration has been com-
pleted, the planning dataset can be imported into the planning software and regis-
tered manually or automatically to the actual dataset. Finally, the transformation of
the latter registration is applied at both EP and TP of all the planned trajectories and
the robotic arm can be moved sequentially in supervisory controlled mode assisting
all the implantations, one by one.

Image-to-patient scenario 2. A similar frameless strategy can be implemented
with Neurolocate®, a touch-less registration tool provided with Neuromate® robotic
assistant (Renishaw, Wotton-under-Edge, UK). It is a tool with five spherical fidu-
cials attached to carbon-fiber rods that must be fixed as an end effector to the robotic
arm (Fig. 4.8).

Once the head of the patient is fixed in the robotic space with a rigid holder, the
robotic arm is moved with a special remote control to approach the Neurolocate
fiducials very close to the scalp. Next, a 3D CBCT dataset is obtained intraopera-
tively with O-arm system, a mobile scanner that is spatially compatible with
Neuromate shape and size. This dataset is then imported in the planning software,
and the coordinates of the five fiducials are selected with a semi-automated proce-
dure. Since the coordinates of the fiducials in the robotic space are already known
because Neurolocate’s geometry is fixed and it is attached to the robotic arm, the
rigid transformation is easily computed. Similar to the previous example, trajecto-
ries can be imported from a planning dataset automatically registered to the actual
one scanned with O-arm and the robotic arm can then be moved [70]. Compared to
the above-described ROSA-based workflow, the main advantage is that the invasive
fixation of bone markers is not necessary. Conversely, the image dataset can be
acquired only when the patient’s head is already fixed in the robotic space and an
expensive intraoperative CT scanner is required. On the other side, if such a scanner

Fig. 4.8 Neurolocate
Neurolocate is attached as an
end effector to the robotic
arm and provides five
extrinsic fiducials that must
be approached very close to
the patients head in order to
be included in 3D CBCT for
image-to-patient registration
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is available, the correct probe positioning can be intraoperatively assessed and it is
not necessary to go outside the operating room for the final check.

Image-to-patient scenario 3. Another device is available with Neuromate for
point-to-point image-to-patient registration, based on ultra-sound (US). A localizer
with five CT- or MR-visible fiducials is fixed to the skull and an appropriate image
dataset is acquired. In the operating room, the localizer is substituted with a similar
tool that positions five US microphones at the same places of the image-visible
fiducials. Their location in the robotic space is then automatically assessed activat-
ing an US emitter as end effector [71]. The use of this registration device is quite
simple but it requires an invasive fixation onto the patient’s head and the guaranteed
accuracy is lower than with Neurolocate or with a frame-based technique [72].

A frameless image-to-patient registration procedure can be differently based on
a surface matching strategy [73] “in which unordered sets of points may be used, as
in matching the surface of the head as imaged by CT or MRI ... with the surface of
the scalp as digitized in the operating room. This surface-to-surface matching has
the advantage of using a natural feature of the head ... whose segmentation can be
automated [32].” This technique is similar to a surface registration preliminary to
navigation in which a tracked pointer is slithered on the scalp to generate a cloud of
points. The ROSA system can use a 3D laser scanner as an end effector aimed at
digitizing the face and the forehead of the patient. The scalp surface is automatically
modelled exploiting the clear-cut interface between skin and air in the planning
dataset, and a surface-to-surface matching can be computed [74]. This registration
method is procedurally easy and semi-automatic, but it guarantees an accuracy
slightly lower if compared with the use of bone markers, especially for posterior
targets because the centroid of the registration plane is more distant from intracra-
nial targets [75]. In fact, the longer the distance between the registration volume
(where the fiducials or a cloud of surface points are positioned) and the target, the
lower the targeting accuracy.

Image-to-patient scenario 4. Robotic assistants can be used also in frame-
based mode, with 3D or 2D images. With 3D images, similar to framed navigation
procedures, the planning dataset is scanned after the head of the patient has been
fixed in a stereotactic frame with a localizer mounted on it. Such localizer provides
four fiducials (anterior, posterior, left, right), radio-opaque for CT or fillable with
copper-sulfate for MR. These V-, N-, or Z-shaped fiducials appear as lines of two
or three dots all around the head in axial slices, and their coordinates can be easily
selected manually or, more modernly, with an affordable and semi-automatic proce-
dure that is commonly available on the planning software of most popular frames.
The definition of the fiducial coordinates guarantees the registration between the
image space and the stereotactic space as defined by the world coordinate system of
the frame [76]. In the operating room, the frame is fixed to the robot base with a
frame-specific rigid adapter. The final registration, from the frame space to the
robotic space is computed in advance by means of a calibration procedure. The
transformation computed during such calibration is not procedure-specific because
the frame is well fixed every time in the same position relative to the robot. Anyway,
such calibration must be repeated during maintenances (usually every 3—4 months)
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to guarantee a constant accuracy. 3D frame-based registrations are highly accurate.
The main disadvantage is that the frame must be maintained fixed to the patient in
the period occurring between image acquisition and surgical implantation.

Image-to-patient scenario S. Last, a 2D frame-based registration can be
obtained also with a pair of X-rays and dedicated localizers [77]. Four plastic, radio-
lucent plates are fixed to the frame, each one providing four radio-opaque fiducials
perfectly corresponding to the position of the analogous ones on the opposite plate
(Fig. 4.9).

Two projective X-rays are obtained intraoperatively from two different perspec-
tives, approximately antero-posterior and lateral. Eight fiducials are visible in each
one of these two images because their distance from the source of the conic X-ray
is different for anterior-posterior and left-right pairs of plates. Once the images are
imported in the planning software, the neurosurgeon selects the center of the eight
fiducials visible in both projections, and the pair of images is 3D registered [76].
The coordinates of every point in the frame space are selectable clicking with the
mouse on both images: the selection of a point on the lateral image defines y and z
coordinates, and the selection of a point on the AP image defines x and z coordi-
nates. Thus, the combined selection of a point in both projections defines all the 3D
coordinates. Any 3D dataset, obtained preoperatively, can be then registered to these
stereotactically paired 2D images if an adequate number of fiducials (intrinsic or
extrinsic) are visible in both modalities. Such 2D frame-based registration

Fig. 4.9 2D frame-based localizers

The plastic plates holding the fiducials for 2D X-rays are mounted onto the base of Talairach
frame. For every pair of plates (anterior and posterior; left and right), eight fiducials (arrows in the
picture) are visible in the X-rays because the distance of every plate from the X-ray source is dif-
ferent and beams are not parallel. Bone markers are also visible in the picture, both in the patient’s
photo and in the radiograph. They were used in the past at “Claudio Munari” center to register the
3D image space (MR, CT, PET) to the frame space for using the robot in frame-based modality. At
present, Neurolocate-based frameless modality has replaced this method at our center
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procedure is time expensive and a bit tricky: “... the accuracy of the registration
process will depend on the accuracy of the estimates of the projection parameters,
which in turn is a function of the accuracy of the fiducial markers localization... in
order to achieve a registration accuracy better than 1 mm, the fiducial markers have
to be located with an accuracy better than 150um [78].” The main advantage of this
registration technique is that it can be completed with a simple C-arm.

We would like to finish this very brief overview of main image-to-patient regis-
tration strategy highlighting the geniality of Talairach stereotactic method (and
similar systems). The complexity of transformations was extremely reduced in
practice when computers were not available and only 2D X-rays could be obtained.
The use of teleradiographs, with the X-ray source well aligned with the frame’s
center and 5 meters far from it, guaranteed images obtained by means of X-rays that
could be approximated as parallel. Thanks to this, the mathematics of transforma-
tions was simplified reducing to the three DOF to deal with, only translations along
x, y, and x axes [32].

Intra- and Postoperative Verification of Probe Positioning

Once the probes have been advanced into the intracranial space, the verification of
the positioning accuracy is crucial. Intraoperative imaging can be 2D or 3D. As
already summarized, in case of two-dimensional images, two radiographs (usu-
ally in lateral and antero-posterior projections, orthogonal each other) are obtained
with a dedicated localizer often mounted on a stereotactic frame. Alternatively, a
three-dimensional dataset can be obtained with an intraoperative CT scanner.
Some pros and cons exist with both the techniques. The 2D images can be obtained
with conventional c-arm equipment, often available in the operating room. The
X-ray dose is very low, thus these images are especially indicated when multiple
checks are requested throughout the execution of the procedure, as in the case of
multiple-bite biopsies [27] or DBS with micro-electrode recordings. On the other
side, every pair of 2D images must be registered to the 3D planning dataset (CT
or MR) with a manual procedure that takes some minutes, as previously described.
Differently, a 3D CT dataset can be easily and quickly registered to the planning
images in a fully automatic fashion, but the X-ray dose is higher than with 2D
images. 3D datasets are therefore usually obtained for the final assessment of the
probe position.

When a stereotactic biopsy is performed, the evidence of neoplastic tissue at
immediate histologic examination can be not enough to assess the correctness of the
procedure. If the tumor appears heterogeneous at diagnostic imaging, it is advisable
to sample different parts of the lesional and perilesional tissue. Therefore, it is
important to verify that all the tissue samples have been obtained according to the
stereotaxic planning, guaranteeing a higher diagnostic yield with multiple bites [27,
79, 80]. The correctness of the stereotactic procedure can be assessed with the probe
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in situ and intraoperative images or postoperatively, determining the position of air
bubbles or canals [81, 82].

The correct positioning of the stimulating electrode is crucial also in DBS proce-
dures. The visualization of the implanted probe can be assessed with CT or
MR. Such intraoperative check is often performed by means of the O-arm system
[69, 83-88].

Intracranial bending of the probes can occur in SEEG more easily than in DBS or
biopsies because proper electrodes are semi-rigid, do not have a stylet inside, and are
not guided by an external rigid cannula. Therefore, cerebral sulci can induce deviations
from the planned trajectory. At “Claudio Munari” center, we first introduced the use of
O-arm scanner in our workflow to perform pre-implantation 3D CBCT DSA, to regis-
ter the head of the patient to the robotic space, to assist the intracranial advancement of
the probes under X-ray control and to obtain a final 3D dataset with the implanted
electrode [44, 70, 77, 89-91]. When an electrode is bended, or when it is advanced less
or more than planned, its position can be often corrected thanks to intraoperative imag-
ing. Once the implantation has been completed, the assessment of the position of every
single recording lead allows to understand where SEEG traces come from and which
anatomical structures are stimulated in order to induce seizures and map brain

/
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Fig. 4.10 Multimodal post-SEEG implantation scene

Once electrodes have been implanted, multimodal scene can be built to guide the interpretation of
SEEG findings and the planning of subsequent treatment. The model of the electrodes is repre-
sented in yellow and it is rendered in 3D view. Moreover, its intersections with 2D slices are visible
in multiplanar reconstructions. Brain surface is “painted”” with cortical metabolic information
obtained from 2-deoxy-2-[fluorine-18]fluoro-D-glucose ('"*F-FDG PET)



76 F. Cardinale et al.

functions. We register the postimplantation CBCT to preoperative MR and collect all
image data in a multimodal scene with 3D Slicer software package (Fig. 4.10).

The sources of intracerebral EEG signals can be visualized with 2D multiplanar
reconstructions and with the 3D brain surfaces as estimated by FreeSurfer software
package. Since the number of recording leads is very high (often more than 200),
the manual positioning of a mark-up for each one of them is very time consuming.
We therefore use SEEG-A (SEEG Assistant), a dedicated 3D Slicer plug-in able to
automatically put a mark-up in correspondence of lead centroids and estimate the
sampled brain structure according to Desikan-Killiany or Destrieux atlas [92-95].
This workflow, partially or fully adopted, is gaining popularity and similar multi-
modal 3D scenes are now built at many centers [41, 49, 96-98]. Moreover, a number
of packages with functionalities similar to the ones included in SEEG-A are now
freely available, such as BrainNetworks [99], EpiNav [100], EpiTools [101],
iEEGView [102], iElectrodes [103], IntraAnat Electrodes [104], and Sylvius [105].
Another software package, able to classify the SEEG contacts as gray- or white-
matter recording only on the basis of electrical signals (thus ignoring imaging) has
been recently developed [106].

Accurate detection and segmentation of intracerebral electrodes are crucial not
only for the best interpretation of SEEG traces and planning of subsequent treat-
ment, but also for the countless research studies in the field of basic and clinical
neurosciences [107-116].

Application Accuracy

The postimplantation imaging allows also the assessment of the application accu-
racy. Usually, the postoperative dataset is registered to the planning dataset, and
different distances can be measured comparing the plans with actual position of the
probes. As already stressed, the application accuracy of robot-based workflows is
determined not only by the intrinsic mechanical accuracy of the robotic assistant.
Many other variables crucially affect the total accuracy, such as the resolution of
image datasets, the quality of registrations, and the rigidity of the head holder. It is
important to highlight that when it is necessary to evaluate the accuracy of the
robot (or, more generally, of the stereotactic device), it is better to look at the accu-
racy at the EP, thus avoiding to add intracranial deviations of the implanted probe
to all other sources of error. The results of a narrative review of the literature are
reported in Table 4.1 [70, 71, 74, 77, 96, 98, 117-128]. Only the articles reporting
accuracy as Euclidean distance between planned and actual probe positions have
been selected. It can be noted that different accuracy can be obtained with the same
robot, ultimately suggesting the importance of the other components of the adopted
workflow.

Some papers reporting the comparison between different registration tools can
be of particular interest for all the neurosurgeon who are setting their workflow [70,
75, 117]
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Future Perspectives

Automated trajectory planning is one of the most promising directions for present
and future development in the field. It is important to stress that the output of auto-
mated planning algorithms must be considered only as a proposal: the responsibility
of the planning is still in charge of the neurosurgeon! The difference is that she/he
starts the planning not from zero but from some pre-planned trajectories, evaluating
on her/his own risks and benefits.

Since SEEG implies the implantation of a large number of electrodes, auto-
mated procedures can be indicated to reduce the planning time optimizing the
number of probes according to the general strategy of investigation and reducing
both the risk of intracranial bleeding and electrode deviation from the planned tra-
jectory. The computation of a cumulative risk score based on vessel distance all
along the trajectory is a common approach to minimize the chance of hemorrhagic
complications, and the angle at the bone surface is often optimized to reduce the risk
of drill skiving and the consequent electrode misplacement [129]. The segmentation
of brain vasculature is particularly important for optimal risk assessment, of course
[43, 130-133]. Automatic lesion detection can also be included in the algorithm of
automated planning [134]. Different strategies have been proposed to generate the
best set of electrodes covering the needed epileptological strategy [135-137]. A
data-based solution able to exploit the knowledge extracted by past cases has been
proposed [138]. The use of artificial intelligence algorithms has been also advo-
cated [139]. Automated planning of SEEG trajectories has given optimal results,
comparable (if not better) to human manual planning [132, 136, 140-143].

Automated planning has been proposed also for DBS [144-148] and, very
recently, for biopsies [149]. A novel approach for automated steerable path planning
is of particular interest: it has been proposed for DBS but could be adopted also in
other fields for both targeting optimization and risk reduction [150].

For a comprehensive overview of the literature concerning the automated plan-
ning of percutaneous trajectories, including neurosurgical procedures, see two
recent systematic reviews [151, 152].

Conclusion

Robotic assistance for minimally invasive intracranial surgeries is the natural evolu-
tion of non-robotized framed systems, as perfectly foreseen by Benabid and cowork-
ers 30 years ago [153]. The advent of powerful computers and 3D imaging led
neurosurgical robotics from a pioneering era to daily routine at many centers world-
wide. However, it must be well understood that accurate machines are not enough.
A lack of proper strategy or insufficient application accuracy may lead to unsatis-
factory diagnostic yield, unsuccessful treatment, or severe complications. When a
new robot-based neurosurgery program is going to be started, the whole workflow
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must be carefully designed, understanding that the robotic assistant is crucial, but
also that it is only a ring of a long chain.
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Chapter 5
Robotics in Functional Neurosurgery

Ryan J. Austerman, Sibi Rajendran, and Amir H. Faraji

Background of Robotic Surgery

Functional neurosurgery has long led the forefront in the use of robotics due to the
need for accurate stereotaxy. Deep brain stimulation, epilepsy surgery, and neuro
modulatory procedures are among the classic indications. Given the need for
extreme precision with target accuracy on the submillimeter scale, the use of robotic
technology to minimize human error has become increasingly necessary to advance
the field [1]. Ultimately, the goals of using robotics within functional neurosurgery
are to improve accuracy and precision to deliver reliable and consistent results by
removing random error. While historically these robotic procedures may have been
cost-prohibitory, an increasing number of companies designing and implementing
successful robotic technology are serving to drive costs down and increased avail-
ability. Ideally, this technology could even be implemented in lower or average vol-
ume functional neurosurgical centers with minimal expertise or advanced training
needed [1].

Stereotactic robots are among the most widely utilized within functional neuro-
surgery. Among the earliest work includes a study by Kwoh et al. in 1988 where a
stereotactic robot (Unimation Puma 200) was interfaced with a CT scanner to con-
duct brain tumor biopsies under image guidance [2]. The authors highlighted faster
procedure time and improved accuracy when the robot was properly calibrated. The
control group was a manually adjustable frame without robotic guidance. Similar
studies were only in their infancy, given that computed tomography itself only
became available in the 1970s [2].
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The most widely used systems currently in the United States (in no particular
order) include the ROSA robot (Zimmer Biomet, Warsaw, IN), Neuromate robot
(Integrated Surgical Systems, Davis, California), SurgiScope (ISIS Robotics, Saint
Martin d’Heres, France), and the Renaissance system (MAZOR Robotics, Caesarea,
Israel) [3]. This chapter will place particular emphasis on the ROSA robot, given its
widespread availability and adoption within the United States, especially at larger
volume academic medical centers performing functional procedures [3].

Techniques for Performing Robotic Surgery and Robot Types

As the ROSA robot is currently the most widely used robot with stereotactic utility,
this section will focus on surgical technique using this system as specific to deep
brain stimulation with the typical operating room setup shown in Fig. 5.1. The prin-
ciples herein, however, may be more widely applicable and generalizable.

Fig. 5.1 Typical operating setup. The ROSA is positioned in-line with the patient, whose head
is elevated to the maximum height possible for attachment of the Leksell frame to the ROSA. A
clear operative drape is used to facilitate monitoring of the patient during the “awake” portions of
the case. Figure reproduced from Faraji et al. [4]
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Planning and Registration

MRI sequences for surgical planning are typically obtained preoperatively. These
are merged with volumetric intraoperative CT/O-Arm scan using navigation frame
or fiducials for registration. The two primary methods of stereotactic planning are to
either [1] use the computer on the robotic system itself or [2] use a laptop provided
by the company with pre-installed planning software. The ROSA planning software
is based on a specific imaging coordinate system, and in certain cases, a surgeon’s
preferred third-party software can sometimes be converted into a ROSA-compatible
plan. This is rarely necessary for pre-operative planning but becomes relevant when
pre-operative anatomical segmentation or tractography or postoperative analysis is
warranted.

A plan is created, keeping in mind the usual principles of stereotactic planning
with avoidance of vasculature, sulci, and pial and/or ependymal transgressions
when possible. Becoming comfortable ahead of time with controlling ROSA’s plan-
ning software is important as some of the mouse controls and gestures are different
than those of common PACS platforms. Besides viewing trajectories in the three
usual cardinal planes, the ROSA workstation has a useful view of rotating along the
trajectory, giving 360 degrees worth of oblique cuts rotating about the trajectory
from entry to target. It also has a typical “probe’s eye view” which should be care-
fully studied. The trajectory length is then set manually according to the indication
of surgery.

Three of the most common methods of registration include bone fiducials, laser
scanning, and frame pins acting as fiducials. The most common method of register-
ing the ROSA is to use bone fiducials. These are small stainless steel self-tapping
screws with a small cup on the other end that accommodates the tip of a ROSA
pointer attachment used for stereotactic registration. Placement of the bone fiducials
is straight-forward and does not significantly increase operative workflow time.
Anywhere from four to six fiducials are placed in the rough shape of a circle cen-
tered around the vertex of the head. After shaving and prepping the scalp, fiducials
are placed sequentially by [1] making a small stab incision down to skull with a #15
blade, [2] drilling the fiducial into the skull with a hand-held or electric drill, and [3]
placing a suture around the fiducial to tamponade any scalp bleeding. After place-
ment, the patient is taken for a volumetric thin-cut CT scan or an analogous portable
image is obtained (i.e., with the Medtronic O-Arm). The post-bone-fiducial CT is
then merged with the preoperative MRI, and the surgeon can proceed to position the
patient. The registration pointer is attached to the robotic arm. Using the robot’s foot
pedal that unlocks the arm for movement, the tip of the registration probe is care-
fully brought toward the first fiducial. When the tip is a few centimeters from the
fiducial, the robot’s movement setting should be changed to “slow,” and great care
should be taken to remain co-axial with the fiducial to avoid exerting force on it that
could displace it from the skull. Once the tip of the probe is inside the cup of the
fiducial, the location is recorded on ROSA, and the process is repeated for each
fiducial.
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A second method of stereotactic registration, with the benefit of being non-
invasive and requiring no additional intraoperative CT scan, involves utilization of
a laser scanner for surface registration. Although it is still accurate and adequate for
certain applications, in the ultra-high precision demanded of DBS, direct bone or
frame fiducials are preferred for their increased accuracy.

A third registration technique overcomes some of the inconvenience of bone
fiducials while maintaining the same accuracy. Instead of placing fiducials directly
into the skull, the centers of each of the four Leksell frame titanium pins are used as
a radiographically distinct location on CT or O-Arm scan that can be used in the
place of the bone fiducials, as shown in Fig. 5.2. The tip of the registration probe is
placed just inside the frame titanium pin’s hex key recess which functions in the
same manner as the cup of an implanted bone fiducial, as shown in Fig. 5.3.

Fig. 5.2 Setting fiducial points on the frame CT. For each of four registration points, the center
of the titanium pin head is identified on the CT scan, and these locations are set as “marker” refer-
ence points (green circles) in the ROSA software. Figure reproduced from Faraji et al. [4]



5 Robotics in Functional Neurosurgery 97

Fig. 5.3 Registration of a
frame pin. The ROSA
registration tool is shown
positioned in the center of
the titanium pin opening at
the site of the registration
marker. The circle
corresponding to the
registration marker tool has
been enhanced in this
figure for readability.
Figure reproduced from
Faraji et al. [4]

A four-point frame (Leksell Stereotactic G-Frame) is placed with the usual tech-
nique, but with titanium pins if using them for registration as described above to
minimize the scatter artifact on CT scan used for registration. If using bone fidu-
cials, the frame is placed after fiducials have been secured and the registration scan
has been completed. After placement of the Leksell frame, or other head fixation
device, the patient is placed supine on the operating table in a beach chair position,
and the head is secured to the table with the appropriate frame attachment. The neck
is typically slightly extended in awake surgery to facilitate airway management. The
ROSA is brought toward the patient’s head and attached. If using the laser surface
registration or Leksell pins as fiducials method, registration can be done at this point
[4]. Similarly, the ROSA arm can now be brought to position to visualize entry
points and trajectories. Once the position of the patient is satisfactory, two key
safety steps must be performed: [1] the robot wheels should be in the locked posi-
tion and [2] the bed control must be removed or disabled such that it cannot be
adjusted while the robot is attached. Bed manipulation with robot attached could
have disastrous consequences for both the patient and the robot [4].

Operation

The surgeon can maneuver the arm to the planned entry point and trajectory for a
clear visualization of where the incision(s) should be marked. Incision details are
not usually impacted by use of the robot and are up to surgeon preference. After
prepping the patient and draping, the incision(s) can be opened in the usual fashion.
The ROSA arm remains in the “home” position near the base of the unit as the pro-
cedure begins. After the incisions have been opened, the arm is brought into the
operative field. Of note, personnel must be available during the operation to control
the robot settings such as changing trajectories and movement modes. This is often
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a company representative or equivalent. This may also be done by the surgeon with
a sterile drape placed over the robot’s touch screen.

The robotic arm can be brought towards the skull to be parallel with the planned
trajectory. Depending on surgeon preference and the need for microelectrode
recordings (MER) during deep brain stimulation, a burr hole can be placed either
with an electric hand drill with a 2.4 mm bit placed directly through the robot’s
instrument adaptor (i.e., same as SEEG placement), or the entry point can be
marked so that it can be opened with a traditional 14 mm perforator in order to
accommodate multiple leads for MER. If performing awake surgery, dural opening
is avoided until the patient is adequately cooperative with baseline clinical testing
done and hemodynamically stability. As with other non-robotic methods of elec-
trode placement, unnecessary CSF egress should be avoided. If no MER is being
performed, the dura and pia mater can be opened by placing a biopsy needle or
sharp obturator. If MER is being performed, standard cruciate opening of dura and
corticectomy is performed. It is important to move the robotic arm out of the way
so the surgeon can fully visualize the burr hole and its contents to ensure adequate
hemostasis.

Electrode(s) can be placed in usual fashion, with or without MER and/or awake
clinical testing being conducted. The final implant placed and secured to the skull
with the surgeon’s preference of fixation device. One advantage of the robotic work-
flow is the ability to immediately command the arm to the contralateral side of the
head without the need for adjusting any settings, allowing for a smoother workflow
and minimizing the opportunity for measurement errors to occur, as shown in
Fig. 5.4. The remainder of the procedures involves electrode tunneling and wound
closure. Bone fiducials, where applicable, are removed and closed with dissolv-
able suture.

Fig. 5.4 Patient positioning for MER and ECoG. (a) ROSA arm in target position, supporting
the microdrive and three microelectrodes, with the implantation of two strip electrodes evidenced
by their wires protruding from the burr hole (red arrowhead) seen below the ROSA arm. (b)
Attachment to the ROSA does not preclude the patient from participating comfortably in behav-
ioral research tasks during intracranial recording. Figure reproduced from Faraji et al. [4]
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Complication Profile of Robotic Surgery
and Literature Review

The overall complication rate of DBS placement with traditional non-robotic tech-
niques is already quite low, and likely not impacted by whether electrodes are placed
with a frame or robotic arm. Postop complication rates in a large series of DBS were
as follows: asymptomatic intracerebral hemorrhage: 0.5%; asymptomatic intraven-
tricular hemorrhage: 3.4%; symptomatic intracerebral hemorrhage: 1.1%; ischemic
infarction: 0.4%; and short-term hemiparesis and/or decreased level of conscious-
ness: 1.7% [5]. A systematic review of long-term hardware complications associ-
ated with DBS reported rates of infection: 5.1%; lead migration: 1.6%; lead fracture:
1.5%; TPG malfunction: 1.1% [6]. One area of benefit with robot placement might
be accuracy, which may allow for fewer electrode passes and smoother work-
flow [5].

The ROSA robot has been studied and published on more extensively in its role
in SEEG placement. The literature on its use in DBS is small but growing. Neudorfer
et al. compared robot-assisted DBS (ROSA) to traditional frame-based DBS in a
series of 80 consecutive patients on the basis of “accuracy, precision, reliability,
duration of surgery, [effect on] intraoperative imaging quality, safety and mainte-
nance [7].” They observed superior performance of ROSA compared to their exist-
ing frame-based workflow. However, it should be cautioned that their existing
workflow centered around a Riechert—-Mundinger (RM) stereotactic apparatus, and
the frame they used with ROSA was a Leksell G-frame, which could confound
results [7].

The focus of their study was the robot’s impact on accuracy, precision, and reli-
ability. Accuracy, defined by lateral deviations from their initial stereotactic target,
was 1.11 £ 0.56 mm with the RM system vs 0.76 + 0.37 mm with ROSA, p < 0.001.
Reliability was measured by comparing the frequency of electrodes being off target
by more than 2 mm, which did not occur in their ROSA cohort. They also obtained
better registration images with CT because metal artifact caused by the RM appara-
tus was not present when using the ROSA with a Leksell frame. The authors con-
cluded that the observed accuracy, precision, and reliability translated into faster,
simpler, and safer procedures.

They also looked at another important factor—duration of surgery—and the
impact of robotic-assistance on operative time. Duration of surgery, defined as time
from patient in room until final closure (thus accounting for robot setup, planning,
etc.) was significantly shorter with ROSA versus the RM apparatus: 325.1 = 81.6 min
versus 394.8 + 66.6 min, respectively, p < 0.001. This equates to more than an hour
saved between groups. However, if using the RM apparatus was already a time-
consuming workflow, these results might not be as surprising. Furthermore, varia-
tion in operative time metrics may be difficult to interpret given differences in staff
and infrastructure between different institutions. They attributed the most important
sources of saved time to the robot’s reliability and accuracy that result in a reduction
in lead stimulation testing/recording and need for re-positioning. Furthermore, it is
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not surprising that changing to a new system of DBS placement—robotic or not—is
less efficient, at least initially. Thus, the overall operative time relies less on the
technology being used for DBS placement, and more on how consistent and stan-
dardized the surgery can be.

Another important point the paper raises is the ease of maintenance on the surgi-
cal components other than the robot itself. The size and amount of hardware and
instruments that need to be sterilized between cases are less than typical frame-
based systems. The Leksell arc is a key determinant of DBS accuracy, yet it must be
cleaned and autoclaved after every use. In comparison, all of the targeting with
ROSA takes place on the robot which is not sterilized between uses. The only
robotic components that must be sterilized between cases are simple instrument
holders. This obviates the need for multiple large and expensive frames that must be
kept on standby for each case in the event that a replacement is needed for any num-
ber of reasons.

Notably, but not surprisingly, the authors found a significant reduction in opera-
tive time in the first half of their patient series compared to the second half.
Improvements in workflow efficiency and outcome are a common finding in several
papers on the subject, which will be described below.

In a similar paper also comparing ROSA to an institutions existing workflow,
Paff et al. compared the performance of ROSA to that of a CRW frame workflow
[8]. However, the authors focused more on clinical outcomes than intraoperative
performance. Patients implanted via ROSA or CRW frame had equivalent levodopa
equivalent daily doses (LEDD) and mean motor scores when measured at 6, 12, and
24 months postoperatively [8].

The authors reported an increased complication rate in the ROSA group versus
the CRW group. However, the significance of this is unclear for a few reasons. First,
their overall complication rate is higher than expected both in the CRW and ROSA
patient groups. Their sample consisted of 33 CRW patients and 27 ROSA patients,
and the difference between complication rate did not achieve statistical significance.
They reported 11% wound and hardware infectious complications with ROSA ver-
sus 6% in the CRW group. Similarly, their rates of observed cognitive, psychiatric,
and motor side effects were higher than average in both groups. It is also important
to reiterate that this is a small sample size consisting of retrospective and nonran-
domized data.

In contrast to Neudorfer et al’s improvement in operative time with the robot,
these authors instead experienced an increase in time (447.9 + 48.4 min with ROSA
vs 375.6 + 69.2 min with CRW frame, p = 0.00275). However, this group was com-
paring ROSA to a simpler frame-based system (CRW) than the RM system used by
Neudorfer et al. Nonetheless, the contrasting findings highlight the fact that use of
surgical robots in general may have an upfront time investment in setting them up
that is sometimes later paid off by improved efficiency and accuracy. If patients
experience better results, an increase in operative time may be justified.

Because no retrospective data on their frame-based accuracy was available, this
was only analyzed for the robotic group. They compared the accuracy of left and
right-sided leads via 3-dimensional vector error and found 1.36 + 0.83 mm and
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1.81+0.78 mm, respectively, not statistically significant. It is important to note that
accuracies are measured differently between publications, with some only evaluat-
ing error in 2-dimensions via lateral or radial deviations, and others (such as this
one) evaluating error with the third dimension of electrode depth. Error in electrode
depth is generally not caused by issues with the robot, and instead results from
errors in measurement or surgical technique. Also, when MER is performed, the
final electrode depth is perhaps variable compared to the initial target. Three-
dimensional errors will therefore be higher than those calculated for only two
dimensions.

Faraji et al. published their experience using ROSA on a series of patients under-
going DBS lead placement in the ventrointermediate nucleus (Vim), subthalamic
nucleus (STN), or globus pallidus interna (GPi)*. They measured the radial error
(two dimensional, as described above) of implanted leads and found it to be similar
to that of typical frame-based implantation techniques. However, they observed an
improvement in accuracy when comparing the second half of their patient series to
the first half. This highlights the importance of the learning curve that exists for all
new devices (Overall error 1.14 £ 0.11 mm, error in first ten patients 1.46 =0.19 mm,
error in the second ten patients 0.86 + 0.09 mm, p = 0.006) [4]. Similarly, Liu et al.
performed a rigorous analysis for electrode placement accuracy with ROSA, with-
out comparing to another workflow. In this large series of 119 patients undergoing
implantation of 192 leads, all were placed with submillimeter accuracy using ROSA
[9]. This group used the traditional bone fiducial technique for registration, and used
MER similar to Faraji et al. This study focused on the accuracy of ROSA (and dif-
ferent imaging modalities to assess lead placement) and did not include data on
patient outcomes or complications [9].

Due to the established accuracy of ROSA—often better than many previous
institutional workflows—some have questioned whether MER or awake surgery is
even necessary for DBS placement. Is the robot’s accuracy a substitute for the data
provided by awake testing or MER, especially in an era of advancements in ana-
tomic segmentation and DBS target imaging? This is an even more pertinent ques-
tion with the advent of directional and segmented DBS leads for electric field
contouring.

Jin et al. compared their ROSA DBS implantation patients on the basis of asleep
versus awake lead placement [10]. In their large retrospective cohort of 153 DBS
patients implanted with a total of 306 electrodes, they compared operative time,
complications, outcome assessments, and programming settings. All patients were
registered with bone fiducials and implanted with assistance of MER. The only
significant difference between the two groups was that operative time, measured
from skin incision to closure, was expectedly longer in the awake group versus
those under general anesthesia. Surgery took 1.09 + 0.46 h in the general anesthesia
group and 1.54 +0.57 h in the awake group, p < 0.0001. There was a slight decrease
in the length of the MER portion of the case in the asleep versus awake group
(12.03 £ 1.77 min vs 12.89 + 2.73 min, p = 0.0338), but this was not clinically sig-
nificant. When comparing several DBS programming settings between different
implantation groups, there was one significant finding of “amplitude stimulation for
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neuromodulation” being less in the general anesthesia versus local anesthesia
groups (2.33 £0.62 V general anesthesia, 2.77 +0.70 V local anesthesia, p = 0.0018).
This finding remained significant even after Bonferroni correction of alpha for their
list of pairwise comparisons. There was no significant difference in electrode place-
ment accuracy (0.71 = 0.25 mm in the general anesthesia group and 0.76 + 0.23 mm
in the awake group, p = 0.3031). The reduction in operative time with equivalent
target accuracy and complication rates contributes to the case for asleep DBS in
PD. Given that the primary motivator of awake surgery is the ability to perform
macrostimulation and test for side effects, will refinements in electrode technology
such as directional targeting further reduce the need for it [8]?

A study from Lefranc et al. in 2017 similarly compared DBS patients implanted
via ROSA between asleep and awake surgery to evaluate whether the accuracy of
the robot was equivalent to awake surgery with clinical testing [11]. They looked
at a total of 23 patients who underwent bilateral STN DBS for PD. They found no
significant differences in required stimulation voltages or other device parameters.
Both groups had similar improvement in their PD symptoms in the short term as
well as 1 year after surgery. Operative time was significantly lower in the GA
group than the awake group, (375 versus 442 min, p = 0.00032), partially due to
time saved by not clinically testing. Both groups had similar complication rates.
They looked at a total of 23 patients who underwent bilateral STN DBS for
PD. They found no significant differences in required stimulation voltages or other
device parameters. Both groups had similar improvement in their PD symptoms in
the short term as well as 1 year after surgery. Operative time was significantly
lower in the GA group than the awake group, (375 versus 442, p = 0.00032), par-
tially due to time saved by not clinically testing. Both groups had similar complica-
tion rates [11].

While the majority of robotic DBS placement workflows and publications focus
on the ROSA, a few other systems have been used and described. The Mazor
Renaissance was initially developed for spinal applications and cleared by the FDA
for intracranial surgery in 2012 [12]. Ho et al. described their experience with this
system that consists of a small skull-mounted tower and instrument holder to guide
electrode entry and targeting [13]. They compared their outcomes using the Mazor
Renaissance to their prior workflow using the Medtronic Nexframe system and had
positive results. They observed a significantly shorter operative time when using the
Mazor robot over the Nexframe system (281 versus 325 min, p = 0.013). Like so
many other papers, there is a trend of decreasing operative time with experience,
especially when comparing the first and second halves of their cohort: 302.6 versus
256.5 min, p = 0.0398). With the Mazor robot, they required fewer electrode passes
than with the Nexframe (1.05 versus 1.45, p = 0.0007). Both groups had similar
complication rates.

Another robotic system for DBS placement is the Renshaw Neuromate, which
has also been used in stereotactic neurosurgical procedures. One of the early papers
describing robot-assisted DBS implantation was with a Neuromate, published in
2004 by Varma et al., in a series of DBS for PD, tremor, and cervical dystonia [14].
The robot at the time was registered with a complex ultrasonic system and
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microphone array to localize the arm in three-dimensional space. Even with tech-
nology dating back to 2003 and early methods of stereotactic registration, they still
achieved a mean error of 1.7 mm.

Other publications have described various institutions’ experiences with updated
versions of the Renshaw Neuromate. Candela et al. described their experience with
the device in a prospective cohort of children undergoing DBS placement for move-
ment disorders after developing a center for this specific patient population [15].
Their implanted electrode error was 1.24 mm. The only significant complication in
their series of six patients was that their first implanted electrode was displaced
medially by 4 mm, which impaired the ability to stimulate with some of the con-
tacts [15].

Another publication on the Neuromate by von Langsdorff, Paqun, and Fontaine
assessed its accuracy in a series of 17 consecutive patient implanted with a total of
30 electrodes and found mean accuracy of 0.86 + 0.32 mm [16]. They did not ana-
lyze other variables such as operative time or complications.

Pointers for Complication Avoidance or
Workflow Improvement

As several of the papers discussed above have demonstrated, experience with the
robot system is critical. Increased comfort with it results in significant improve-
ments in both operative time and accuracy.

Mastery of the bone or frame fiducial registration process is essential. Specifically,
understanding the behavior of the arm when bringing the registration tip into the
cup of the fiducial. There is a slight tendency for it to slowly “bob” up and down by
a millimeter every half second or so. Timing when you remove your foot from the
pedal just as the “down bob” of the motion occurs results in the best possible accu-
racy. Finesse with this step of the operation can lead to near-zero RMS errors and
better accuracy. The RMS is also limited by the resolution of the registration imag-
ing—therefore a fine-cut CT scan is preferred if accuracy is desired.

Maintain as much of your prior workflow when transitioning to using ROSA to
temper the learning curve as much as possible. For example, Faraji et al. use the
standard Leksell distance to center of 190 mm when using ROSA. By always keep-
ing the electrode driver starting distance—10 mm regardless of whether MER is
used, with reduction in the z-axis error is reduced. A standardized workflow limits
the opportunity for the introduction of error.

Do not forget to unplug the operative bed and make everyone in the operating
room aware that it cannot be adjusted after attaching ROSA. This is a critical
safety point.

If using ROSA with an attached Alpha Omega microdrive, note that the arm is
imbalanced due to the added weight. Thus, confirm that the arm is not unlocked
when electrode guide tubes are in the brain.
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Follow stereotactic best practices such as always confirming proper length mea-
surements. Do not assume the robot has any “intelligence” regarding this step (or
any step at all for the matter).

Working with the same set of operating room and ancillary staff is vital, as the
learning curve on equipment assembly the order by which steps are executed
is steep.

Check patient comfort regarding their neck position multiple times, as it cannot
be changed after registration of ROSA.
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Chapter 6
Robotics in Epilepsy Surgery

Hussam Abou-Al-Shaar, Arka N. Mallela, Danielle Corson, James Sweat,
and Jorge Alvaro Gonzalez Martinez

Introduction

The practice of epilepsy surgery has significantly changed in the last decade
although fundamentals and core concepts have remained largely unchanged. With
recent radiological and computational innovations, modern techniques, including
the use of robotic devices, are increasingly utilized in many surgical fields. In this
sense, epilepsy surgery is not an exception [1-17]. At present, assistant robotic
devices have been mainly applied for stereotactic localization and placement of
recording electrodes or different types of probes that require precise placement, as
in stereoelectroencephalography (SEEG), deep brain stimulation (DBS), responsive
nerve stimulators (RNS), and laser interstitial thermal therapy (LITT) procedures.
The application of robotic devices has reshaped the practice of epilepsy surgery,
bringing relevant advantages in relation to the more standard stereotactic frame-
based methods. Namely, robots have the potential to increase the accuracy and the
capability of performing numerous insertion trajectories without the need for time-
consuming coordinate adjustments. These technical aspects can potentially translate
to relevant clinical advantages, creating reproducible surgical results and a more
acceptable margin of error in the implantations, reducing peri-operative complica-
tions and overall operative time [2, 5, 9, 17].
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Fig. 6.1 Artist
representation of Robotic
SEEG demonstrating the
robotic device incorporated
into the epilepsy surgery
armamentarium

One of the most widespread applications of robotics in epilepsy surgery is the
stereotactic placement of depth electrodes through the SEEG method (Fig. 6.1)
[18]. Briefly, the SEEG is a presurgical invasive monitoring method that allows
precise intracortical recordings in multiple non-contiguous lobes, within the three-
dimension stereotaxic space, following a highly formulated hypotheses of implanta-
tion that seeks to understand the spatiotemporal organization of the epileptiform
activity. In many centers, mostly outside Europe, the method represents a shift in the
diagnostic and treatment paradigms as compared to the practice of invasive moni-
toring through the subdural implantation technique. Among other advantages, the
avoidance of large craniotomies and their related complications are clear benefits of
SEEG procedures [5, 11, 17, 19-31].

The SEEG stereotaxic method and related stereotactic technique were originally
developed and described by Jean Talairach and Jean Bancaud. In the initial implan-
tations by Tailarach and Bancaud, and still utilized in some surgical centers, stereo-
tactic frames and the double grid system, in association with teleangiography, were
used as the main instruments for precisely implanting the depth electrodes [32-37].
Despite its long-reported clinical successful application, we could speculate that the
technical complexity regarding the placement of SEEG depth electrodes using con-
ventional stereotactic frames might have contributed to the limited and late wide-
spread clinical application in centers outside France and Italy. The multiple steps
procedures, the need for multiple coordinate adjustments and verifications, and the
complexity of imaging fusion are examples of how technical challenges associated
with the placement of depth electrodes might have delayed the more general appli-
cation of this method. The availability of modern robotic devices, with multiples
advantages related to versatility, practicality, and precision, was an important driv-
ing force in the utilization of the SEEG method in centers outside Europe. Over the
past decade, there has been an exponential increase in robotic SEEG procedures in
the United States and this may be related, among other factors, to the availability of
robotic devices [18].
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Robotic SEEG

SEEG Planning

It is important to note that the basic stereotaxic principles related to conventional
(non-robotic) and robotic implantations are similar. The development of the SEEG
robotic implantation plan demands a clear formulation of the specific anatomo-
electro-functional hypotheses to be tested [38—42]. Similar to conventional SEEG,
the hypotheses are typically generated during multidisciplinary patient management
conferences (PMCs) based on the results of various non-invasive evaluations that
include semiology, scalp EEG, imaging, neuropsychology, and other types of non-
invasive information. In general sense, SEEG depth electrode placements are
designed to sample the anatomic lesion (if identified), potential structure(s) related
to the ictal onset, and possible pathway(s) of early and late propagation of epilepti-
form activity. The entry, intermediate points of interest, and targets are reached
using commercially available depth electrodes in various lengths and variable num-
ber of contacts, depending on the specific brain region of interest to be explored.
Depth electrodes are inserted using orthogonal/semiorthogonal or oblique/semi-
oblique orientations, allowing intracranial recording from lateral, intermediate, and/
or deep cortical and subcortical structures in a three-dimensional (3D) arrangement,
thus accounting for the dynamic, spatiotemporal organization of the epileptic dis-
charges (Fig. 6.2). It is fundamentally important to separate the SEEG method (a
stereotaxic method of seizure localization) from techniques related to the implanta-
tion of depth electrodes (a stereotactic technique: frame-based, frameless-based,
robotic or conventional).

The protocol and procedures related to SEEG robotic implantation will vary
from center to center, but the fundamental principles of explorations and interpreta-
tion of SEEG recordings should remain similar, regardless of the applied technique.
Specifically, at our center, the discussions related to the hypotheses of implantation
and the potential location of electrodes are carried out during multidisciplinary
patient management conferences, which take place days or weeks before the implan-
tation. The conclusions of the discussions are documented in the patient’s medical
record, including the hypotheses of implantation and the possible location of elec-
trodes. The electrodes are then represented in the Talairach stereotactic space as a
common stereotactic coordinate system, allowing the precise translation of the orig-
inal implantation map to the robot stereotactic software (Fig. 6.2). Volumetric pre-
operative magnetic resonance images (T1, contrasted with Gadolinium contrast,
e.g., Multihance®—0.1 mmol/kg) are obtained the day before surgery, DICOM for-
mat images are digitally transferred to robot’s native planning software, and 3D
volumetric reconstructions are generated (axial, coronal, and sagittal) and reformat-
ted based on the topographic location of the anterior commissure (AC)-posterior
commissure (PC) line. Trajectories are created to maximize sampling from
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Fig. 6.2 SEEG planning and anatomical representation in Robotic SEEG. (a) and (b) illustrate the
SEEG planning before the implantation. In this patient, we demonstrate the plan for bilateral
SEEG implantation in temporal-occipital regions. The green area in the (b) panel represents a pos-
sible lesion observed on preoperative MRI. (c¢) illustrates the intraoperative aspect of robotic SEEG
implantation. (d) depicts the three-dimensional representation of electrodes (blue) in the superior
temporal gyrus on the left hemisphere. The green circles represent the areas where ictal recordings
demonstrated the onset on the epileptiform activity

superficial and deep cortical and subcortical areas within the pre-selected zones of
interest. The trajectories are oriented orthogonally (or semi-orthogonally) in the
majority of cases to facilitate the anatomo-electrophysiological correlation during
the extra-operative recording phase and to avoid possible trajectory shifts due to
excessive angled entry points. All trajectories are evaluated for safety and target
accuracy in their individual reconstructed planes (axial, sagittal, and coronal), and
any trajectory that appears to compromise vascular structures is adjusted appropri-
ately without affecting sampling from the areas of interest (Fig. 6.3). A set working
distance of 200 mm from the drilling platform to the target is initially utilized for
each trajectory as starting point, later adjusted in order to maximally reduce the
working distance and consequently increase the implantation accuracy. The overall
implantation schemas are analyzed using the 3D cranial reconstruction capabilities,
and external trajectory positions are examined for any entry sites that would be
prohibitively close (less than 1.5 cm distance) at the skin level.
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Fig. 6.3 Aspect of robotic SEEG planning using the robotic device native software. The picture
illustrates that the entry point is in the preoperative contrasted MRI. Note the absence of vascular
structures at the entry point location

The Surgical Implantation

The following description is related to the implantation technique applied to ROSA
robotic system (Zimmer Biomet). Initially, patients undergo general anesthesia. For
each patient, the head is placed into a three-point fixation head holder. The robot is
then positioned such that the working distance (distance between the base of the
robotic arm and the midpoint of the cranium) is fixed and approximately 70 cm. The
robot is locked into position, and the head holder device is secured to the robot. No
additional position adjustments are made to the operating table or to the robot dur-
ing the implantation procedure. The operating table bed control is disconnected to
prevent inadvertent movements of the patient. After positioning and securing the
patient to the robot, image registration takes place. For SEEG procedures, we apply
semi-automatic laser based facial recognition or fiducial-based registration
(Fig. 6.4). Accuracy of the registration process is then confirmed by correlating
additional independently chosen surface landmarks with the registered MRI. If cal-
culated error is higher than 2 mm, the registration process is repeated, until an opti-
mal registration accuracy is reached.

After prepping, draping, and trajectory confirmation, the arm movement is initi-
ated using a foot pedal. A 2 mm diameter handheld drill is introduced through the
platform and used to create a small opening in the skin and then skull, enough to
support the guiding bolt. The dura is opened with an insulated dura perforator and
monopolar cautery at low settings. Guiding bolts are screwed into the skull firmly,
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Fig. 6.4 Robotic laser
registration in SEEG
procedure

and the distance from drilling platform to the retaining bolt is measured. This pro-
cess is repeated for each trajectory. A small stylet (2 mm in diameter) is then set to
the previously recorded electrode distance. The stylet is passed gently into the
parenchyma, guided by the implantation bolt, followed immediately by the inser-
tion of the pre-measured electrode.

After implantation of all electrodes, the patient is removed from the fixation
device. Fluoroscopy is then utilized in the AP plane to confirm the general accuracy
of implanted electrode trajectories. A postimplantation volumetric computed
tomography (CT) scan of the brain without contrast, with I mm cuts, is obtained for
each patient. Following SEEG implantation, patients are subjected to clinical moni-
toring and electrographic recording of all seizure events at the epilepsy monitoring
unit [43].

Results of SEEG Robotic Implantations

In a recent report, the authors analyzed a large series of patients with medically
refractory focal epilepsy who underwent robotic stereotactic placement of depth
electrodes for extraoperative brain monitoring using the SEEG technique [43]. The
analyzed data included demographic and seizure semiology, number and location of
implanted SEEG electrodes, time of planning, time of procedure, location of the
epileptogenic zone, type of surgical resection, application accuracy, and procedure-
related complications. Postoperative seizure outcome was measured using the Engel
classification [44]. In total, one hundred patients with refractory focal epilepsy
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underwent 101 robotic-assisted SEEG procedures. All procedures were completed
without cancellations due to hardware or software malfunctioning. The time for
planning was 30 min in average (ranging from 15 to 60 min). The average operative
time was 130 min (range from 45 to 160 min). Analyses of the robot-assisted SEEG
recordings resulted in hypothetical localization of the epileptogenic zone in 97
patients (97%). Sixty-eight patients underwent surgical resection guided by robot-
assisted SEEG evaluations, corresponding to 70.1% of the patients with localizable
seizures.

In vivo application accuracy, tested in 500 consecutive trajectories, demonstrated
the mean entry point error of 1.38 mm (+0.8 mm) and the mean target point error of
2.31 mm (+0.9 mm). Despite the tendency of higher target point errors when com-
pared to entry point errors, statistical analyses failed to demonstrate a statistically
significant difference. Regarding the occurrence of adverse events, the authors
reported a total of 4 patients (4%) with surgical complications related to intracranial
bleeding (2 subdural hematomas and 2 intraparenchymal hematomas). All events of
intracranial bleeding were related to the entry point of frontal and parietal located
electrodes. Of the 4 patients with intracranial hematomas, 3 patients were asymp-
tomatic with small volume bleeds (<2 cm?) located in non-eloquent cortical areas.
These were considered minor complications, and no surgical intervention or changes
in the standard treatment course or hospital stay were necessary. The major compli-
cation rate of the reported series was 1%. Given the total number of implanted
electrodes (n = 1245), the risk of major hemorrhagic complication per electrodes
was 0.08%. Regarding seizure outcome reported in the series, the mean follow-up
after robotic SEEG-guided resection was 18 months (ranging from 6 to 30 months).
From the group of patients who underwent resective surgery (68 patients), 45
(66.2%) had class I seizure-free outcome postoperatively at last follow-up and 11
(16.2%) had rare disabling seizures after surgery (Class II). Seven patients (10.3%)
had worthwhile improvement in seizures (Class III), and 5 patients (7.3%) had no
worthwhile improvement in seizures (Class IV). The authors concluded that the
results using the reported robotic method parallel previous reports regarding the
utility and safety of the traditional SEEG method in the treatment of patients with
medically refractory and difficult to localize seizures. This demonstrates that the
robotic SEEG method is a reliable, safe, simplified, and time-efficient alternative to
the more conventional methods of SEEG implantation. Various studies have also
reported similar results and conclusions demonstrating that robotic-assisted stereo-
tactic procedures are safe, accurate, efficient, and comparable to frame-based
devices [11, 14, 25, 32, 43, 45].

Reports describing and analyzing comparisons between robotic versus conven-
tional depth electrodes implantations are sparse and a controversial topic. Authors
advocating robotic implantation have described its possible superiority to frameless
non-robotic systems, but a “head-to-head” comparison is still missing. Eljamel and
colleagues [46] have used a robotic device to insert depth electrodes for intraopera-
tive epileptic focus, achieving an average registration accuracy of 1.4 mm compared
to 2.6 mm with an image-guided surgery system. Among several factors, the rigid



112 H. Abou-Al-Shaar et al.

and stable platform for skull drilling provided by robotic devices may have contrib-
uted to the difference in accuracy between these two techniques.

Beyond the SEEG method and technique, there are multiple reports of robotics
applications in other areas of epilepsy and functional neurosurgery. In particular,
there has been novel and innovative use of these technologies in ablative procedures
such as MR-guided laser interstitial thermal therapy (MRgLITT or LITT) or radio-
frequency ablations, in neuromodulation procedures such as responsive neurostim-
ulation (RNS), and in deep brain stimulation (DBS). We detail the further robotic
application in the field of epilepsy surgery in the subsequent sections.

Robotic Ablative Procedures

Stereotactic ablative procedures require the accurate placement of an ablative probe
(for laser or radiofrequency procedures) into a specific target previously defined in
stereotactic space, often determined by prior SEEG exploration or by MRI visible
lesions that are thought to be the epileptogenic zone. As such, robots have two
immediate roles: first, for the accurate stereotactic placement of the ablative device,
and second, the steerable control of the inserted ablative probe. Previous authors
have successfully demonstrated the ablation of epileptogenic periventricular nodu-
lar heterotopias in patients with medically resistant epilepsy [47]. After appropriate
preoperative imaging, the authors utilized the ROSA® system to accurately guide
the placement of the laser catheter (Visualase, Medtronic, Dublin, Ireland) in con-
junction with intraoperative MRI. In this report, there were no complications fol-
lowing the ablation. In a similar method, other authors utilized the ROSA® system
to guide the placement of a radiofrequency ablation catheter in 5 patients (ages
6 months to 13 years) with hypothalamic hamartomas and consequent gelastic sei-
zures [48]. Four of five patients had grade I seizure outcome, and there were no
permanent complications.

Robotic Placement of Responsive Neurostimulation Electrodes

Responsive neurostimulation (RNS) (NeuroPace Inc., Mountain View, CA) is an
alternative to ablative therapies for medically refractory focal epilepsy. RNS can
detect epileptiform patterns and delivers electrical stimulation along two stereotac-
tically implanted electrodes to terminate seizures. As with other epilepsy implanta-
tion procedures, accurate placement of the electrodes is paramount. As such, robotic
stereotaxy is a powerful surgical adjunct for RNS implantation (Fig. 6.5). McGovern
and colleagues [9] demonstrated robotic implantation of RNS electrodes in 12
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Fig. 6.5 Robotic implantation of response neuro stimulation device. (a) Head position using
Mayfield head holder. (b) Robotic registration using scalp fiducials. Panels (¢) and (d) showing AP
and lateral postimplantation RNS device X-rays using the robotic technique

patients, with an overall seizure reduction rate of approximately 40% at 2 years.
Notably, 10 of the 12 patients had implantation in temporal lobe structures, with the
other two in orbitofrontal cortex and premotor cortex. Similarly, Chan et al. demon-
strated successful robotic implantation of RNS in eight patients with mesial tempo-
ral lobe epilepsy. Four patients had one-year follow-up, of which one had a grade I
outcome and 2 had grade II outcomes. Finally, Tran and colleagues have recently
reported ROSA-based RNS implantation in 16 patients. At 1-year follow-up of 8
patients, there was an average of 90% seizure reduction [49]. There is demonstrably
increasing usage of robotic stereotaxy in RNS, but further studies will be required
to understand the benefits in terms of electrode accuracy, operative efficiency, and
seizure freedom.



114 H. Abou-Al-Shaar et al.
Conclusions

Stereotactic robots can precisely guide the placement of electrodes and laser probes
in 3D space and accurately perform multiple stereotactic trajectories using a frame-
less setup with adequate precision and in a short period of time. These capabilities
avoid the need for multiple, time-consuming frame coordinate adjustments, making
the procedures less susceptible for human errors and consequently complications.
These advantages suggest that surgical robots are an ideal platform for the place-
ment of SEEG electrodes. Other reports related to DBS, RNS, and LITT procedures
using robotic capabilities have been described, highlighting the feasibility and simi-
lar advantages in comparison with the SEEG robotic [9, 50, 51].

Concerning safety, the SEEG robotic technique has been demonstrated to be a
safe technique, with major morbidity rate of 1% compatible with other SEEG series
that applied more conventional stereotactic guidance techniques. Most of the pub-
lished series reported a morbidity rate ranging from O to 5.6% [1, 17, 23, 43]. Spire
and colleagues [52] described their experience with robotic implantation of depth
electrodes in four patients concurrently undergoing craniotomy and placement of
subdural monitoring electrodes for the evaluation of intractable epilepsy with one
complication after subdural grid placement but no complication related to depth
electrode implantation. By obtaining compatible results with our larger series, the
authors also believed that the SEEG system allows the safe and accurate placement
of depth electrodes in an efficient manner while obviating the need of reposition the
patient or removing the stereotactic frame. The main disadvantage of robotic sur-
gery is its initial cost.

Technological developments in imaging guidance, digital imaging methods, and
the more widely use of robotized devices in different medical fields have contrib-
uted to the recent and progressive systematic application of robotic surgery in neu-
rosurgery. This statement is specifically relevant in epilepsy surgery and particularly
relevant for the SEEG method. The intrinsic features of the SEEG method and tech-
nique, with its absolute necessity for high accuracy in multiple trajectories, provide
the ideal clinical scenario for the routine application of robotics. The robotic tech-
nique is demonstrated to be safe, accurate, and efficient in anatomically defining the
epileptogenic zone, proving its feasibility, minimal invasiveness, and reliability,
without compromising efficiency. Although further studies are needed, the initial
promising results are encouraging and possibly predictive of the further widespread
application of this technology in the field of epilepsy surgery as well as in other
neurosurgery subspecialties in the near future.
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Chapter 7
Robotic SEEG-Guided Radiofrequency
Thermal Ablation

Marc Guénot and Massimo Cossu

History and Principles of SEEG-Guided
Radiofrequency Thermocoagulation

Stereoelectroencephalography (SEEG) is required in many patients suffering from
pharmacoresistant focal epilepsy to define the optimal cortical resection. It consists
of stereotactic implantation of depth electrodes in the brain, in order to identify the
exact location(s) of the epileptogenic area(s), as well as the pathways of discharge
propagation. Nowadays, the indirect targeting provided by the use of the Talairach’s
atlas [1, 2] has been mostly replaced, thanks to MRI imaging, by a direct targeting.

The idea to use stereotactically implanted electrodes to perform lesions by means
of radiofrequency waves is not a new idea, and a first paper reporting an effect on
epilepsy was published in 1965 [3]. Initially, treatment of epilepsy was not the main
purpose of this procedure, which aimed at healing unmanageable behavioral disor-
ders by selective amygdalotomy [4]. Several lesioning techniques have been pro-
posed, but the use of radiofrequency heating remains the most popular due to its
intrinsic advantages. From the 70s to the 90s, stereotactic lesioning as a surgical
treatment of focal epilepsy was largely developed. The rate of improvement in terms
of seizure frequency was reported to vary from 50 to 85%. However, this literature
displayed results which are difficult to interpret given the surgical techniques and
outcome assessment used. Notably, presurgical assessment was less rigid,
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verification of site and size of lesion is difficult, and follow-up data are poor. In
1999, Parrent & Blume carried out a single study to assess the safety and efficacy of
stereotactic ablation of the amygdala and hippocampus for the treatment of medial
temporal lobe epilepsy [5]. They concluded that extensive amygdalo-hippocampal
ablation improved seizure outcome compared with more limited ablation, but that
results were not as good as with temporal lobectomies in a comparable patient group.

Due to the rather disappointing results of stereotactic lesioning for epilepsy, this
technique, while popular in the 60s and 70s, was largely abandoned at the end of the
last century.

As all the results previously quoted were obtained following unique focal stereo-
tactic lesions based mainly on non-invasive investigations (which did not allow
accurate delineation of the ictal onset zone), an evolution of this procedure has been
represented since about 15 years now taking benefit of the SEEG technique [6]. This
improves its efficiency by creating lesions not targeted a priori on a selected struc-
ture but aiming at a total or partial destruction of the epileptogenic zone, as tailored
in each individual patient by the SEEG exploration [7]. This technique named
SEEG-guided RF-thermocoagulation (SEEG-guided RF-TC, or thermo-SEEG)
provides a solution to some limits of stereotactic procedures previously described
and offers multiple advantages supported by several lines of evidences:

(a) The per-operative bleeding risk is low as the electrodes are already in place, for
recording purposes (this procedure does not require passage of electrodes
through brain beyond the passages required by diagnostic SEEG electrodes).

(b) Performing lesions on electrodes which are also used for diagnostic recordings
allows a quality of target selection that is not possible to obtain with a stereo-
tactic procedure using a planning based on non-invasive data.

(c) The numerous available targets due to the high number of implanted electrodes
allow proceeding to numerous RF-thermocoagulations with a possibility to cre-
ate confluent lesions using contiguous targets (Fig. 7.1).

(d) Electrical stimulations are systematically performed during the video-SEEG
recording sessions to mimic the possible side effects of a lesion. Consequently,
there is no need for supplementary stimulation during the procedure, a plus for
the patient.

(e) RF-thermocoagulation provides well-circumscribed lesions with impedance
monitoring.

(f) Anesthesia is not required and patient can be monitored by a neurologist during
the procedure.

(g) Performing RF-thermocoagulation has no impact on the feasibility and on the
operative risks of a further conventional surgery, if needed.

(h) These lesions are well tolerated by the patient.
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Fig. 7.1 MRI scan displaying multiple post SEEG-guided RF-TC lesions (arrows) using contigu-
ous targets along the electrodes

Modus Operandi

SEEG-guided RF-TC consists of RF-TC delivered between two contiguous con-
tacts of the same electrode located in every selected target [8]. The production of an
RF thermal lesion is initiated by the propagation of the RF current between the two
contacts, thus creating an electric field. Oscillatory movements of tissue ions within
this electric field result in tissue heating, with thermal necrosis occurring when tem-
peratures increase between 50° and 100 ° C. Cell death is the result of protein coag-
ulation and irreversible damage to key cytosolic and mitochondrial enzymes, and to
nucleic acid-histone protein complexes [9, 10].

Reported coagulation parameters, useful to increase the local temperature to
78°-82 ° C, slightly differ from center to center, mainly depending on the RF gen-
erator employed [11, 12]. However, there is evidence that increasing (progressively
and with a constant linear velocity) the voltage of the delivered current until these
parameters spontaneously collapse (usually in a few seconds) provides larger lesions
than using fixed parameters [13]. On average, the volume of a single RF lesion pro-
duced between two adjacent contacts ranges from 85 to 100 mm? [12, 13]. When
multiple RF-TC are carried out on a same electrode track, this results in confluent
lesions (Fig. 7.2). Recent studies have reported the possibility to apply RF also
between contacts situated on distinct adjacent electrodes (cross-bonding RF-TC),
provided that the distance between the selected contacts is less than 7 mm [14]. In
those instances, placing a dense array of electrodes in the presumed epileptogenic
area or lesion may facilitate the shaping of the coagulation volume according to
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Fig. 7.2 Visual aspect of
multiple RF-TC performed
in egg-white on adjacent
contacts of a SEEG
electrode

specific requirements, as reported in the treatment of hypothalamic hamartomas
[15] and hippocampal sclerosis-related epilepsy [16].

During the RF-TC procedure, patients undergo a real time clinical evaluation by
a neurologist. A control of SEEG activity is performed immediately after
RF-TC. Ablation of the electrodes is performed at the end of the procedure (except
for patients in whom further recording is required to assess the effect of RF-TC on
seizures) and patients are discharged after 24 h of clinical follow-up in the epilepsy
department. In selected cases submitted to extensive coagulation, oral steroids may
be prescribed for preventing excessive perilesional edema.

Indications and Results: Review

Indications

All the patients must previously benefit from a comprehensive presurgical non-
invasive investigation, which consists of long-term scalp video-EEG monitoring,
neuropsychological testing, high resolution 1.5 T or 3 T Magnetic Resonance
Imaging (MRI), and metabolic imaging (18Fluorodeoxyglucose Positron Emission
Tomography (PET) scan). Some patients also undergo ictal Single Photon Emission
Computerized Tomography (SPECT) and magnetic source imaging of interictal
paroxysmal activity using magneto-encephalography (MEG). Typically, long-term
intracranial EEG monitoring using phase Il invasive SEEG exploration is performed
in patients for whom data obtained from phase I non-invasive investigations are not
congruent enough to propose direct surgery. Patients are informed of the aims and
risks of SEEG recordings and of RF-TC.

Patients are considered eligible for RF-TC when SEEG findings indicate that (i)
all or the major part of the epileptogenic zone is accessible to RF-TC (procedure
aiming at avoiding a feasible surgery); (i) when the epileptic network, although
unilateral, is widely distributed or include eloquent or deep and inaccessible areas
(palliative therapeutic option when surgery is not feasible) [17].

Furthermore, SEEG-guided RF-TC is indicated whenever it may represent a
curative option and is therefore employed as a first-line treatment, as in selected
cases of epilepsy associated with periventricular nodular heterotopia [18, 19]
(Fig. 7.3), hypothalamic hamartomas [15], hippocampal sclerosis [16], and focal
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Fig. 7.3 MRI scans displaying a left posterior periventricular heterotopia (arrow) before (a) and
after (b) SEEG-guided RF-TC

cortical dysplasia [20]. In similar cases, SEEG is used as a diagnostic and therapeu-
tic tool, and electrodes are typically arranged a priori for maximizing the coverage
of the presumed epileptogenic lesion(s) or structures [11] in order to both evaluate
their contribution to seizure generation and to include as much as possible of epilep-
togenic tissue within the coagulation volume.

Finally, SEEG-guided RF-TC may be a useful prognostic tool in cases amenable
to surgical resections according to SEEG findings: indeed, it has been postulated
that even a partial or transient response to RF-TC (i.e., absence or decreased fre-
quency/intensity of seizures) may herald a favorable seizure outcome after resec-
tion. It has been reported that the outcome at 2 months after SEEG-guided RFTC is
a predictive factor of success for patients who finally undergo conventional epilepsy
surgery [21].

Selection of Targets for RF-TC

Targets are chosen in cortical sites showing either a low amplitude fast pattern or
spike-wave discharges at the onset of the seizures, in intralesional location, and/or
in contacts where electrical stimulation induces habitual seizures [12, 22]. Interictal
paroxysmal activities are not usually considered for planning thermo-coagulation
sites, with the exception of focal cortical dysplasias type II, where interictal spikes
are recognized as biomarkers of these lesions [23].

Safety Profile of RF-TC

Before RF-TC, a functional mapping is systematically performed using low- and
high-frequency electrical stimulations, for disclosing cortical and subcortical struc-
tures involved in essential neurological functions. Sites where stimulation induces,
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for instance, motor responses, or language disorders are excluded from the coagula-
tion plan prepared by the neurophysiologist. Furthermore, selection of contacts
lying in close proximity (usually <2 mm) to vascular structures must be carefully
evaluated for the risk of hemorrhagic or ischemic injury.

Concerning the safety, a few transient side effects have been reported, including
seizures or local fleeting pain during RF delivery and development of transient local
brain swelling around the coagulated region [24], whereas unexpected severe per-
manent neurological morbidity is very rare [21]. As a whole, the rate of neurological
deficits still present 1 year after the procedure ranges from 0 to 4% across series,
averaging 2.5% of treated cases [25]. This occurs mainly if RF-TC is performed
within highly eloquent areas [12, 25], when postoperative morbidity is generally
expected according to functional mapping, and it may be anticipated and discussed
with the patients. With the reported rates of permanent deficits and of transient side
effects, SEEG-guided RF-TC can be considered as the safest procedure for surgical
treatment of drug-resistant focal epilepsy.

Seizure Outcome

Auvailable data indicate that seizure freedom after SEEG-guided RF-TC is achieved
by 23% of cases, whereas a favorable response (>50% reduction of seizure fre-
quency) is observed in more than half of patients [25]. Although a significant subset
of responders at 1 year of follow-up have been shown to maintain their status for the
following 2-10 years [21], maintenance over time of achieved benefits (seizure
freedom, decreased frequency, or intensity of seizures) is an issue still waiting for
full elucidation. This aspect has relevant implications on timing of eventual resec-
tive surgery and, more importantly, on management of antiepileptic medications,
especially in patients rendered seizure free after RE-TC.

The best results are observed in epilepsies associated with cortical developmen-
tal malformations, particularly focal cortical dysplasias and heterotopias [19, 20].
Promising results have been reported in hypothalamic hamartomas [15] and in hip-
pocampal sclerosis-related epilepsy [16], while the effect of RF-TC is less favorable
in non-lesional epilepsy cases [25]. The benefit-risk ratio of the SEEG-guided
RF-TC procedure proves to be particularly favorable for patients in whom surgery
is not feasible or risky.

Refinements Provided by Robotic SEEG Implantation

Accuracy of stereotactic techniques is essential to maximize both efficacy and
safety of SEEG evaluations for two main reasons. First, the cortical regions included
in the exploration plan must be sampled with the greatest possible accuracy, as sub-
optimal targeting may result in misinterpretation of collected data and errors in the
identification of the epileptogenic zone. Second, electrode implantation must follow
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avascular trajectories, since damage to arteries or veins, especially at the cortical
entry point, may have severe neurological consequences secondary to intracranial
hemorrhage.

The SEEG methodology, introduced in the last century at Saint Anne Hospital,
Paris, France [1, 2], has been constantly updated over time, but its baseline stereo-
tactic features have been so far maintained unchanged. Along with modern neuro-
imaging, the advent of robot-assisted technologies has strongly influenced the
evolution of SEEG implantation technique [26]: the main yields include reduction
of surgical time, gain in targeting accuracy, enhanced safety profile, increased
amount and quality of collected data [27-30].

In addition, the implementation of structural and functional multimodal imaging
in the pre-implantation workflow has proven essential for image-guided planning
and control of robot-assisted procedures.

The contribution of robot assistance to the improved accuracy of implants has
increased the indications for SEEG-guided RF-TC when the procedure is specifi-
cally performed for curative purposes. For instance, in periventricular nodular het-
erotopias, nodules are frequently located at the level of the ventricular trigone, with
the optic radiations running in close proximity to the lesion. Robotized electrode
placement allows extremely precise targeting of the nodules, thus enabling effective
RF-ablation of the nodules without injury to the subjacent white matter (Fig. 7.4).

The same applies to focal small-sized, bottom-of-the-sulcus focal cortical dys-
plasias type II, whose coagulation requires absolute precision of targeting due to
their small size (Fig. 7.5) and to their location, as in the rolandic area, where they
are frequently contiguous to the cortico-spinal and thalamocortical tracts.

Fig. 7.4 Tl1-weighted MR scan of a periventricular nodular heterotopy (arrow) of the left occipital
horn, displaying the optic radiation obtained from DTI-based fiber-tracking (a). In (b) the SEEG
electrode placed with robotic assistance within the nodule and brushing the inferior border of the
optic radiation is shown. The nodule has been coagulated (arrow) sparing the optic radiation (c)
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Fig. 7.5 This subtle bottom-of-sulcus focal cortical dysplasia of the left temporal basal cortex (a,
open circle) was targeted by two electrodes placed under robot assistance (b). After SEEG moni-
toring, multiple confluent RF-TCs resulted in complete ablation of the lesion (¢) and sustained
seizure freedom

The introduction of robot devices for SEEG implants has also made possible
optimal sampling of the insular cortex, which, although frequently implicated in
peri-sylvian epilepsies, was considered poorly accessible to electrodes placed with
less recent traditional techniques, due to the dense screen of vascular structures
covering this area. Besides improving the safety of the typical trans-opercular
orthogonal trajectories, the robotic arm allows targeting the insula through oblique
trans-frontal and trans-parietal trajectories. Thanks to these multiple approaches, an
intense coverage of the insula cortex may be achieved, and potentially curative
RF-TC may be carried out in this region. In selected patients, favorable seizure
outcome in insular epilepsy has been obtained by RF-TC, avoiding the risks of con-
ventional open surgery in this highly critical region [31] (Fig. 7.6).

Conclusions, Perspectives

SEEG-guided RF-TC is a safe technique, being efficient in many selected cases.
More than two third of patients show a short-term improvement and approximately
half of them are responders at 1 year follow-up, with a not negligible subset of
patients maintaining this status.

Complications are minor, rare, and reversible in many cases. No long-term side
effects, particularly on cognitive function, are observed. Thus, it is possible to treat
targets located very near to cortical areas with high functional value (language or
primary visual zone) or poorly accessible to conventional surgical procedure (insu-
lar cortex). The use of SEEG electrodes for performing multiple RF-thermolesions
also appears to provide a unique opportunity to have large access to the
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Fig. 7.6 Left boxes illustrate a robot-assisted SEEG implant with accurate targeting of the insular
cortex through multiple trajectories (a, ¢). On the right, same slices showing post-coagulation
(arrows) MR scans (b, d)

epileptogenic network. In some specific situations, SEEG-guided RF-TC represents
an effective, first-line treatment alternative to high-risk conventional surgery.

The benefit-risk ratio of the thermo-SEEG procedure proves particularly favor-
able for the patients in whom surgery is not feasible or risky. In these cases, thermo-
SEEG proves to be a safe therapeutic option, the results of which compare favorably
to those of other palliative therapeutic procedures such as vagus nerve stimulation,
multiple subpial transection, callosotomy, or deep intracerebral stimulations.

The rather recent advent of robot-assisted technologies, through reduction of
surgical time, major gain in targeting accuracy, enhanced safety profile, and
increased amount of collected data, does strongly contribute to significant improve-
ments of the SEEG-guided RF-thermocoagulation efficiency. It allows, in the daily
practice, to increase its indications, especially when the procedure is specifically
performed for curative purposes related to lesions located very close to highly func-
tional areas, or when the insular cortex is involved.
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Chapter 8
Robotics in Laser Ablation Procedures

Yusuke S. Hori, Jorge Alvaro Gonzalez Martinez, and Gene H. Barnett

Introduction

Laser interstitial thermal therapy (LITT) is a relatively new stereotactic and mini-
mally invasive procedure for treating various intracranial conditions [1, 2]. The con-
cept of this treatment is laser thermal ablation that resulting in hyperthermia and
tissue necrosis. An initial application of this technique for brain tumor was reported
in 1983 using an experimental tumor model [3].

Early on, this technique had several limitations including the lack of real-time
monitoring to predict the extent of ablation. The development of magnetic reso-
nance thermography (MRT) has enabled intraoperative real-time guidance of the
thermal delivery and monitoring of the temperature changes in the tissue [4], thus
leading to practical use of LITT in the clinical setting.

An early report of LITT for brain tumor patients was reported by Sugiyama et al.
in 1990 [5]. Since then, an increasing number of the studies have demonstrated the
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efficacy and safety of LITT in several intracranial conditions. To date, glioblastoma
and brain metastasis are the most reported brain tumors [1]. Previous reports includ-
ing multicenter studies have shown the positive effect of LITT on progression-free
survival of glioblastoma patients [6, 7]. Several studies have also reported the results
of local control of brain metastases in patients treated with LITT, especially for
those with recurrent tumor [8, 9]. de Franca SA et al. conducted a meta-analysis to
compare the post-treatment outcome of LITT with stereotactic radiosurgery (SRS)
and showed that LITT significantly reduced the absolute risk of post-treatment
adverse effects when compared with SRS. Nonetheless, there is still a lack of pro-
spective and larger studies comparing these therapies [10]. The efficacy of LITT for
radiation necrosis has also been reported [11-13]. Recent studies have shown com-
parable results between LITT and craniotomy, and the possible superiority of LITT
compared with bevacizumab when treating radiation necrosis [14, 15].

Regarding patient selection, the efficacy of LITT has been reported for both
newly diagnosed and recurrent brain tumor patients [16—19]. Importantly, even in
the elderly population, LITT has shown its feasibility with shorter hospital length of
stay and low mortality rates postoperatively [20]. A common location of the tumor
is deep-seated lesions not-easily accessible by traditional surgical treatments [21].
With respect to the lesion size, tumors less than 3 cm are those most effectively
treated. Kamath et al. have indicated that tumor greater than 3 cm in diameter con-
veys a higher rate of complications [22].

As a future application of LITT with other treatment modalities, Vega et al. have
recently reported the potential hybrid therapy of LITT and SRS in spinal metastatic
tumor [23]. Several reports have also proposed a combination therapy with LITT
and surgical resection of brain tumor to overcome the limitations in size and post-
procedural edema [24, 25]. An appropriate combination of LITT and other therapies
and the possible indications have to be further explored in the upcoming decade.

Neuro-Oncological Applications

Technically, the initial step of the procedure is often to conduct stereotactic biopsy
to confirm a diagnosis, followed by insertion of the laser probe (Figs. 8.1 and 8.2).
This may be accomplished by using a stereotactic frame or neuro-navigation sys-
tem. For the NeuroBlate System (Monteris Medical, Plymouth, MN), typically an
anchoring bolt is then secured in a twist drill hole, a robotic probe driver secured to
it, then the laser probe itself threaded through the driver and into the brain. The
tumor margin and the location of the laser probe are confirmed using intraoperative
magnetic resonance imaging (MRI) (Figs. 8.3 and 8.4). The probe driver allows the
rotation and depth of the probe to be robotically controlled from the MRI control
room. Rotation is important when a “side firing” laser probe is used. A superficial
region of the tumor is ablated first to minimize the intraoperative seeding of tumor
cells from probe retraction, and then deeper areas are treated. Temperature changes
in the lesion are monitored during the procedure using MRT (Figs. 8.5 and 8.6) and
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Mini-Bolt

Laser Probe

Used with permission. © 2021 Monteris Medical

Fig. 8.1 Illustration of laser probe in LITT procedure. Used with permission. © 2021
Monteris Medical

Patient Board with
Head Fixation

Robotic MRI Interface

Used with permission. © 2021 Monteris Medical

Fig. 8.2 Illustration of entire system used during LITT procedure. Used with permission. © 2021
Monteris Medical
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& System Status

Fig. 8.4 The location of the laser probe confirmed by intraoperative MRI (near vertical pair of red
and blue lines)

predicted thermal damage threshold lines are generated every several seconds. After
confirming that an entire tumor was included in the ablation area, the probe is
removed, along with its associated hardware, and a simple wound closure is per-
formed. A postoperative MRI scan is obtained the next day, and typical hospital
length of stay is 1-3 days.

A previous systemic review of postoperative complications has shown that the
most frequent complication is seizure, followed by motor deficits and wound infec-
tion. The rate of hemorrhage was less than 1% [17]. In summary, LIIT is a relatively
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Fig. 8.5 Intraoperative real-time monitoring of tissue temperature changes yellow line indicating
heating area (thermal equivalent of 43 °C for 2 min) outside of which tissue is expected to recover

Fig. 8.6 Intraoperative real-time monitoring of tissue temperature changes region within blue line
resulting in a necrotic area (thermal equivalent of 43 °C for 10 min or greater)

new, minimally invasive surgical modality with applications for some intracranial
and spinal tumors. Patient selection is important, and the technique is particularly
suited to small, deep-seated tumors. Common candidate lesions include newly diag-
nosed or recurrent high-grade gliomas and post-SRS failures of recurrent tumor or
radiation necrosis. The procedures are typically tolerated well with low complica-
tion rates, short hospital stay and results comparable to or exceeding those of con-
ventional surgery.
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Epilepsy Applications

Robotic assistant devices for the placement of laser catheters are also applied in
epilepsy procedures. Like the oncological applications, the robotic devices are used
here to promote a precise and safe implantation of laser probes into predefined tar-
gets and/or trajectories.

The application of robotic devices is utilized in temporal and extra-temporal epi-
lepsies, in lesional or non-lesional scenarios. In mesial temporal lobe epilepsies,
robots can be applied to guide the placement of laser probes in the mesial temporal
lobe structures such as the hippocampus, parahippocampus, and amygdala. Similar
to other frame or frameless methods of implantation, stereotactic robots promote a
precise positioning of laser catheters with great practicality and precision, despite
been a frameless system. Arguably, this is the main advantage of applying robots in
laser applications for epilepsy. In non-lesional epilepsy cases, where oftentimes the
SEEG method is applied for better definition and localization of the epileptogenic
zone (EZ), the robotic application is used in both procedures: first when planning
and inserting the stereoelectroencephalography (SEEG) depth electrodes, and sec-
ond when selecting the SEEG trajectory that best fit the location of the EZ and,
subsequently, the final placement of the laser probe.

The application of robotic implanted laser catheters for medically refractory epi-
lepsy is vast and diverse. The treatment of epileptogenic lesions such as tubers (in
tuberous sclerosis) and mesial temporal sclerosis (via selective laser amygdalohip-
pocampectomy), MRI identified focal cortical dysplasias, hamartomas, and post-
stroke epilepsy have all been described in the literature. The advantages associated
with laser ablative procedures are attributed to the small surgical access, the preci-
sion in the anatomical location of the generated lesions and their dimensions, and
the relative short ablation time associated with each treatment. All these features
can potentially translate into a safer, cost-effective, and more efficient treatment
option for patients with medically intractable focal epilepsy caused by a specific
MRI-visible etiology or in non-lesional mesial temporal lobe epilepsy. The applica-
tion of the SEEG technique in combination of the laser method with the purpose of
disrupting specific epileptic networks in patients with non-lesional and extra-
temporal medically refractory epilepsy is a novel method that still lacks validation
in efficacy and safety. Perhaps the main disadvantage of laser ablative procedures
for epilepsy is the lack of electrophysiological feedback during the surgical
intervention.

Robotic Ablative procedures: Similar to the oncological described procedures
(Figs. 8.7, 8.8, 8.9), stereotactic ablative procedures require the accurate placement
of an ablative device (laser or radiofrequency) to a target defined in stereotactic
space, often one determined by prior SEEG investigation. As such, robots have two
immediate roles—first, the accurate stereotactic placement of the ablative device,
and second, the control and insertion of the ablative device. Gonzalez-Martinez and
colleagues have successfully demonstrated, for the first time, ablation of an epilep-
togenic periventricular nodular heterotopia in 19-year-old female with medically
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Fig. 8.7 Intraoperative photographs showing (a and b) robot guiding trajectory; (c¢) laser applica-
tor through guiding bolt

Fig. 8.8 (a and b) Intraoperative T1 non-contrast coronal and sagittal views; (¢ and d) defining the
lesion contour; (e and f) intraoperative real-time monitoring of tissue temperature changes
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Fig. 8.8 (continued)
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Fig. 8.9 T1 sagittal MRIs depicting the postoperative aspect of robotic SEEG guided laser abla-
tion procedures in medically refractory epileptic patients

resistant epilepsy [26]. After appropriate preoperative imaging, the authors utilized
the ROSA® system to accurately guide the placement of the laser catheter (Visualase,
Medtronic, Dublin, Ireland) in conjunction with intraoperative MRI. There were no
complications following ablation. In a similar method, Tandon and colleagues uti-
lized the ROSA® system to guide the placement of a radiofrequency ablation cath-
eter in 5 patients (ages 6 months to 13 years) with hypothalamic hamartomas and
consequent gelastic seizures [27]. Four of five patients had grade I seizure outcome,
and there were no permanent complications.
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Summary: Laser Interstitial Thermal Therapy is emerging as an important surgi-

cal tool for the management of some cranial and spinal tumors, as well as some
cases of lesional as well as non-lesional epilepsy. Robotics can be used to direct the
laser probe to the target, and to manipulate the depth and rotation of the laser probe
intracranially.
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Introduction

Within the range of operations carried out by paediatric neurosurgeons, a subset is
ideally suited to robotic assistance. Many of the conditions treated are congenital or
developmental abnormalities that distort the ‘normal’ anatomy, increasing reliance
on careful evaluation and planning based on pre-operative imaging.

The smaller scale of the paediatric brain and spine demands increased precision.
In infants, minimally invasive approaches have the added advantage of reducing
blood loss and the need for transfusion.

The evidence base for robot-assisted paediatric neurosurgery is relatively sparse,
and the majority of robot-assisted neurosurgical procedures are developed in adults
before being extended to children. The numbers of cases in paediatric neurosurgery
are smaller which makes developing an independent evidence base difficult.
Therefore, the general approach for the majority is to use the procedures as devel-
oped and evidenced in adults but modified to the specific needs of children.

The first use of robotics in paediatric neurosurgery was approximately 20 years
ago, with reports of robot-assisted endoscopy in 16- and 18-year-old patients [1, 2].
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Since then, robotic assistance has been used for a wide variety of procedures in
paediatric neurosurgery and, for some operations such as stereoelectroencephalog-
raphy (SEEG) and the biopsy or ablation of deep lesions, has become the standard
of care. In this chapter, we discuss general and procedure-specific considerations for
adapting robot-assisted procedures to paediatric neurosurgery. Where available, we
also present the evidence for the safety and efficacy of their use.

General Considerations

Head Immobilisation

Head immobilisation is one of the key considerations in paediatric cranial neurosur-
gery. Traditional pin-based head immobilisation devices that are routinely used in
adults should be used with caution in children (especially those under 3 years) due
to thin cranial vault bone which may even have areas deficient of bone.
Electromagnetic neuronavigation systems have provided an alternative to rigid
immobilisation for a number of procedures including image-guided ventricular
catheter placement and biopsy. However, the vast majority of robotic systems still
require rigid head immobilisation.

Therefore, in their current form, cranial robot-assisted procedures may only be
possible in children who are suitable for skull pin immobilisation, with a minimum
age of approximately 1 year of age [3]. Rigid immobilisation devices such as the
MAYFIELD® and DORO® systems have been modified for paediatric use by
increasing the support under the head, increasing the number of pins and using spe-
cifically designed paediatric pins. These modified systems are compatible with fra-
meless robotic workflows but must be used with caution [4]; although the DORO®
system does not specify a minimum age of use, the MAYFIELD® system clearly
states minimum age of 5 years. The placement of the pins must be carefully consid-
ered to avoid areas of thin or deficient skull and may require assessment on a pre-
operative CT scan. In addition, pins can be modified (for example, with the modified
rubber stopper technique) to reduce the risk of skull fracture and skin complica-
tions; such innovations require careful evaluation prior to widespread adoption as
they fall outside of the devices’ stated indications for use [5, 6].

Frame-based systems such as the Leksell® system also do not have a minimum
age on the indications for use but the forces on the pins must be adjusted carefully
to balance between ensuring reliable fixation and the risks of skull fracture or plung-
ing. In our practice, we have developed a number of nuances to frame application in
children (specifically for SEEG) outlined in Fig. 9.1. These include ensuring that
the frame is placed orthogonal to the head and skull base with the base just below
nose and external auditory meatus; if it is too high, it impedes the insertion of low
temporal electrodes and, if it is too low, it precludes safe fixation of the frame to the
robot due to impingement on the shoulders.
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Fig. 9.1 Application of a frame for SEEG. (a) Final frame position including the staple (arrow)
that acts to validate registration accuracy. (b) Ensuring safe transfer to the CT scanner with the
screwdriver that facilitates rapid access to the mouth in the event of an airway emergency. (c¢)
Optimal positioning allows access to the temporal base for low temporal electrodes whilst ensuring
the shoulders remain away from the frame attachment. (d) Ensuring safety at the operating table
by disconnecting the operating table remote. This sign warns people in the operating room not to
move the operating table. The remote is disconnected and stored in a predefined location for ease
of access in the event of an emergency

Image Registration

A key consideration of whether to choose a frame-based or frameless workflow is
registration accuracy. Frameless workflows can use fiducial (bone-anchored or skin)
or surface-based registrations, both of which have been shown to be both safe and
accurate. In the paediatric literature, median entry point and target point localisation
errors of approximately 1 and 1.5 mm have been shown with frameless registration
and 0.7 and 1.1 mm with frame-based registration for stereoelectroencephalography
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(SEEG) electrodes; similar differences of 0.5 mm target point localisation improve-
ment for frame-based over frameless systems have also been shown in a meta-
analysis and meta-regression [7-9].

The differences are small, and frame-based registration is associated with addi-
tional steps of requiring frame application and image acquisition with the frame in
situ. However, this must be considered in the context of the alternatives. Even with
contemporary equipment, skin fiducials or surface-based registrations show poor
levels of accuracy (errors in the region of 2.5 and 5.3 mm, respectively) [10]. Bone-
anchored fiducials, whilst possible under local anaesthesia in adults, require a gen-
eral anaesthetic in children; in this case, as a frame is more accurate, we currently
prefer a frame-based workflow. A regular part of our workflow to ensure accuracy is
to place a skin staple near the forehead prior to acquisition of the CT scan with the
frame. This provides a validation of registration accuracy as we plan a trajectory to
the outer tip of the staple prior to beginning the procedure (Fig. 9.1c).

Safety in Moving the Patient

For frame-based and some frameless procedures (for example, MRI-guided laser
interstitial thermal therapy (LiTT)), there is a requirement to move between the
anaesthetic room, operating table, and the scanner (which may be located within the
operating theatre or independently in the radiology department). Although not
unique to paediatrics, this is more often performed under general anaesthesia in
children and safety during these transfers must be carefully considered. From this
perspective, simulation is an important part of introducing new procedures such as
robotic surgery [11]. At our centre, we ensure that a member of the surgical team
stays with the patient at all times, with a screw driver in case an anaesthetic emer-
gency requires urgent removal of the frame (Fig. 9.1d).

In the operating theatre, once the frame is secured to the robot, the head is fixed
to the robot and not associated with the table. This poses a risk that moving the table
could lead to the body moving with the head being fixed in position to the robot.
Therefore, as a safety measure, once adequately positioned, the operating table
remote is disconnected and stored in a predetermined location to ensure that the
table doesn’t get moved inadvertently (Fig. 9.1d).

Procedure-Specific Considerations

Stereoelectroencephalography (SEEG)

The need for high levels of accuracy across multiple trajectories makes SEEG ideal
for robot-assisted procedures. There is increasing evidence for its safety and effi-
cacy in children [12—15]. In terms of adaptations in children, there are a number of
key issues to consider.
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The first is whether SEEG is even technically possible as a method of intracranial
evaluation. Children with epilepsy often have learning difficulties and challenging
behaviour and this can lead to issues with compliance with SEEG; although rare, we
have encountered instances of children pulling out one (or all) electrodes during the
monitoring period; tolerability is therefore something we consider seriously. In
addition, in young children, the skull may be too thin to allow securing of the anchor
bolts and we therefore do not perform SEEG in those <3 years old. However, there
are reports of successful implantation in children <3 years old using a frameless
immobilisation workflow [4].

The second major consideration is the range of aetiologies undergoing SEEG in
children. Extratemporal aetiologies are more common than in adults, including
some with deeper locations such as insular epilepsies and periventricular nodular
heterotopias. Therefore, it makes sense to consider whether the chosen electrodes
can also deliver thermocoagulation, which can be performed safely in children and
which we use as a prognostic test [16].

Once the decision to undertake SEEG has been made, the acquisition of adequate
pre-operative imaging is crucial to safe trajectory planning. At our centre, we
acquire 3D T1 MPRAGE, FLAIR and gadolinium-enhanced T1 MRI sequences as
a minimum at 3 T and dual energy CT angiography (DECTA) most commonly
under general anaesthesia; this requires additional planning and anaesthetic risks
but ensures high quality images are obtained (Fig. 9.2). Although digital subtraction
angiography (DSA) has been shown to be safe in children at select high volume
centres [17] and is commonly used in adults prior to SEEG [18], we believe the ves-
sel delineation from gadolinium-enhanced T1 MRI and DECTA are sufficient and
mitigate against even the small risks of stroke and access vessel complications of
DSA. Novel MRI sequences such as a gadolinium-enhanced T1 spoiled gradient
recalled echo sequence have been shown to be even more sensitive to vasculature
than traditional gadolinium-enhanced T1 MRI, and these can be acquired without
radiation exposure.

Fig. 9.2 Pre-operative planning for SEEG showing vessel delineation using (a) gadolinium-
enhanced T1 and (b) DECTA
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The operation itself, once adequately planned, becomes relatively straightfor-
ward. Our approach is to cycle through all the trajectories (prior to formal prepping
and draping) with the laser pointer attached to the robotic arm. This ensures that all
the trajectories can be reached, and the entry points can be marked. If there are
occipital electrodes, prone positioning may be necessary. In such cases, one must be
vigilant to select the correct orientation on the robotic software prior to starting.

Biopsies

Robot-assisted biopsies are indicated for deeper lesions involving the subcortical
structures and brainstem. As the role of biopsy in diffuse midline H3K27M-mutant
glioma (formerly diffuse intrinsic pontine glioma) is firmly established [19-21],
this is the most common indication for robot-assisted biopsy in the paediatric popu-
lation. There are a number of technical nuances to consider around both the choice
of biopsy location and trajectory.

Biopsy location can be guided by thorough radiological evaluation of all avail-
able MRI sequences. This includes arterial spin labelling to identify areas of
increased metabolic turnover (high cerebral blood flow and perfusion) in order to
maximise the yield, which can approach 90-100% [21-23].

Biopsy trajectory for diffuse midline H3K27M-mutant glioma includes both
trans-cerebellar and transcortical approaches. At our institution, we tend to favour a
trans-cerebellar peduncle approach over the transcortical approach for the majority
of cases [22]. In order to facilitate this, the frame application needs to be optimised
(Fig. 9.3). In order to gain access to the posterior fossa, the head needs to be flexed
and therefore, the frame is applied with an AP tilt so cervical spine flexion is pro-
duced once the frame is fixed in a vertical orientation. The posts of the Leksell®
frame may impede access and therefore, we routinely remove the post on the side of
the biopsy. This should be performed before the localisation CT scan is done as
removal of the post can cause the frame to move slightly.

MRI-Guided Laser Interstitial Thermal Therapy (LiTT)
for Epilepsy

MRI-guided LiTT has opened the possibilities of treating deep-seated drug resistant
epilepsies, in particular hypothalamic hamartoma and insular lesions which are both
more common in children (Fig. 9.4) [24]. As they are both deep-seated lesions and,
in the case of the insula, with dense vasculature, LiTT catheter placement using
robotic assistance is warranted to increase accuracy. Whilst most lesions may be
addressed through a single trajectory that optimises the ablated volume, multiple
trajectories must sometimes be used [25]. LiTT has become almost the standard of
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Fig. 9.3 Optimisation measures for frame-based trans-cerebellar biopsy of brainstem lesions. (a)
Example of the contribution of arterial spin labelling sequences to the choice of biopsy site in a
13-year-old with presumed diffuse midline glioma in the pons. Top row shows T2 and gadolinium-
enhanced T1, middle row shows diffusion weighted imaging and apparent diffusion coefficient
maps, bottom row shows relative cerebral blood flow and perfusion imaging maps from arterial
spin labelling. Given these findings, a location on the right side adjacent to the middle cerebral
peduncle was chosen for biopsy which confirmed WHO Grade IV midline glioma, H3K27M
mutant. (b) Optimisation of the operation including placement of the frame at a tilt to allow it to be
flat once the head is flexed, removal of the post before localisation of the CT scan for a trans-
cerebellar biopsy of a brainstem tumour

care for hypothalamic hamartoma although long-term seizure freedom and perma-
nent or transient complications are not yet well reported [26]. Insular LiTT catheters
have predominantly been placed following parasagittal trajectories that facilitate
coverage of the putative seizure onset zone (usually aligned to one of the insular
gyri) and safe access without having to traverse the vasculature of the operculo-
insular fissure [27].

In terms of future directions, it remains to be definitively established, for the less
accessible insular dysplasias, whether LiTT is non-inferior to open resective sur-
gery [28] and whether there is any role for LiTT for lesions that are equally acces-
sible via open resective surgery.

LiTT is also an option for other disconnective procedures such as corpus cal-
losotomy and hemispherotomy in children [29, 30]. Although the current evidence
is only in the form of case reports and small case series for these indications, the
proof-of-principle that disconnections can be achieved exists from diffusion imag-
ing validation studies that also use computer-assisted planning to optimally plan the
trajectories [31].
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Fig. 9.4 Intra-operative (left) and post-operative (right) images of epileptogenic lesions treated by
LiTT. (a, b) Hypothalamic hamartoma. (¢) Posterior insular epilepsy
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Fig. 9.4 (continued)

Deep Brain Stimulation or Lesioning

The remit of indications for deep brain stimulation or lesioning is more limited in
the paediatric population but includes movement disorders (especially dystonia),
epilepsy and psychiatric disorders. Robotic assistance has been successfully used
for the accurate placement of electrodes in a handful of cases [8, 32]. Apart from
accuracy considerations, there are few specific nuances to paediatric robot-assisted
DBS electrode implantation. The main nuances to paediatric DBS surround the
placement of the implantable pulse generators in alternative locations to reduce the
incidence of infection and technical issues surrounding recharging, which is beyond
the scope of the robot-assisted component of the procedure [33].

Endoscopic Procedures

Conceptually, endoscopic procedures (as opposed to stereotactic procedures)
require some tissue manipulation. Alongside the precision provided by accurate tra-
jectory planning, there is scope for improving performance through integrating hap-
tic feedback and robot-assisted movement of the endoscopic instruments to provide
increased degrees of freedom [34]. Whilst the instruments are not in widespread
use, robotic systems integrating haptic feedback have been used for the more rou-
tine endoscopic procedures (third ventriculostomy, septostomy, cyst fenestration) as
well as disconnection of hypothalamic hamartoma. [8, 35] Robotic assistance can
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be particularly useful in pathology where there is non-dilated or morphologically
abnormal ventricular anatomy, although, it may be helpful to start with the more
straightforward cases (third ventriculostomy with large ventricles) during the learn-
ing period.

Robotic guidance has also been for endoscope-assisted hemispherotomy using a
para-endoscopic hybrid technique through a small interhemispheric transcallosal
approach [36]. This technique uses a 10 mm endoscope that allows an extended
field-of-view and has been shown to have equivalent outcomes to an open hemi-
spherotomy technique with reduced blood loss and post-operative length of
stay [36].

Convection-Enhanced Drug Delivery

Robot-assisted implantation of convection-enhanced drug delivery (CED) catheters
has been purported to have immense potential for conditions such as Parkinson’s
disease, Alzheimer’s disease and glioma although a recent randomised controlled
trial in Parkinson’s disease did not show efficacy [37, 38]. In the paediatric sphere,
the main interest has been in CED for diffuse midline H3K27M-mutant glioma.
Results of CED using therapeutic agents for diffuse midline H3K27M-mutant gli-
oma have so far only been published from animal studies. Although there are on-
going clinical trials in humans, it is unknown whether robot-assisted techniques are
being utilised for catheter implantation in these patients [39, 40].

Spinal Surgery

Paediatric spinal surgery, with the emphasis on scoliosis surgery, lends itself ideally
to robot-assisted pedicle screw placement; the sagittal and rotational curvatures dis-
tort normal anatomy, and the smaller pedicles necessitate high levels of accuracy.
Experience of these robotic systems that can be used with either intra-operative
fluoroscopy registered to pre-operative CT scans or intra-operative CT scans shows
high levels of accuracy (successful screw placement in 98.7%) [41, 42]. CT scan
protocols have been optimised to reduce radiation exposure by up to 90% and found
not to compromise registration accuracy [43]. In an initial experience of 40 cases,
Gonzalez et al. report only 4 cases with technical system problems, all of which
were resolved following troubleshooting [41].
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Endovascular Neurosurgery

The first-in-human use of a neuroendovascular robot has just been reported, with
authors purporting increased procedural and technical accuracy and reduced radia-
tion exposure, all of which would be extremely beneficial in the paediatric popula-
tion. With the growing indications for neuroendovascular intervention including
intraarterial chemotherapy for retinoblastoma, there is potential for the robot-
assisted approach to be particularly beneficial in children [44].

Foetal Neurosurgery

As the indications for foetal surgery expand beyond myelomeningocele to include
other conditions such as hydrocephalus and encephaloceles [45, 46], there is scope
for robotic integration into this expanding field of neurosurgery. This is particularly
attractive for foetoscopic techniques and, indeed, early innovators created ovine
models of robot-assisted foetoscopic techniques almost 20 years ago, although, as
far as the authors are aware, these have yet to be translated [47].

Concluding Remarks

The potential benefits of robot-assisted neurosurgery in children are myriad, includ-
ing increased safety and accuracy and reductions in blood loss and radiation expo-
sure. As evidence slowly accumulates, we will undoubtedly see increased uptake
and it remains to be seen whether the results in high volume specialised centres can
be reproduced more widely. The nuances covered in this chapter may be important
in ensuring high levels of safety and accuracy in paediatric robot-assisted procedures.
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Chapter 10
Robot-Assisted Endoscopy

Alessandro De Benedictis, Carlotta Ginevra Nucci, Camilla Rossi-Espagnet,
Andrea Carai, and Carlo Efisio Marras

Introduction

Over the last 30 years, the use of medical robots has rapidly expanded from the
industrial sector to many surgical fields, such as soft-tissue, urological, orthopedic,
general, and cardiac surgeries. Neurosurgeons were also involved in developing
robotic technology, with the aim of improving feasibility and quality of treatment of
different diseases, including tumors, epilepsy, disturbances of cerebrospinal fluid
(CSF) circulation, movement disorders, and psychiatric diseases [1, 2].

In this context, growing experience showed that robotic assistances offer several
advantages in comparison with traditional approaches, in terms of safety, versatility,
repeatability, precision, visuo-manual coordination, and feedback. This is espe-
cially true when considering the pediatric neurosurgical field, which is often char-
acterized by challenging aspects, including small size and deeply located targets,
their relationships with critical neurovascular structures, frequent finding of malfor-
mation variants, and impossibility of using the stereotactic frame [1, 3].

Neuroendoscopy is a well-established and diffuse technique, allowing several
possible applications by minimally invasive approaches, such as treatment of
obstructive hydrocephalus and intracranial cysts, resection, or biopsy of tumors and
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malformations. Moreover, endoscopy is routinely used in children, not only because
of the high incidence of hydrocephalus-related diseases, but also for the frequent
finding of an altered ventricular anatomy, due to morphological variants or patho-
logical distortions [4].

The combined use of standard stereotactic methods and robotic technology for
endoscopy approaches was first described by Benabid et al. in 1992. The author
stated that “positioning of ventriculoscope would be significantly easier with the
robot, particularly when several tracks are needed” [5]. After, a growing experi-
ence on robotic endoscopy has been reported, concerning not only endoscopic third
ventriculostomy (ETV) procedures, but also other treatments, such as trans-nasal
endoscopic approaches, more difficult ventriculoscopies, and endoport tubular
accesses for intracerebral hemorrhage or tumor resection [6, 7].

At the Bambino Gesu Children’s Hospital, we adopt the ROSA (Robotized
Surgical Assistant, Zimmer Biomet Inc.) system. According to the classification of
Nathoo et al., that distinguished robotic systems on the basis of interaction modality
between the surgeon and the robot, ROSA belongs to both categories of supervisory-
controlled and shared-controlled systems [8]. By these modalities, the surgeon,
after off-line planning of specific trajectories, can either supervise the robot per-
forming autonomously the motion or directly control and move the surgical instru-
ment during the procedure.

Since 2011, 229 patients underwent 244 operations under robotic assistance,
with different indications, including epilepsy (implantation of intracerebral elec-
trodes for stereoelectroencephalography, disconnection of hypothalamic hamarto-
mas (HH)), brain tumors (stereotactic biopsies, intratumor catheter placement),
disturbances of CSF circulation (ETV, cyst fenestration), movement disorders (deep
brain stimulation, pallidotomy) [1].

Concerning endoscopy, our experience concerns 71 ROSA-assisted procedures,
including treatment of obstructive hydrocephalus (14 procedures), disconnection of
HHs (36 procedures), management of intraventricular tumors (21 procedures).

In the following sections of this chapter, general methodological aspects of the
ROSA system and main possible applications in endoscopic procedures will be
described.

Methods

Preoperative Planning

All patients undergo MRI with acquisition of a Gd-enhanced three-dimension (3D)
magnetization-prepared rapid gradient-echo (MP-RAGE) sequence on 1.5 or 3 T
scanner. To optimize skin rendering, a preoperative volumetric CT scan is also per-
formed. CT and MR images are imported to the dedicated planning software and
co-registered using a rigid and linear algorithm. The registration accuracy is
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validated by checking the correspondence of anatomical landmarks (ventricles,
bone, venous sinus) between the selected sequences.

The entry and target points and the trajectory are selected on different possible
views (axial, coronal, sagittal, perpendicular, and along the trajectory).

Once completed, the planning is copied into the same software on the robotic
device (Fig. 10.1).
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Fig. 10.1 Main characteristics and setting steps of the ROSA system. (a) The preoperative trajec-
tory is planned on a dedicated software using volumetric MRI and CT sequences; (b) The planning
information is transferred to the robot system, which is composed of a platform, including a com-
pact robotic arm and a touch screen, mounted on a mobile trolley; (¢) Registration is performed by
laser scanning system, starting from standard reference points on the face (inset); (d) Positioning
of the endoscope held at the extremity of the robotic arm to the entry point, according to the
planned trajectory; (e) Possible movement control modalities, including 3 modes (axial, isocentric,
and free) and 3 speeds (slow, medium, or fast); (f) Intraoperative control of the endoscope; (g, h)
The robot provides stable support to the endoscope, enabling the surgeon to manage the different
instruments, such as pincers (g) or laser probe (h)
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Intraoperative Phase

The ROSA system is composed of a platform, including a compact robotic arm and
a touch screen, mounted on a mobile trolley. A mechanical arm fixes the robot to the
3-pin support applied on the patient’s head. Position of the head depends on the
specific procedure. For endoscopic procedures, the head orientation can be neutral,
slightly flexed or extended, according to target location.

Registration is performed according to frameless laser scanning of the patient’s
face. This includes different steps, namely: (1) arm calibration; (2) acquisition of
facial landmarks by a contactless distance sensor held by the robot arm (midline
frontal, bilateral lateral fronto-orbital region, internal and external eye canthus,
nasion, and tip of the nasal bone); (3) correction of registration errors by matching
the intraoperative scanned landmarks of step 2 with the preoperative 3D MRI data;
(4) automatic scanning of the relevant areas of the patient’s face; (5) manual scan-
ning (lateral surface of the nose and lateral fronto-orbital region bilaterally); (6)
trajectory feasibility verification according to the selected tool (sensor of distance,
endoscope holder); and (7) final verification of the correspondence between the
patient and neuroimaging, by manually positioning the robot arm at the level of the
initial facial landmarks.

During the operative phase, the robot arm moves to the selected entry point and
is oriented according to the corresponding trajectory. The arm movement can be
controlled by the surgeon in 3 possible modes (axial, isocentric, and free) and 3
speeds (slow, medium, or fast). The robot arm has 6 degrees of freedom and has
haptic features, based on force sensing and feedback.

The endoscope is inserted into a specific holder at the end of the arm. After per-
forming skin incision and burr hole, according to the planned entry point, a rigid 30°
endoscope (medium size, Karl Storz) integrated with the robot arm is moved from
the cortex to the intraventricular or intracystic space under navigation iso-axial
control.

After, the endoscope is moved to the target point by switching to the cooperative
or free mode. The following procedure is performed by using the specific instru-
ments needed through the endoscope, such as Fogarty balloon-tipped catheter, pin-
cers, scissors, monopolar, laser fiber.

At the end of the procedure, the robotic arm is retracted, usually by axial mode,
after aligning the endoscope to the trajectory.

Procedures

Management of CSF Circulation Disorders

Surgical management of CSF dynamics disorders is one of the most frequent situa-
tions in daily neurosurgical practice, especially in pediatric patients. Endoscopy is
currently accepted as an effective treatment for obstructive hydrocephalus cases and
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the tendency to prefer this approach rather than shunt implantation increased over
the last years.

The specific approach depends on the etiology and the level of obstruction,
including foramen of Monro, aqueduct of Sylvius, fourth ventricle foramina, transi-
tion between spinal and cranial subarachnoid space, the age, the history, and the
general medical condition of the patient [9].

ETV is a common procedure, boasting a solid tradition and a widespread prac-
tice. Standard indications for ETV include acquired aqueductal stenosis, adequate
size of third ventricle, and potential patency of subarachnoid spaces. Other situa-
tions in which ETV might be indicated include myelomeningocele, Chiari malfor-
mation, congenital aqueductal stenosis, previous meningitis, age younger than
2 years, and prior ventriculo-peritoneal (V-P) shunt. On the other hand, the role of
ETV in case of posterior fossa tumors, shunt malfunction, failure of previous ETV,
neonatal patients is still debated [9].

In this context, neuroendoscopy for obstructive hydrocephalus constitutes one of
the earliest applications of robotic technology. In 2002, Zimmermann reported pre-
liminary data for 3 patients who underwent ETV procedures under robotic assis-
tance. Surgeries were successfully completed, and a positive feedback concerning
steering and precision of movement was acknowledged [7]. These positive results
were confirmed in a subsequent series of 6 adults affected by triventricular obstruc-
tive hydrocephalus and in 9 children, who underwent robot-assisted ETV [10, 11].

We used the robot mainly for ETV, cyst fenestrations and coagulation, and sep-
tostomies. In all cases, the robotic system guided the endoscope to the planned tar-
get. After reaching the ventricular or intracystic space by axial mode, the control of
the robotic arm was switched to the isocentric or manual mode according to freer
trajectories, including rotations and axial translations. Moreover, endoscopic trajec-
tories were marked out by a “safety zone,” which allowed for more precise and
stable control of the instrument, preventing the surgeon from risky movements.

We opted for robotic assistance to validate the technique in easier cases, espe-
cially at the beginning of our experience. Successively, more complex cases were
considered. For example, in order to improve antibiotic efficacy in case of V-P shunt
infection, removal of the device and robot-assisted ETV also without hydrocephalus
can be proposed during the same procedure. In this circumstance, given the small
ventricle size, the robotic arm provides a more stable support for the endoscope than
freehand modality protecting the fornices and the thalamus from inadvertent exces-
sive surgical maneuvering when reaching the floor of the third ventricle.

Furthermore, in patients with an excluded ventricle, due to previous shunt mal-
function, or multiloculated hydrocephalus, a robot-guided endoscopic approach can
be useful to perform a safe septostomy to restore the correct CSF circulation or to
replace the catheter in a functioning position.

Finally, when multiple trajectories are necessary to perform different procedures
during the same surgery, e.g., standard ETV and cyst shrinking, the robot system
facilitates precise and stable navigation towards the area of surgical interest, pre-
venting excessive brain manipulation and inappropriate adaptation of the endoscope
angle to the specific trajectory needed (Fig. 10.2).
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Fig. 10.2 Endoscopic ETV and intraventricular cyst coagulation. (a) Preoperative T2-weight MR
sagittal sequence, showing a triventricular hydrocephalus, due to a cyst developing within the third
ventricle and occluding the aqueduct of Silvius; (b) Endoscopic treatment was planned, including
ETV (red trajectory) and cyst coagulation (green trajectory); (¢, d) Endoscopic view of the third
ventricle floor before (¢) and after (d) ETV; (e, f) Using robotic neuronavigation, the endoscope is
moved from anterior to posterior, according to the second trajectory. The ETV (arrow), the mamil-
lary bodies (MB), the cyst (*), and the choroid plexus (CP) are visualized; (g—i) Coagulation allows
progressive shrinking of the cyst (g), until the aqueduct of Sylvius (h) is visualized and free; (j)
Postoperative T2-weighted MRI, confirming the hydrocephalus’ reduction

Disconnection of Hypothalamic Hamartomas

HHs are congenital benign lesions, centered in the hypothalamus and bulging into
the third ventricle (intra-hypothalamic or sessile subtype), or attached to the fuber
cinereum with an extraventricular extension (para-hypothalamic or pedunculated
subtype) [12]. Intra-hypothalamic HHs may cause a typical drug-resistant epilepsy
syndrome, characterized by gelastic seizures with an early infantile onset.
Unfortunately, this disorder may evolve to a more severe condition, including epi-
leptic encephalopathy, cognitive or behavioral impairments, and endocrinological
disturbances [13].
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The surgical management of HHs is of particular challenge, with no negligible
risks of severe complications, mainly in relation to the deep location of the hypotha-
lamic region, to its close relationships with eloquent neurovascular structures (thal-
amus, fornix, cerebral arteries), and to the physiological importance of the
hypothalamus in several metabolic and functional aspects.

For these reasons, the best surgical treatment of HHs has been largely debated
during the last decades, with the ultimate aim of optimizing the epilepsy outcome,
while minimizing postoperative morbidity [14].

In this state of mind, transventricular endoscopic management has been pro-
posed as effective and safer alternative, compared to the traditional microsurgical
transcranial resection, especially when the lesion bulges into the third ventricle
[15-18].

The first case of partial resection of a HH by an endoscopic approach was
described by Akai in 2002 [19]. In 2003, based on the concept of an intrinsic epilep-
togenic activity within the HH, Delalande introduced the concept that simple HH
disconnection from the surrounding hypothalamus, instead of total mass removal, is
sufficient to prevent thalamic activation, which is mediated by propagation of sei-
zure through the mammillothalamic tract. Moreover, he proposed a renewed clas-
sification of HHs (type 1-4), based on implant orientation and relationships with the
third ventricle and recommended the use of endoscopic approach, a safer method
for cases with endo- or peri-ventricular implantation (i.e., type 2 and type 3) [17].

Following case series reported positive results, by using an endoscopic approach
for resection or disconnection of HHs, in terms of both seizure outcome and long-
term morbidity [16, 20-22]. Further surgical improvement was also promoted by
the introduction of laser and ultrasound aspirator techniques [23, 24].

During the presurgical planning of the trajectory, the entry point should be cho-
sen on the opposite side to the main hypothalamic attachment of the HH (Fig. 10.3).
As supported by other authors, the robot is useful to safely access the lateral ven-
tricle and to easily guide the laser (2-pm thulium laser device, RevoLix®) or the
monopolar system, not only to disconnect the HH along its implant on the hypo-
thalamus, but also to perform multiple intralesional thermal ablations by radiofre-
quency or laser probe, under direct view and through a single intraparenchymal
trajectory [15].

Moreover, considering that the size of the ventricular system of HH patients is
usually normal, using an integrated system of neuronavigation combined with
robotic arm for supporting the endoscope allows to optimize intraoperative orienta-
tion, limiting excessive intraventricular movement, and tissue manipulation [17,
22, 25].

Finally, as indicated by previous authors, thanks to minimally invasive robot-
guided approach, repetition of procedure can be safely proposed, to improve the
epilepsy outcome in case of persistent seizures [17, 20].
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Fig. 10.3 Endoscopic disconnection of a HH. This case concerns a 4-year-old child with history
of gelastic seizures starting from the first month of life. (a) MRI showed a T2-weigthed hyperin-
tense lesion in the left hypothalamic region bulging in the third ventricle, compatible with HH type
2, according to Delalande classification (yellow circle) [17]. A robot-guided trajectory to the right
lateral ventricle was planned; (b) The patient underwent endoscopic transventricular laser discon-
nection of the HH under robot assistance; (¢) The ventricle is reached following the planned trajec-
tory, by axial modality. The foramen of Monro, delimitated by the fornix (f) and the choroid plexus
(CP) is identified; (d) The HH and its implant at the lateral wall the third ventricle are identified;
(e, f) Using the laser system, the disconnection follows the whole implant line of the HH; (g—i)
Laser coagulation is applied directly to the HH (g), to facilitate multiple samplings for histopathol-
ogy (h), and to reduce the residual lesion (i); (j) Postoperative CT scan showed no complications

Management of Intraventricular Tumors

Endoscopy is becoming an increasingly common option for the management of
intraventricular brain tumors, mainly due to instrumentation evolution, clarification
of indications, and improvement of surgical expertise and results. Moreover, in
comparison with traditional open neurosurgical approaches to the ventricular sys-
tem, endoscopy allows to perform less invasive but effective surgeries, which is
particularly important in childhood, in terms of surgery-related morbidity, blood
loss, and hospitalization time.
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Most frequently reported applications of endoscopic approach include tumor
cyst fenestration, tumor biopsy, and tumor removal [26]. In all these procedures, the
use of a robotic assistant may offer a valuable advantage in respect to traditional
neuroendoscopic techniques (e.g., by freehand modality or using mechanical arms),
by improving precision of endoscope movements, while reducing the surgeon
fatigue, thanks to stable support for the instrument provided by the robotic arm.

Different tumors, frequently occurring during childhood, such as craniopharyn-
giomas, colloid cysts, suprasellar pilocytic astrocytomas, and gangliogliomas are
frequently associated with a cystic component that may induce compression on the
visual system and obstructive hydrocephalus, due to development within the third
ventricle. Symptomatic cases can benefit from a transventricular endoscopic cyst
fenestration, with consequent permanent or temporary decompression, before or
instead carrying on with direct resection of the main tumor. As a consequence, since
the long-term success of this procedure is related to the quality of cystic wall open-
ing, which often requires a laborious work of coagulation, balloon expansion, and
cutting, robotic assistance may facilitate managing the different surgical steps.

Endoscopic biopsy of tumors developing within the ventricle system is a com-
mon minimally invasive technique to obtain a reliable histological diagnosis.
Moreover, in case of hydrocephalus due to tumor obstruction of CSF circulation, an
ETYV can be performed during the same surgery to normalize intracranial pressure.

The surgical trajectory is planned according to the lesion location, to provide the
most direct access and easiest handling of surgical instruments. For this reason,
while a standard precoronal access is appropriate for tumors harboring the region of
the foramen of Monro (Fig. 10.4), a most anterior frontal route is preferred in case
of more posterior location, such as the pineal region, so avoiding excessive traction
of the foramen of Monro during the approach to the target. Robotic guidance may
be useful, especially when multiple trajectories are planned, or in cases without
significant ventricle dilatation, due to absence of CSF circulation obstruction or
previously performed ETV (Fig. 10.5).

Removal of intraventricular solid tumors through an endoscopic approach may
be indicated in selected cases, depending on tumor characteristics (size, density,
vascularity, relationships with surrounding structures), adequate instrumentation,
and familiarity of the surgical team to the procedure. According to these criteria,
best candidates usually include tumors smaller than 2 cm, without calcification,
avascular, and well-defined or pedunculated at the ependymal surface [26].

In childhood, one of the most frequently reported lesions requiring a neuroen-
doscopy treatment is the colloid cyst. This is a rare benign cystic tumor, normally
located within the third ventricle, causing obstructive hydrocephalus by occlusion
of the foramens of Monro [27]. Although the primary aim of treatment is removal of
the lesion, an endoscopic approach can be effective in achieving decompression by
evacuation of the cyst content, possibly followed by standard traditional open trans-
callosal route, in case of incomplete removal or relapse [27].

Also for the colloid cysts management, the robotic system offers the possibility
of verifying the position of the endoscope through MRI, in addition to the direct
endoscopic view and during the entire procedure and allows to constantly adjust the
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Fig. 10.4 Endoscopic biopsy of a sellar/suprasellar germinoma within a 10-year-old girl. (a)
Preoperative planning of a trajectory to the right lateral ventricle; (b) As shown by neuroradiologi-
cal images, the size of ventricles and the foramen of Monro were normal. The robot allowed to
safely approach the lesion by controlled and stable movements; (¢) Tumor bulging within the third
ventricle; (d, e) Multiple samplings of the lesion, which was characterized by soft, bleeding tissue
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Fig. 10.5 Endoscopic biopsy of a pineal region tumor. A 14-year-old girl was referred to our
hospital, coming from another center, where she had already undergone an ETV for an obstructive
hydrocephalus, due to a lesion located within the pineal region. (a) Because of the small size of the
ventricular systems, a robotic-assisted procedure was indicated. In order to correctly reach the
lesion, a right frontal trajectory was planned; (b, ¢) the robotic arm improved accuracy of the
approach (b), especially by avoiding to inappropriately stress the fornices (¢); (d—f) The inter-
thalamic adhesion was cut (d, e), allowing to sufficiently expose the tumor (f); (g) Intraoperative
sagittal MRI sequence, showing the target achievement along the planned trajectory (yellow line,
B). In order to accurately manage the endoscope, the isocentric modality was set, allowing fine
movements around a fixed fulcrum (iso). (h) The tumor sampling allowed to conclusive histo-
pathological diagnosis of pineal parenchymal tumor with intermediate differentiation

endoscope position in respect to the target by gentle controlled movements. In par-
allel with neuronavigation function, the robotic support to the endoscope enables
the surgeon to use both hands and facilitates a more fluent sequential use of different
instruments (electrocautery or laser, cupped biopsy forceps, and suction aspiration,
ultrasound aspiration), without the need of continuously holding and stabilizing the
endoscope.
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Conclusions

In this chapter, we described the main possible applications of robotic technology in
different neuroendoscopy procedures, including treatment of CSF disturbances and
management of intraventricular malformations and tumors. Robotic assistants com-
bine accuracy of image-guided neuronavigation with human decision-making, by
enhancing haptic ability, ergonomics, and visualization capacity.

As a consequence, even at neurosurgery Centers with strong neuroendoscopy
expertise, robotic guidance may improve precision and safety of minimally invasive
surgeries, also extending the spectrum of indications to more complex approaches,
such as in case of small sized or distorted ventricles, multiple trajectories, narrower
corridors, and long-lasting procedures. These situations require the highest level of
stability, which is not equally achievable by conventional free-hand technique, espe-
cially in pediatric patients.

Bioengineering research will contribute in optimizing the application of robotic
technology to neuroendoscopy, with the aim of reducing the instrument size, while
improving maneuverability of the robotic system, working angles, and possibility of
using multiple instruments simultaneously, including flexible endoscopic systems.

Finally, since robot-assisted approaches are complex and require a well-trained
team, systematic planning of sharing expertise and education programs by more
experienced centers should be encouraged to promote robotic culture within the
neurosurgical community.
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Chapter 11 )
Robot-Assisted Stereotactic Biopsy ST

Marc Zanello, Giorgia Antonia Simboli, Marc Harislur, and Johan Pallud

Introduction

Since the appearance of modern neurosurgical stereotaxy in the early 1950s, numer-
ous procedures have become stereotactic and brain biopsy followed this trend [1, 2].
Despite the development of alternatives such as frameless navigation-based biopsy,
stereotactic biopsy remains the gold standard to obtain histomolecular data for a
particular brain lesion and remains one of the most frequent neurosurgical stereo-
tactic procedures [3, 4]. It is mandatory to clearly define what is a stereotactic neu-
rosurgical procedure. The use of a stereotactic frame is no longer the only way to
define a procedure as stereotactic or not, and a neurosurgical procedure is stereotac-
tic when the mechanical precision is as high as possible [3, 6].

The evolution of stereotactic biopsy benefited from the refinement of neuroimag-
ing and of the development of robot-based surgical assistance. Since the seminal
works by Kwoh et al. and by Benabid et al., the robotic surgical assistance has been
slightly improved but the core of the system remains unchanged: a robotic arm with
various degrees of freedom and a computer workstation [7, 8]. Until now, more
sophisticated robotic surgical assistances are not well-fitted for neurosurgical
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stereotactic procedures [9]. Robot-assisted neurosurgical stereotactic procedures
are as accurate as classical frame-based ones [10]. This comparable precision with
greater versatility led to the diffusion of robotic surgical assistance for deep brain
stimulation, stereoelectroencephalography (SEEG), and biopsy.

Past Neurosurgical Procedure Before 3D
Intraoperative Imaging

Figure 11.1 represents the neurosurgical procedure performed in Sainte-Anne hos-
pital before September 2019.

The neurosurgical procedure detailed here is the procedure performed at the
Sainte-Anne Hospital between 2004 and 2019. It is based on the seminal Talairach’s
methodology and it remains of interest as it is a reliable and accurate technique
[2, 11].

The stereotactic biopsy was performed under general anesthesia along one tra-
jectory. Serial biopsies were made to sample all components of the imaging abnor-
malities of a particular neoplasm. Preoperative stereotactic MRI (tridimensional
T1-weighted sequence with and without contrast agent including midface, acquired

Fig. 11.1 Schematic presentation of the procedure performed before September 2019. From left
to right: (a) general presentation of the stereotactic room with two flat-panel detectors localized at
5 m of the operating room table, (b) lateral view from the lateral flat-panel detector position show-
ing the obtained plain X-ray in the operating room space, (¢) close-up of lateral X-ray obtained
with stereotactic positioning of the biopsy cannula, (d) front view from the front flat-panel detector
position showing the obtained plain X-ray in the operating room space, (e) close-up of frontal
X-ray obtained with stereotactic positioning of the biopsy cannula
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the eve of surgery) was fused with preoperative oncological MRI including system-
atically a Fluid Attenuated Inversion Recovery (FLAIR) sequence and, whenever
required and available, a perfusion sequence. The combined MRI was used for
biopsy trajectory planning and sample selection. The biopsy trajectory was planned
by the referring neurosurgeon using the iPlan Stereotaxy planning software (version
3.0, BrainLAB AG, Feldkirchen, Germany), in particular with the Probe’s eye view,
to reach the different tumor components as observed on MRI while avoiding critical
structures, such as cerebral sulci, intracranial vessels, and eloquent brain areas.
Trajectory coordinates were transmitted to the VoXim Neuromate software (version
6.0 to version 6.4, IVS Technology, Germany). The head of the patient was fixed in
a Talairach base frame (Dixi, Besancon, France) fixed to the robot (Neuromate,
Renishaw, New Mills, United Kingdom) holder. Bidirectional and orthogonal
(anteroposterior and lateral) teleradiographic X-rays were acquired intraoperatively.
The initial bidirectional 2D X-rays allowed preoperative 3D MRI images to be
reformatted in the intraoperative stereotactic space using a co-registration between
MRI images and these X-rays. This crucial step of 2D/3D co-registration was manu-
ally done by the radiology technician and carefully reviewed by the referring neuro-
surgeon using a module of fusion by points of the VoXim software. Therefore, the
fiducials of the Talairach frame were not mounted on the frame: the Talairach base
frame served only as a “stereotactic skull clamp.” After the robot’s arm deployment,
a metallic punch was placed into the robot tool holder. The accuracy of the entry
point and of the trajectory was confirmed, prior to the drilling of the skull, with
bidirectional X-rays. The biopsy cannula was introduced under the guidance of the
robotic arm following the defined trajectory through a drill hole made with a 2.5 mm
diameter drill bit. Biopsy cannula movements were controlled by the robot ensuring
the accurate positioning at each biopsy site. Biopsy samples were obtained using a
10 mm window side-cutting Sedan-Vallicioni biopsy cannula. Bidirectional X-ray
images were taken at each biopsy site prior to collecting the samples in order to
check the cannula’s position. Typically, the first biopsy sampling site was located in
seemingly normal brain parenchyma close to MRI-defined abnormalities, the sec-
ond site was in areas of FLAIR-defined abnormalities, the third one in areas of
contrast enhancement when present, and the fourth one in areas of necrosis when
present. The act of biopsying starting from more superficial areas towards deeper
areas (outwards-inwards) allows compression of an eventual small vessel, thanks to
the presence of the cannula, in place that may have been trespassed in the trajectory
and overlooked by preoperative MRI, which may reduce the risk of bleeding. Each
biopsy sample was sent individually to neuropathology after detailing spatial orien-
tation according to MRI-defined abnormalities. The extemporaneous histopatho-
logical analysis was frequently done. Postoperative CT scan was systematically
performed on day one postoperatively.
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Current Neurosurgical Procedure Using 3D
Intraoperative Imaging

The neurosurgical procedure detailed here is the procedure currently performed at
Sainte-Anne Hospital, GHU Paris Psychiatrie et Neurosciences, Paris, France.
Figure 11.2 summarizes the principal steps of the neurosurgical procedure.

The main evolution compared to the previous method is the modification of the
intraoperative imaging technique from bidirectional orthogonal teleradiographic
X-rays to a mobile cone beam CT unit, the O-Arm (Medtronic, Inc., Littleton, MA).
This evolution eases the co-registration process with automated 3D/3D fusion and
shortens the imaging acquisition time. The O-Arm consists in a modification of the
standard C-arm fluoroscope: a mobile segment allows closure of the ring (from
C-Arm to O-Arm) enabling a 360° rotation of the flat-panel detector. Due to its
architecture, O-Arm shows bone details with a great precision (it directly outputs a
3D dataset precisely depicting the skull) but is actually unable to reveal brain details.
It is also possible to take plain X-rays.

Fig. 11.2 Presentation of the current surgical procedure of robot-assisted stereotactic biopsy.
From left to right and top to bottom: (a) general presentation of the operating room with the mobile
CT unit O-Arm and the robot NeuroMate, (b) close-up on the Talairach stereotactic head clamp
composed by the base of the Talairach frame, (c) first step of the procedure with a 3D series acqui-
sition of the Neurolocate tool locked on the robot arm and moved close to the patient’s head, con-
trol of the correct robot’s positioning with a new 3D series and a metallic punch, robot arm
positioned against the patient’s skin to minimize the mechanical deviation, fine adjustment of the
drill with a mechanical stop, adjustment of the monopolar coagulation 10 mm below the dura
mater plane, intraoperative control of the needle position into the patient head with a third O-Arm
acquisition, puncture wound closed with absorbable suture (minimal shaving)
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All the preoperative steps remain unchanged (stereotactic MRI acquisition and
trajectory using BrainLAB iPlan Stereotaxy planning software). The “Talairach ste-
reotactic head clamp” and the updated Neuromate robot are still used. Tridimensional
images are acquired intraoperatively with the O-Arm. The initial 3D acquisition is
made with the Neurolocate tool of the robot. This tool has five carbon fiber branches:
each branch supports a synthetic ruby sphere and the tool is fastened to the robot
arm by a secured magnet. The neurosurgeon is required to bring together as close as
possible the Neurolocate to the patient’s head. A 3D series is acquired with the
O-Arm: this imaging series allows to co-register preoperative MRI with intraopera-
tive acquisition via a dedicated module of Neuroinspire software (Renishaw
Mayfield SA). This planning software was specifically developed for the NeuroMate
robot: the automated recognition of the five ruby spheres of the Neurolocate tool on
the 3D series allows the registration of the O-Arm dataset space to the robotic work-
ing space. Preoperative MRI is registered to intraoperative 3D series, and then the
cartesian coordinates of the entry and target points are copied from iPlan software
coordinates and manually input in Neuroinspire. Following the safety check—the
agreement between a test trajectory and the robot’s arm actual movement—the
robot’s arm is moved until the tool holder touches the skin. This point is of practical
importance as it reduces mechanical inaccuracy of the drill bit’s trajectory as much
as possible. The entry point and the biopsy trajectory are checked prior to the initial-
ization of any invasive procedure thanks to a second O-Arm acquisition. If required,
fine adjustments of the robot’s arm position are easily made. The drill hole is per-
formed with a 2.5 mm diameter drill bit: the drilling movement has to be as smooth
as possible and the bit as sharp as possible (favor the single-use drill). Biopsy can-
nula movements are controlled by the robot, ensuring accurate positioning at each
biopsy site. Biopsy samples are obtained using a 10 mm window side-cutting
Sedan-Vallicioni biopsy cannula. Due to the ability of the O-Arm to perform 2D
X-rays as 3D acquisitions, each biopsy site can still be checked prior to sampling.
Biopsy sampling sites are chosen according to MRI-defined abnormalities.
Postoperative CT scan is still performed at postoperative day one.

Literature Review of Robot-Assisted Stereotactic Biopsy

Robot-assisted biopsy remains scarcely reported in scientific literature. It probably
relies on the slow diffusion of the robotic assistance prior to the broader use of
SEEG [12]. In fact, the multiple stereotactic trajectories required for a SEEG are
better performed using a robotic assistance. The increasing frequency of SEEG in
North American neurosurgical departments should lead to a multiplication of
robotic assistance use in functional neurosurgery in the near future. Prior to our
series of 337 cases of robot-assisted stereotactic biopsy for supratentorial gliomas,
the larger series consisted in 102 cases reported by Yasin et al. [13, 14]. A review of
the literature made by Marcus et al. identified 15 studies published before December
31st 2017 [15]. All these studies were retrospective and did not compare



174 M. Zanello et al.

frame-based and robot-assisted stereotactic biopsy procedures. Nevertheless, the
diagnostic yield varied from 75% to 100% in individual series. By considering the
two series of 100 patients or more, published before the one from Sainte-Anne
Hospital, the rate of radiological defined postoperative hematoma was found to be
equal or superior to 10%, which is in line with our findings. However, it is important
to note that this frequent radiological finding of postoperative hematoma does not
correlate to severe clinical outcomes (i.e., permanent severe morbidities, death) in
the majority of cases: only one patient who suffered from a postoperative hematoma
deceased. The accuracy was rarely studied due to scarcely performed intraoperative
imaging. At the present era of facilitated 3D intraoperative imaging, the comparison
between planned and actual trajectories is simplified. When reported, the average
target accuracy stayed in the “stereotactic” range: 0.9—4.5 mm.

The Sainte-Anne Experience of Robot-Assisted
Stereotactic Biopsy

Using a prospective database, we recently performed an in-depth analysis of our
robot-assisted stereotactic biopsy practice with a particular focus on patients har-
boring a supratentorial diffuse glioma [14]. A total of 377 patients (60.5% men,
mean age 59.9 + 14.0-year-old) were included. No technical failure leading to the
biopsy arrest occurred. We performed serial biopsies: a mean of 4.2 + 1.9 (range,
1-14) biopsy samples were obtained at a mean of 2.6 + 1.2 (range, 1-6) biopsy
sites. Biopsy sampling was performed at various sites encompassing the different
MRI-defined abnormalities with a decreasing frequency: area of contrast enhance-
ment (mean 1.5 + 1.2 (range, 0-7) samples), area of hypersignal on FLAIR sequence
(mean 1.0 £ 1.1 (range, 0-6) samples), necrotic area, in a cystic component if any,
and in the seemingly normal brain parenchyma. An extemporaneous histopathologi-
cal analysis was performed intraoperatively in 324 (85.9%) cases with a decreasing
frequency over time. The diagnostic yield of our stereotactic procedure was very
high: the histopathological diagnosis of a diffuse glioma and the glioma grade were
obtained in 98.7% and in 92.6% of cases, respectively. In multivariate analysis, a
male sex (adjusted Odds ratio (aOR) 3.2, p = 0.004) and a ring-like pattern of con-
trast enhancement with central necrosis on MRI (aOR 4.9, p = 0.002) were indepen-
dent predictors of a conclusive diffuse glioma grading. Postoperative clinical
complications included new neurological deficit in 7.7%, epileptic seizures in 2.7%,
systemic thromboembolic events in 1.3%, and intracerebral hematoma requiring
surgical evacuation in 0.8%. No infection was observed. A KPS decrease >20 points
postoperatively was observed in 4.0%. Eleven (2.9%) patients died during the first
postoperative month, and four (1.1%) of them died during hospital stay. Of these
four deceased during hospital stay, three of these passed for rapid evolution of the
lesion’s mass effect, while the fourth for preexisting bleeding of the glioblastoma
prior to biopsy. None of these deaths was, hence, directly related to surgery.
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Postoperative imaging revealed some complications including cerebral hemorrhage
>10 mm in 14.6% (<20 mm in 10.6%, and > 20 mm in 4.0%), increased mass effect
in 4.4%, and cerebral ischemia in 0.5%. In multivariate analysis, a preoperative
neurological deficit (aOR 4.0, p = 0.030), a cerebral hemorrhage >20 mm on post-
operative imaging (aOR 7.1, p = 0.004), and an increased mass effect on postopera-
tiveimaging (aOR 5.4, p =0.014) were independent predictors of a new postoperative
neurological deficit. Only a preoperative anticoagulant therapy (although stopped
preoperatively according to guidelines) (aOR 4.3, p = 0.017) was an independent
predictor of a cerebral hemorrhage >20 mm on postoperative imaging. The number
of biopsy sites and the number of biopsy samples were not independent risk factors
of new postoperative neurological deficit, postoperative disability, cerebral hemor-
rhage, and increased mass effect on postoperative imaging. We identified five inde-
pendent predictors of an inability to discharge at home postoperatively in multivariate
analysis: 1/a preoperative neurological deficit, 2/a preoperative KPS <70, 3/a sub-
ventricular zone contact, 4/presence of contrast enhancement on preoperative MRI,
and 5/a steroid use at the time of surgery. When stratifying the rate of inability to
discharge at home postoperatively by the number of predictors present in a particu-
lar patient, the rate of discharge to home reduced from 100% to 20.0% with the
increase from O to 5 of the presence of the predictors identified above.

The Complications of Robot-Assisted Stereotactic Biopsies

Following the analysis of our series of robot-assisted stereotactic biopsies, we
decided to investigate further the cases with severe postoperative hemorrhage [16].
We selected the 12 patients presenting a postoperative intracerebral hematoma
>20 mm of whom 3 required surgical evacuation. The preoperative MRI was per-
formed at a mean 7.6 = 11.4 (median 1; range, 1-31) days before the surgery. No
technical problem led to the procedure abortion. A mean of 4.1 + 2.1 (range, 2-9)
biopsy samples were performed at a mean of 2 + 1.4 (range, 1-6) biopsy sites. An
intraoperative bleeding through the biopsy cannula was observed in six (54.5%)
cases and precluded additional biopsy sampling to be performed. The mean neuro-
surgeon’s experience was 16.4 + 10.6 years (five involved neurosurgeons, range,
3-31). Two patients required the surgical evacuation of the intracerebral hematoma
based on first imaging evaluation (21.0 and 20.4 cm?), and a third patient required
the surgical evacuation after clinical worsening related to an increase of the intrace-
rebral hematoma (from 1.4 to 25.8cm?). None of these three patients presented post-
operative complications after the surgical evacuation of the hematoma, and no
stereotactic biopsy related death occurred in this series of 12 patients.

We took advantage of Sainte-Anne Hospital’s surgical procedure to reconstruct
the actual trajectory. In fact, the actual position of the biopsy cannula was captured
intraoperatively thanks to X-rays systematically obtained: (1) before skull drilling
to control the entry point and the trajectory; (2) at each biopsy site before biopsy
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sampling to control the position of the biopsy cannula. We used a homemade Flash
software (Rulsirah, version 2.0) plus BrainLab iPlan Stereotaxy software (version
3.0, BrainLAB AG, Feldkirchen, Germany) to co-register 2D plain X-rays obtained
during surgery with 3D preoperative images. We then reviewed the biopsy trajec-
tory to search for a possible conflict between the actual biopsy trajectory and an
anatomical structure at risk (cerebral blood vessels and cerebral sulci) [17]. The
matchings between the actual biopsy trajectory, the intracerebral hematoma, and
anatomical structures at risk revealed that in eight (72.7%) cases, an anatomical
structure at risk was identified along the actual biopsy trajectory: a vessel located
within a sulcus outside biopsy sampling site in four cases, a sulcus without identifi-
cation of any vessel outside biopsy sampling site in two cases, a cortical vessel
outside biopsy sampling site in one case, and a vessel located in the tumor and cor-
responding to a biopsy sampling site in one case. In all cases, the actual trajectory
matched with the planned trajectory. This work illustrates the scarcity of severe
complications following robot-assisted biopsies and, at the same time, the need to
be extremely vigilant during the planning procedure. The fact that even trained
neurosurgeons experienced severe hemorrhagic complications, and that hemor-
rhage can occur in any part of the brain, highlights the requirement of assistance
software to lower the complication rate.

Classical Pitfalls in Robot-Assisted Stereotactic Biopsies

Figure 11.3 details two cases enduring hemorrhagic complications after robot-
assisted stereotactic biopsies.

Based on our experience, some neurosurgical complications are favored by poor
preoperative conditions required to achieve a successful surgical procedure. The
two following cases illustrate two classical pitfalls in robot-assisted stereotactic
biopsies: intratumoral vessel and poor preoperative imaging. Interestingly, despite
large postoperative hematoma, none of the patients died postoperatively.

The first case is a 30-year-old female with no particular medical history, suffer-
ing from headaches and cognitive-motor slowing for 15 days before consulting
medical attention, discovered a lesion in the pineal gland with MRI imaging.
Primary surgical indication for ventriculostomy in view of obstructive hydrocepha-
lus was executed, without any postoperative complications and without conclusive
histological diagnosis on the CSF analysis. Indication for stereotactic biopsy was
proposed as a second intervention and accepted. During the procedure, intraopera-
tive bleeding through the biopsy cannula occurred, without clinical repercussions.
At day one postoperatively, the patient was found in the morning GCS 9 (E2 V1
M6), where immediate brain CT scan depicted a hematoma at the tumor site. Patient
hospitalized in neurointensive care unit. An external ventricular drain was placed.
During the subsequent weeks, the patient slowly continued to improve. Patient was
eventually transferred for oncological care and treatment. The patient had only a
Parinaud syndrome (i.e., pretectal syndrome) after complete resorption of the
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Fig. 11.3 Two cases of robot-assisted biopsies enduring complications. (a) From left to right,
upper line: sagittal slice of preoperative 3DT1 with gadolinium enhancement MRI of a 30-year-old
woman suffering from a pineal tumor, close-up on the tumoral vessel, co-registration of preopera-
tive MRI and intraoperative O-Arm series showing a good overlap of planned trajectory (angular
error: 0.5°, target error: 0.3 mm), close-up on the vascular conflict, postoperative CT scan acquisi-
tion showing the intratumoral bleeding. (b) From left to right, lower line: sagittal slice of first
preoperative 3DT1 with gadolinium enhancement MRI of a 83-year-old woman suffering from a
left temporo-mesial tumor, sagittal slice of second preoperative 3DT1 with gadolinium enhance-
ment MRI, co-registration of preoperative MRI and intraoperative O-Arm series showing a good
respect of planned trajectory (angular error: 2.6°, target error: 2.0 mm), close-up on the vascular
conflict, postoperative CT scan acquisition showing the intraparenchymal and the subdural
hematoma

hematoma. This case illustrates the need to check the planned trajectory until the
end: intratumoral vessel largely visible on preoperative MRI is as prone to bleed as
another physiological vessel.

The second case demonstrates a basic prerequisite of uneventful stereotactic pro-
cedure: an appropriate preoperative imaging. This 83-year-old female without car-
diovascular comorbidities and hence no pro-bleeding therapy harbored a probable
high-grade glioma located in the right temporo-mesial cortex. Indication for stereo-
tactic biopsy was proposed and accepted. The procedure was planned based on a
preoperative MRI performed at the eve of surgery in order to exclude any tumor
progression before biopsy. This MRI was poorly enhanced, leading to a difficult
visualization of the intraparenchymal vessels. This patient presented intraoperative
bleeding through the biopsy cannula, motivating an immediate brain CT scan,
depicting an important left temporo-insular hematoma with bradycardia and left
anisocoria. Multidisciplinary discussion concluded no indication for evacuation of
such hematoma in view of the patient’s age, clinical state, and suspected aggressive
and malignant histology. After 1 week in neuro intensive care unit, the patient
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recuperates with persistent right hemiparesis and mixed aphasia. A brain CT scan
executed 2 weeks post-biopsy, demonstrated the chronicization of the hematoma.
During the subsequent weeks, the patient continued to improve on a clinical level,
which allowed for a transfer in a neuro-rehabilitation center. The patient harbored a
severe hemiparesis, language disorder, and somnolence after complete resorption of
the hematoma. This patient had a previous MRI leading to the neurosurgical
appointment.

In both cases, intraoperative control ensured a correct positioning of the needle,
respectively, with the preoperatively planned trajectory. This demonstrates how
human-based preoperative preparation, i.e., good quality imagery, and anesthesia
patient preparation preoperatively are essential for good surgery planning by the
neurosurgeon to then execute the surgery assisted by the robot. This case analysis
also proves the usefulness of intraoperative imaging: during the surgical procedure,
the neurosurgeon can adapt his surgery if the trajectory seems deviated, and after
the surgical procedure, the fusion between intraoperative image and preoperative
MRI allows to understand the surgical complication, if any.

Perspectives

The trend in neurosurgical robotic assistance is towards smaller, faster, and cheaper
tools. This trend is comprehensible in view of the cost and size of classical surgical
robots, which look like poorly modified industrial robots. The democratization of
robotic assistance will certainly fasten the adoption of robot-assisted stereotactic
biopsy by numerous neurosurgical teams worldwide. From the authors’ point of
view, this evolution has to be carefully evaluated by the neurosurgical community.
One of the main advantages of classical surgical robots over arms positioned via
neuronavigation, such as Vertek and Varioguide arms (respectively, Medtronic and
Brainlab systems), is their mechanical stability and reliability through thousands of
arm deployment [18-20]. It remains unclear if the thinner robot’s arms will be able
to keep this mechanical accuracy, reducing the benefit of the robot-assistance com-
pared to MRI-based neuronavigation [21, 22].

The same type of warning could be made regarding intraoperative imaging.
Intraoperative imaging verification could be judged as a superfluous precaution in
front of the numerous registration modes proposed in modern robot-assisted plat-
forms (surface, marker-based, frame-based). However, it remains the only way to be
certain of the trajectory. In agreement with seminal works of the Sainte-Anne
school, we still think that performing intraoperative imaging acquisition is manda-
tory. This affirmation is reinforced by the new intraoperative imaging tools: 3D
acquisition is now easily performed and fused with preoperative imaging. The time
lost in intraoperative checking is no longer an argument to not perform such quality
control. The classical 2D X-rays still maintain their purpose, as the acquisition is
even faster than 3D series and has less of a radiant effect. In this way, the interest of
a 2D/3D platform such as O-Arm for functional neurosurgery seems obvious: 3D
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datasets for automatic registrations and 2D projective X-rays for control. This will
lower the patient irradiation and shorten the surgical procedure.

Robot-assisted biopsy is a safe and efficient neurosurgical procedure.
Nevertheless, the current complication rate is similar to those of the first reported
series [15]. The main axis of improvement is the development of new planning
tools. The main source of potentially life-threatening complications, including cere-
bral hematoma, is the human error during trajectory planification. Errors can be
made by the most experienced neurosurgeon despite adequate preoperative brain
imaging. The assistance tool will probably be assistance software. It has to be kept
in mind that the neurosurgeon is not a computer scientist and, in many cases, has
limited time to perform trajectory planning. In this way, future software should be
simplified and offer fast results. Sainte-Anne Hospital’s group is currently working
on finding simplified solutions to be easily incorporated into the surgical procedure,
considering the limitations discussed thus far.
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Chapter 12
Robot-Assisted Drug Delivery to the Brain

Neil Barua, Alison Bienemann, and Angelo Pichierri

A Brief History of Drug Delivery to the Brain

For many years, neurosurgeons have endeavoured to develop methods of direct drug
delivery to the brain in order to bypass the blood-brain barrier (BBB). The BBB
represents a physical and physiological barrier to the transfer of many therapeutic
molecules from the bloodstream into the brain, thus limiting the efficacy of sys-
temic treatments for a wide range of neurological conditions including neurodegen-
erative diseases and brain tumours.

Much of the historical research focus has been directed towards developing neu-
roprotective and neurorestorative strategies for Parkinson’s Disease and chemother-
apeutic innovations for high grade glioma. Direct drug delivery to the brain has
particular relevance for the amelioration of Parkinson’s Disease and intrinsic brain
tumours, where there is an apparent surgical target. However, this novel method of
drug delivery has potential applications to a wide range of neurological disorders
including Huntington’s disease, Alzheimer’s disease and drug-resistant epilepsy.
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Intraventricular Infusion

Initial investigations focused on intraventricular infusion of neurotrophins includ-
ing glial cell line-derived neurotrophic factor (GDNF) and neurturin (NTN) in
rodent and non-human primate (NHP) models of Parkinson’s disease (PD) [1-3].
Infusion of GDNF into the ventricles of rats results in widespread diffusion of
GDNF into surrounding brain parenchyma including the cerebral cortex, striatum,
substantia nigra, hypothalamus, and the ventral tegmental area. In rat models of PD,
intraventricular infusion of GDNF successfully induced both locomotor improve-
ments and increased striatal dopamine turnover. However, these early studies also
identified one of the major potential pitfalls of intraventricular infusion—off-target
side effects; increased hypothalamic dopamine led to cachexia and weight loss in
experimental animals. In order to determine whether this was simply a consequence
of the small volume of the rodent brain, intraventricular infusion therapies were
tested in NHP models.

The neuroprotective and neurorestorative effects of intraventricular infusion of
neurotrophins were once again confirmed in NHP models of PD. However, analysis
of the intraparenchymal distribution of the infused therapy following intraventricu-
lar administration revealed the second potential pitfall and potential barrier to clini-
cal translation—the large molecular size of the GDNF neurotrophin limited
diffusion through the ependyma, thus preventing effective delivery to the caudate
nucleus or putamen in NHP models. Again, these experimental studies identified
weight loss and dyskinesias as off-target side effects of drug delivery into the
ventricle.

Not surprisingly the first randomised double-blind placebo-controlled trial of
intraventricular infusion of GDNF in 50 patients failed to achieve its primary end
point with participants reporting significant side effects (hyponatraemia, anorexia,
weight loss, nausea, vomiting, and Lhermitte’s phenomenon), without improve-
ments in the clinical manifestations of PD [4].

Intraparenchymal Drug Injection

Direct injection of therapies into the brain has also been extensively investigated in
the pursuit of neuroprotective and neurorestorative treatments for PD. Intrastriatal
injection of GDNF in rodents and intraputamenal injection of GDNF have both
been shown to induce histological, biochemical and locomotor improvements in
experimental models of PD.
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Chronic intraputamenal infusions of GDNF and NTN in NHP models have been
shown to result in substantial improvements in locomotor scores over a 3-month
period when compared to control. However, analysis of drug distribution within the
putamen again highlighted the challenges of achieving consistent, predictable and
clinically relevant drug delivery with volumes of distribution ranging from less than
30% to over 90% of the entire putamen.

This variability and unpredictability has been implicated in the subsequent fail-
ure of clinical trials of intraputamenal infusion of GDNF. In a multicentre ran-
domised controlled trial of intraparenchymal infusion of GDNF, 34 trial participants
were randomised to either bilateral infusions of GDNF or placebo. The trial again
failed to meet its primary endpoint as at 6 months, the GDNF cohort had failed to
demonstrate the required improvement in clinical scores. Furthermore, neutralising
antibodies were detected in 3 subjects, and the other 3 experienced serious device-
related adverse events. The disappointing results of clinical trials of intraputamenal
infusion of GDNF led to a re-appraisal of the state-of-the-art and a concerted effort
to identify causative factors. Inadequate drug distribution within the target structure
(the putamen) was again identified as a primary cause for the trial’s disappointing
results.

Contemporaneously, parallel studies of direct delivery of therapeutics into malig-
nant gliomas were underway in a number of centres around the world. A wide range
of therapeutics have been investigated including conventional chemotherapies, tar-
geted toxins, viral vector-mediated gene therapies, radioisotopes and immunomod-
ulators. To date, the tremendous potential of direct intratumoural drug delivery is
yet to be realised in clinical studies. The results of the PRECISE phase 3 trial of
intratumoural delivery of the targeted toxin IL13-PE38QQR (cintredekin besudo-
tox) for Glioblastoma were reported in 2010 and again showed no benefit over stan-
dard treatment. The subsequent analysis of causative factors identified poor drug
distribution, catheter design and infusion parameters as major contributors to the
failure of the trial [5].

These factors led our group, and other groups around the world, to dedicate a
programme of laboratory, preclinical and clinical research to the understanding and
improvement of convection-enhanced drug delivery (CED), a novel method of
direct drug delivery to the brain. By establishing a pressure gradient at the tip of an
intraparenchymal microcatheter rather than relying on drug diffusion, CED offers a
number of potential advantages over conventional drug infusion methods—homo-
geneous and highly targeted distribution of drug delivery to the brain through large
and clinically relevant brain volumes, reduction in off-target side effects and mini-
misation of tissue trauma induced by catheter insertion and drug infusion. However,
clinical translation of CED for the treatment of neurodegenerative and neuro-
oncological disorders poses a number of significant challenges.
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The Challenges of CED
Minimisation of Tissue Trauma

Analysis of the failed trials of intraputamenal neurotrophin infusion for PD and
intratumoural drug delivery for GBM identified drug reflux as a major contributor
to poor drug distribution and off-target side effects. Reflux describes the escape of
infusate into the potential space at the catheter/brain interface, resulting in loss of
therapeutic effect at the target site and uncontrolled dissemination of infusate into
the various intracranial compartments. Reflux has been implicated in the develop-
ment of adverse events in CED trials for glioblastoma such as skin irritation, and
also in the development of neutralising antibodies against GDNF. Our own preclini-
cal analysis of catheter design and implantation technique identified catheter mate-
rials, design and metrics (outer and inner diameter) as major drivers of optimal
catheter performance. However, equally important was the method of catheter
implantation—minimisation of tissue disruption at the brain/device interface proved
of vital importance to the prevention of reflux.

Our early preclinical studies of catheter design and implantation in large animal
(porcine) models utilised the Pathfinder image-guided neurosurgical robot
(Armstrong Healthcare Ltd., UK) in order to provide a highly stable and accurate
platform for delivery of catheters and instruments into the brain. Prior analysis of
targeting accuracy in a brain phantom with the Pathfinder robot identified an appli-
cation accuracy of 0.5 mm compared with 0.98 mm for conventional stereotac-
tic frames.

Achieving Drug Distribution Through Clinically Relevant Brain Volumes

The success of clinical trials of direct drug delivery to the brain has been consis-
tently undermined by inadequate drug delivery within the target structure. The dis-
tribution of a drug administered via CED is dependent upon a range of variables, in
addition to the elimination of drug reflux:

— The physicochemical properties of the infusate

— The proximity of the catheter outflow to low resistance pathways (such as a
necrotic tumour centre or perivascular space)

— Infusion parameters (rate and length of infusion)

— Clearance of the infusate through innate drainage pathways of the brain

— The ratio of the volume of infusion to the volume of drug distribution (Vi:Vd).

Whilst many of these variables are beyond the scope of this chapter, the final
variable—Vi:Vd—can to a certain extent be optimised with the assistance of robot-
ics. The volume of the human putamen is approximately 4cm?, whereas the target
volume for a glioblastoma can range from anywhere from 10 to 300 cm?. Infusion
rates also have to be limited to the microlitres/minute range in order to prevent tis-
sue trauma from excessively high flow rates. It quickly becomes apparent that in
order to achieve homogeneous and predictable drug distribution through these large
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brain target volumes within clinically acceptable timeframes either very high flow
rates (thus risking tissue trauma and reflux) or multiple catheters must be utilised.
Although conventional stereotactic frames can be used to perform multiple catheter
trajectories, this can be time-consuming, cumbersome and prone to human error. In
our clinical trials of CED for Parkinson’s disease, two catheters were implanted in
each putamen with robotic assistance with the intention of addressing the pitfalls of
prior studies of GDNF infusion. Robotic assistance facilitated rapid, highly accurate
and reproducible implantation of multiple catheters in a software-driven surgical
process [6, 7].

Robot-Assisted CED—Application in Parkinson’s Disease
and Neuro-Oncology

A Randomised Trial of Intermittent Intraputamenal Glial Cell
Line-Derived Neurotrophic Factor in Parkinson’s Disease

In 2019, we reported the results of a double-blind randomised trial of CED of GDNF
in 42 subjects with moderately severe PD. In order to address the deficiencies of
previous studies of intraputamenal drug delivery, we developed a novel implantable
catheter system comprising four independent catheters and a transcutaneous bone-
anchored port. The skull mounted port facilitated chronic intermittent drug delivery
to the brain at 4 week intervals for 40 weeks.

Two catheters were implanted into each putamen using the Neuromate surgical
robot (Fig. 12.1. Renishaw Plc., Gloucs., UK). Using this robotic system, we
achieved highly accurate catheter targeting with a mean distance between the
planned and actual target for the catheter tips of 0.6 + 0.5 mm (range 0-2 mm). Test

Fig. 12.1 Neuromate robot (Renishaw Plc., Gloucs., UK)
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infusions of gadolinium were performed to ensure sufficient drug distribution before
randomisation. Coverage of the total putamenal volume ranged from 47.8 to 55%.
This distribution compares very favourably to estimates from prior trials of intrapu-
tamenal infusion in which the bioavailability of GDNF was estimated to be limited
to less than 10% of the total putamen. No ischaemic or haemorrhagic events related
to catheter implantation were identified, however, one participant suffered a mildly
symptomatic ischaemic stroke, and one suffered an asymptomatic haemorrhage
during their first infusions.

Despite these technological advances in catheter design and robot-assisted
implantation, the trial failed to meet its primary endpoint of a predetermine reduc-
tion in mean OFF state UPDRS motor scores at week 40. However, 18F-DOPA
imaging suggested a widespread biological effect from GDNF distribution through-
out the putamen, indicating that the limitations of drug distribution seen in earlier
trials had been overcome.

The same catheter system, skull-anchored port and robot-assisted implantation
method were also used to deliver carboplatin to adults with recurrent and progres-
sive glioblastoma and children with progressive diffuse intrinsic pontine glioma.
One patient underwent re-resection of a recurrent left parietal GBM, followed by
robot-assisted implantation of four catheters and a skull-anchored port. The trajec-
tories for the catheters were planned to target areas of tumour enhancement and the
infiltrated peri-tumoural penumbra. All catheters were implanted to within 1.5 mm
of their planned target. The patient was recovered from anaesthetic, and a total vol-
ume of 27.9 mL of carboplatin was infused on two consecutive days. Further infu-
sions were administered after an interval of 4 weeks on three consecutive days.
Drug distribution was inferred from real-time T2-weighted MRI scans performed at
multiple time points during and after infusions and indicated drug distribution
throughout the targeted tumour volume and infiltrated peri-tumoural penumbra.

Follow-up imaging at 4 and 8 weeks post-infusion demonstrated a reduction in
volume of enhancing tumour by almost 50%. Unfortunately, this response was short
lived and further imaging confirmed significant tumour recurrence. We believe that
the failure to achieve a sustained response was more likely attributable to the defi-
ciencies of carboplatin as an anti-tumour agent than to the methodology of catheter
implantation and drug distribution. The procedure did however confirm the feasibil-
ity of accurately and safely delivering microcatheters with robotic assistance to the
peri-tumoural interface and performing repeat infusions of chemotherapy [8].

Future Applications of Robot-Assisted Drug Delivery
to the Brain

Local Drug Delivery for Drug-Resistant Epilepsies
Drug-resistant epilepsies (DRE) may—in fact—not necessarily be drug resistant in

all cases. The suggested mechanisms for medically refractory epilepsies include
(amongst others) alterations of drug uptake into the brain, inadequate passage across
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a BBB in response to the chronic drug administration, pharmacokinetic alterations
in the periphery [9]. Increasing AED dosage can only be done up to a point after
which systemic or neurological adverse effects arise.

Systemic DRE (sysDRE) would be therefore more accurate in describing these
cases [10]. For many patients with sysDRE, surgical resection is not an option at all
due to a poorly localised or undefinable seizure focus, the occurrence of a mirror
focus in the contralateral hemisphere, the existence of multiple seizure foci, too
widespread an epilepsy network, generalised onset epilepsy, unacceptable surgical
risks or expected unwanted postoperative adverse effects [10]. New ways of sys-
temic delivery—such as nose-to-brain [11] and closed-loop “smart” intermittent
drug release [12]—are under investigation. Delivering drugs directly to the brain
(local drug delivery, LDD) seems to be a more promising and all-around way to
bypass the issues causing sysDRE: a PubMed query about the topic “Brain drug
delivery” returned 8000 papers in the last decade, of which about 300 are related to
epilepsy. Most of them are at a preclinical stage. Generalised or focal onset epilep-
sies differ from each other for pathways and mechanisms: two distinct research
lines would be required, but current experimental studies on LDD concentrate on
focal onset epilepsies [10].

What emerges from these studies is that the beneficial effect of LDD comes from
a combination of symptomatic seizure suppression (short-term) and neuromodula-
tion of seizure networks (long-term) [10]. LDD is the chemical/biological response
to electrical open-(DBS/SANTE, VNS) and closed-loop (RNS) solutions, with the
promise of a higher versatility and control [13—15].

Silencing an epileptogenic zone (EZ)—instead of resecting it—is an attractive
option due to the reversibility of the effect and the possibility to selectively suppress
the regional hyperexcitability while maintaining the possible useful residual func-
tion of the involved neurons, particularly for EZ within the so-called eloquent brain
areas [13].

While most of the literature investigates the feasibility of LDD to neocortical and
limbic sites, another promising group of targets is represented by subcortical struc-
tures, particularly basal ganglia, for their crucial involvement in seizure propagation
and remote modulation on seizure initiation [16]; it is remarkable that these struc-
ture are involved not only during secondary generalisation, but even during focal
seizures [17]. The substantia nigra (pars reticularis) and the subthalamic nucleus
seem to be particularly relevant targets for their non-selective role in the control and
propagation of different types of epilepsies/seizures [18-20]; other possible targets
include the ventral midbrain (via GABA modulation), the dorsal striatum (via dopa-
mine modulation); and selected thalamic nuclei [10]. The concept of neuromodula-
tion, as opposed to a simple seizure disruption, is even more relevant in this context.
These targets may be effective for the treatment of cases where the EZ cannot be
identified or extends to multiple nodes/extended networks [18]. They also represent
an attractive field of research for generalised onset epilepsy [18].

Experimental challenges remain regarding the appropriate drug selection, type
of administration (acute vs intermittent vs on demand), bi- vs unilateral targeting
and, not least important, side effects (due to the complex and overlapping networks
regulated by these structures).
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Main Directions of Research

LDD research lines have forked in different strategies:

Wafers/Bioceramics: bulky and only suitable for diffusible compounds; offer a
highly non-uniform, limited extend of delivery; they are burdened from the issue
of pharmacological tolerance due to the continuous drug release [13].
Nanoparticles (polymers, nanotubes, liposomes, dendrimers): some of the solu-
tions can be administered systemically (orally/intravenously/intranasally), with
the associated drugs or prodrugs being released directly into the brain. Advantages
include increase of systemic circulation half-life; reduction of side effects; suit-
ability for poorly soluble drugs and lipid-soluble molecules larger >1 kDa that
wouldn’t otherwise cross the BBB. Drawbacks include rapid clearance from
bloodstream and accumulation in liver/spleen, with toxicity issues for non-
degradable particles [21].

Passive diffusion using epidural, subdural, transmeningeal, intracerebroventricu-
lar (ICV) or intraparenchymal systems, via implants or acute injections. Main
common disadvantages of these systems are related to the fluid dynamics that
govern the passive diffusion process [13]: slow effect due to highly tortuous and
inhomogeneous brain tissue (e.g. pial surfaces); small and inconsistent distribu-
tion volume (a few millimetres); non-uniform concentration distribution; rapid
clearance due to CSF and capillary efflux; thus suitability is limited to diffusible
and small substances. The ICV route has the hypothetical advantages of being
easier to realise (non-robotic procedures) and of offering a widespread diffusion
through CSF, which could be desirable if a whole-brain effect is wanted and an
appropriate drug is found to be effective and non-toxic at the same time. In prac-
tice, though, its efficacy and applicability are limited by the exponential concen-
tration decay of the infused compound, its rapid CSF clearance (4-5 h) and the
challenge of finding such an ideal drug [13].

Closed-loop devices: the most known closed-loop device is the responsive neuro-
stimulator for seizures (RCS). This is a FDA-approved, commercially available
device which employs electrical impulses to disrupt the seizure propagation after
having detected its onset [14]; it is therefore crucial that the electrode(s) is/are
inserted as near as possible to the seizure onset zone(s). At an experimental pre-
clinical level, similar closed-loop technologies are being coupled with focal
cooling [22] and some drug delivery solutions [10, 23] to provide an “on demand”
delivery which seems to be effective in resolving the drug tolerance issue linked
to the continuous infusion.

Gene therapy: attractive perspective for biological molecules that would need
frequent refilling or would be unstable if kept in subcutaneous reservoirs (at
body temperature). It opens the way to modulations with a higher level of com-
plexity and micro-environmental feedback (e.g. epigenetic pathways, multi-gene
regulation, regional neural networks interactions) [24].

— ex vivo: Embryonic or neuronal stem cells can be cultured, engineered to
secrete neurotransmitters, neuromodulators and/or peptides. The enriched



12 Robot-Assisted Drug Delivery to the Brain 189

phenotypes cells are then screened for transduction-induced defects prior to
transplantation in the host, where they will modulate the hyperexcitability of
the nearby cells (bystander effect) [25]. The transplant can be encapsulated
(encapsulated cell biodelivery, ECB), to allow more control and possible
removal of the grafted cells, or freely released into the targeted neural envi-
ronment with the possibility of integration for a more complex interac-
tion [25].

A relevant advantage is the lack of reservoirs, pumps, polymers, carriers,
batteries, or electric devices, but several issues still remain open [25]: effi-
ciency of integration with the surrounding environment; incorrect migration
to target position, possible apoptosis/necrosis (enhancement with anti-apop-
totic/neurotrophic factors is being studied), possible inflammatory reaction
(ECB should reduce this risk); unstable action and lack of control, especially
for unencapsulated cell grafts, for which rescue strategies must be found prior
to any clinical application. Gene therapy would also be suitable for biological
compounds only (e.g. GABA, adenosine, recombinant growth factors,
peptides).

— invivo: host cells can be engineered to release therapeutic substances via viral
vectors. This method overcomes the problems related to integration/rejection
of ex vivo manipulated cells. Concerns exist regarding the possibility of
inflammatory response to the host cells; transduction efficiency and precision;
insertional/transduction-induced mutagenesis; complex transgene regulation
effects; undesired transduction of several neural phenotypes or off-target
cells [25].

Convection-enhanced delivery (CED): the potential advantages of this technique
and the application to robotics described above also apply to LDD in epilepsy
where target structure may have complex shapes and require multiple catheters.
The ability of combining it with other methods (nanoparticles, gene therapy,
stem cells closed-loop devices) further enhances its potentials [10, 13, 21].
MicroFIP (microfluidic electrophoretic ion pump): a very promising line of
research which also offers precise spatial-temporal drug delivery and overcomes
the problems related to catheter clogging and fluid reflux, common to both pas-
sive diffusion and CED. The associated reservoir would have a long lifespan as
it would only deliver the drug without its solvent, with negligible local pressure
increase. The concentrated drug also provides a powerful action that allows a
discontinuous infusion. Association to a closed-loop actuation would also allow
on demand delivery [23].

Promising Studies

A number of papers have been published using various molecules such as growth fac-

tors, peptides, hormones (progesterone), phenytoin, valproate, inhibitory substances

(GABA, muscimol, adenosine), systemically toxic substances (omega-conotoxin,
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botulinum), tiagabine, carisbamate [13, 21, 24, 26]. We will briefly summarise the
ones we think more illustrative of the potentialities of LDD.

w-conotoxins have been used in rat amygdala-kindling models (CED infusion),
targeting their temporo-mesial structures. The depressant effect of these toxins on
the calcium influx in presynaptic terminals suppresses presynaptic transmission,
inhibiting spontaneous and evoked epileptiform discharges [13].

Botulinum neurotoxins A/B: rat amygdala-kindling models received a unilateral
hippocampus infusion via CED, based on the rationale that these toxins cause a
long-lasting inhibition of glutamate release. This resulted in an inhibition of focal
seizures and their generalisation and in a neuroprotective action toward the hippo-
campal cells [10].

Dynorphins: These neuropeptides act as endogenous modulators of neuronal
excitability. An adeno-associated virus has been used as a vector to deliver prepro-
dynorphin into the mTLE of rodents models, resulting in a long-term suppression of
seizures to up to 6 months (until the end of the observation period) after a single
application [27].

Adenosine stem cells: Adenosine is an endogenous neuromodulator, whose intra-
and extracellular concentrations are regulated by a passive nucleoside transporter.
Extracellular adenosine concentration rapidly rises during seizures and binds to the
inhibitory presynaptic Al receptor that has a role in the termination of the seizure
through a pathway which modulates the Ca* and K* channels. Adenosine is metabo-
lised by the adenosine kinase (ADK) which increases with epilepsy progression,
causing a relative depletion of the adenosine levels. Adenosine cannot be given sys-
temically because its severe side effects (bradycardia, hypotension and hypother-
mia). Experiments targeting rat hippocampi using various delivery systems (osmotic
mini-pumps, “ex-vivo” and “in-vivo” cell-base therapies) led to seizure reduction of
33% with no side effects [28].

Valproate: An ICV device (continuous CSF infusion) has been used to chroni-
cally administer valproate in patients already on oral valproate and poor seizure
control. The study reported a recovered anticonvulsant effect with a reduced sys-
temic toxicity, although burdened from adverse effects such as nausea and loss of
appetite [29]. While this contribution confirms the concept of sysDRE, it also con-
firms the limitations of LDD using ICV systems.

Muscimol microparticles were administered intraparenchymally in various ani-
mal models with various strategies, including “on demand” systems using closed-
loop devices. Diffusion to nearby regions was noted, with both toxicity and improved
seizure control due to the seizure modulation of the tissue surrounding the EZ. A
clinical study was carried out on three patients, using a temporary (12/24 h) infusion
via CED, mostly for testing its safety rather than for establishing a therapeutic ben-
efit, due to the short-living nature of the trial, the infusion didn’t cause any adverse
reaction and caused significant seizure reduction effect in one patient [30].
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Benefits and Drawbacks of Robotics in Drug Delivery
to the Brain

Our experience of convection-enhanced drug delivery to the brain in neurodegen-
erative and neuro-oncological conditions supports the use of robotic assistance in
achieving rapid, highly accurate, reproducible and minimally traumatic implanta-
tions of multiple catheters. The high cost nature of these technologies remains a
potential barrier to widespread use. However, the tremendous potential of CED is
yet to be realised in clinical trials, highlighting the urgent need to identify and
develop more effective therapeutics which will facilitate application to a wide range
of neurological conditions.
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Chapter 13
Robotics in Radiosurgery

Ajay Niranjan, Zaid A. Siddique, Cihat Ozhasoglu, and L. Dade Lunsford

Brief History of Radiosurgery

Lars Leksell proposed the concept of radiosurgery and how it could be accom-
plished in a landmark article published in 1951 [1]. The first prototype Gamma
Knife was constructed in 1967, and the first Gamma Knife surgery (GKS) was car-
ried out for a craniopharyngioma patient on October 25th of that year Even though
Leksell’s original concept of the Gamma knife was a functional tool for pain, move-
ment disorders, and refractory behavioral disorders. Between this date and the 1983
installation of a new gamma knife in Buenos Aires, Argentina, Stockholm was the
only place in the world where GKS was offered. Shortly afterwards in 1984, the
fourth constructed Gamma Knife was installed in Sheffield, England. The fifth GK
was installed in Pittsburgh in 1987. Prior to the establishment of the GK in Pittsburgh,
the predominant indications for GKS were management of vascular malformations,
acoustic neuromas, and pituitary tumors. With the installation in Pittsburgh and the
subsequent proliferation of GK centers in the US and elsewhere, the published evi-
dence in favor of SRS for benign tumors rapidly increased [2, 3]. In the first years
of the 90s, the treatment of brain metastases with GK began, but initially only for
solitary tumors. These lesions often regressed after the procedure and it wasn’t long
before neurosurgeons started treating multiple metastases with radiosurgery.
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In the late 80s, an increasing number of institutions started doing SRS with other
technologies such as linear accelerators adapted for use in stereotactic conditions
and later with dedicated linear accelerator such as CyberKnife®. This growing adop-
tion of the methodology of SRS has helped in the exponential growth and adapta-
tion if radiosurgery.

Several factors have contributed to the exponential growth of SRS. First and
foremost is the developments in neuroimaging since the introduction of the CT
scanner. Equally important is the contribution of advances in computers that led to
improvement in the dose planning capabilities. And finally advances in robotics and
its incorporation in dose delivery system led to improvements in safety and preci-
sion of delivery of focused radiation to a target in the head.

Introduction of Robotics in Radiosurgery

The difficultly of loading and reloading the original Gamma Unit (U type unit) led
to redesign of the source configuration in more of donut type array. This configura-
tion (B Unit) allowed cobalt source loading using a robotic arm and therefore sig-
nificantly reduced the down time. Patient care with the B unit began in 1996. The
patient set up for each target was still manual in the unit. The users not only needed
to change the collimator helmets manually using a forklift but also needed to set
stereotactic coordinate for each target which were triple checked (by another physi-
cian and a physicist). This needed time and resources form a dedicated GK team
comprising of neurosurgeons, radiation oncologists, medical physicists, fellows,
residents, and nurses. Because of time taken in change of collimator helmet changes
(about 10 min) and isocenter targets (6 min), most dose plans were designed using
the minimum possible isocenters and beam diameters (helmets). The addition of
automated positioning system (APS), a robotic positioning technology allowed
modification of the existing B unit to C unit and 4-C with the robotic retrofit. With
the introduction of APS (Fig. 13.1), GK team only needed to set the patient for the
first target and the APS would automatically move patients head to all the planned
target to complete the treatment. Use of the APS lead to significant improvements in
safety and reduced overall time spent in dose delivery. The APS also led to signifi-
cantly improved dose plans (i.e., better 3D conformality and improved radiation fall
off outside the target, a feature called selectivity). Now multi-isocenter plans could
be created without worrying about the dose delivery time. The robotic APS repre-
sented huge improvement in GK SRS as it not only reduced radiation delivery time
but also improved the SRS patient experience.
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Fig. 13.1 Inearlier versions of Gamma Knife manual set up of each isocenter using Trunnions (A)
was required. In model C and 4 C, the first robotic isocenter set up (automated positioning system)
was introduced (B)

Incorporation of Advanced Robotics

The care of patients with multiple brain metastases had become a fast-growing indi-
cation for radiosurgery by 2005. Two main problems associated with radiosurgery
for these patients included the relatively long treatment times required to treat each
patient and the difficulty of irradiating tumors located at the extreme limits of the
brain. Although the APS technology obviated the need to manually adjust each set
of coordinates for a multiple-isocenter plan, the APS had a reduced range in the X
(59-141) and Y (40-160) dimensions. Because of these limitations, tumors located
outside the central brain range needed treatment using a manual set up mode where
trunnions were anchored to the stereotactic frame and adjusted to place the target
isocenter at the focus of the 201 photon beams. Thus, in a patient with multiple
metastases some tumors could be treated with the APS, but others required manual
set up for x, y, and z coordinates using the standard trunnion mode. The changeover
from APS to trunnion mode and manual coordinate set up on an average took 10 and
6 min, respectively, for each isocenter. This led to longer treatment times for patients
who often had multiple medical comorbidities.

To solve these issues, a unique collaboration between industry and a brain trust
of experienced and interested neurosurgeons, engineers, robotics experts, medical
physicists, radiobiologists, and radiation oncologists was established under the
direction of the Swedish manufacturer AB Elekta. A new model Leksell Gamma
knife known as LGK- PERFEXION was designed to make all targets reachable in a
fully robotic mode. The patient bed became the robot. This greatly facilitated the
treatment of patients with multiple brain metastases.
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Fig. 13.2 The collimator body of LGK Icon has 8 sectors of 24 collimators. Robotic motors move
the sectors to home, 4 mm, 8 mm, 16 mm and block positions. Photo courtesy of Elekta

The Leksell Gamma Knife PERFEXION or PFX (Elekta Instrument AB,
Stockholm, Sweden) (LGK PFX) was introduced in 2006. This radiation unit was
redesigned with entirely new beam geometry. A total of 192 60Co sources are
arranged in a cylindrical configuration in five rings. In LGK PFX, primary and sec-
ondary collimators were replaced by a single large 120 mm thick tungsten collima-
tor array ring (Fig. 13.2). Consequently, no external collimator helmets were needed
for the LGK PFX system. The tungsten collimator array contained eight identical
but independent sectors, each with 72 collimators (24 collimators for 4 mm, 24 col-
limators for 8 mm, and 24 collimators for 16 mm). Collimator size for each sector
could be changed robotically by moving 24 sources over selected collimator set. A
sector with 24 sources could be moved independently of other sectors to obtain five
different positions: (1) home position when the system was in standby mode, (2)
4 mm collimator, (3) 8 mm collimator, (4) 16 mm collimator, and (5) sector off
position—a position between 4- and 8-mm collimators providing blocking of all 24
beams for the sector (Fig. 13.3). Although the treatable volume was increased by
more than 300% compared to previous models, the average distance from the cobalt
source to focus was very close to previous models due to a better collimator system
(120 mm tungsten ring). The enhanced treatment volume (more than three times)
allowed for a greater mechanical treatment range in X/Y/Z dimension. The mechani-
cal range in X/Y/Z dimension was 160/180/220 mm for LGK PFX system compared
to 100/120/165 mm for other gamma knife models. This greater range allows treat-
ment of tumors especially multiple metastatic tumors anywhere in the brain.



13 Robotics in Radiosurgery 197

Fig. 13.3 Diagrammatic
representation of
collimator body showing
individual sector and the
motor that drives the sector
to different positions.
Photo courtesy of Elekta

The Automatic Positioning System (APS) of LGK earlier models C and 4C was
replaced by a robotic Patient Positioning System (PPS) in the LGK PFX system. In
PPS, instead of moving only the patient’s head, the whole body of the patient lying
on the PPS was moved into the pre-selected stereotactic coordinates. Manual stereo-
tactic coordinate set up as used on LGK C and 4C was fully replaced by the robotic
PPS in LGK PFX. The entirely redesigned hardware of LGK PFX also significantly
impacted on the treatment planning performed by the Leksell GammaPlan. Robotics
allowed creation of isocenters composed of different beam diameters. Such com-
posite shots could optimize dose distribution shapes for each individual shot.

At the University of Pittsburgh Medical Center (UPMC), the efficient LGK PFX
was installed in September 2007. Highly conformal plans comprising of many iso-
centers, each of differing collimator size and composition could be achieved with
shortened treatment times. Over time, we noted a gradual increase in the number of
isocenters used per plan. The treatment of multiple metastases with the LGK PFX
particularly demonstrated its superior efficiency in treatment delivery [4, 5]. Patients
with brain metastases also benefited from the increased treatment range.

The most recent GK device LGK Icon took the basics of LGK PFX and added a
modification to include cone-beam CT technology (Fig. 13.4). This allowed in cer-
tain cases the standard G frame to be replaced with a mask-based fixation system
(Fig. 13.5). A high-definition motion management system tracks the position of a
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(OElekta

Fig. 13.4 Gamma Knife Icon model was introduced in 2017. Photo courtesy of Elekta

Fig. 13.5 Diagrammatic representation of mask-based radiosurgery with high-definition motion
management system in LGK Icon. Photo courtesy of Elekta

reflective marker on the nose in real-time to make sure that there is no movement
during mask-based SRS treatment. This technology has proven very valuable for a
subset of patients with small tumors that can be treated quickly in a single treatment.
It also allows selected patients to undergo 2-5 GK sessions for the same target
(hypo-fractionated SRS) using the replaceable mask for head stabilization [6].
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Role of Robotic in LINAC Radiosurgery

The proliferation of radiosurgery indications has led to multiple centers adapting
conventional linear accelerators for stereotactic delivery. Robotics play a key role in
modern linear accelerator gantries in the control of beam energy selection, dose-rate
control, and precise delivery of total dose. Of special note with respect to radiosur-
gery is the role of robotics in automatic couch positioning, multi-leaf collimation
aperture control, and gantry positioning.

Gantry LINAC tables are modified for stereotactic delivery to improve patient
positioning, typically by adding three rotational degrees of freedom (pitch, yaw, and
role) to the couch in addition to the three standard translational degrees of freedom
in the x-, y-, and z-axes. In addition to allowing more precise manual control, most
advanced tabletops allow for automated positioning based on online imaging done
during the treatment session [7]. These registrations are not done in a live fashion,
but rather at prespecified intervals—typically once with cone-beam CT alignment
to planning CT alignment at the start of the SRS session. For typical SRS plans,
there can be ~4 noncoplanar arcs delivered with the gantry, with each arc being (see
Fig. 13.6- HyperArc) delivered at a different couch kick angle, with the position of
the patient subsequently confirmed with flat-panel imagers. Typically, these couch
kick angles are also controlled robotically from the plan delivery parameters.

The radiation dose delivery at the gantry head is modulated via a multi-leaf col-
limation system under robotic control. The treatment planning system (TPS) pro-
vides machine parameters controlling 2 paired sets of jaws as well as individual
positions of the collimation leaf, which are tracked through servos with or without

Fig.13.6 HyperArc (a) is a frameless (b), multi-leaf collimator-based, (¢) non-coplanar stereotac-
tic radiosurgery system. Photo courtesy of Varian
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optical tracking confirmation. The leaf positions and fluence pattern generated are
second-checked prior to the patient’s treatment session by measuring the output
dose pattern and confirming that these highly modulated outputs match that esti-
mated by the TPS (Figure—portal dosimetry). This second check represents a
departure from prior step and shoot cone-based delivery, given the static geometries
for the cones that are not controlled robotically. The combination of gantry move-
ment and multi-leaf collimation is algorithmically controlled with a technique
known as volumetric arc therapy, first introduced in 1995 by Cedric Yu [8]. A sec-
ond noted development has been to allow the robotic MLC leaves to move beyond
the midline of the aperture allowing for delivery away from the isocenter. This has
allowed for multiple intracranial lesions to be treated in the same set of arcs, speed-
ing delivery by at least four-fold [9]. A potential drawback of single isocenter, mul-
tiple target delivery is that the radial propagation of small positioning errors can
cause large deviations in delivered dose at targets far from the isocenter.

CyberKnife Robotic Radiosurgery System

CyberKnife was introduced into clinical practice in 1997 [10]. It was the first radio-
surgery device that utilized an industrial robot to direct a photon beam generated by
a small on-board LINAC directly to the target. Some of its advantageous features
included targeting of brain, spine, and body targets (Fig. 13.7). CyberKnife reported
high mechanical precision and an innovative image-guided control loop with target-
tracking capabilities, which allowed for the real-time tracking of target movement.
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Fig. 13.7 The latest model of CyberKnife-S7. The new robot in S7 is faster compared to previous
versions, and robot paths have been optimized for speed. Photo courtesy of Accuray
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The CyberKnife system incorporates a miniature lightweight 6-MV LINAC, with
circular secondary collimators of various diameters, mounted on an industrial robot
with 6 degrees of freedom for movement. Treatment planning is based on an inverse
planning system. A CT scan as well as MRI is used to generate pre- and intra-
treatment digitally reconstructed neuroimages and is used for patient positioning
and subsequent tracking.

For planning the dose delivery, the system chooses several nodes that lie on a
sphere of 80 cm around the target volume. Guided by the dose and the constraints
applied, the system chooses beam directions and weights for each node to reach
optimal conformity with the planned dose distribution. A unique feature of the
CyberKnife system is represented by the image-guided loop. Two flat-panel amor-
phous silicon X-ray cameras are used for intermittent patient positioning and treat-
ment tracking. The system generates a sequence of digitally reconstructed
radiographs from the pretreatment CT, which are matched with the orthogonal
X-ray images acquired during treatment. The new target position is then compared
with the target position at the planning phase, and the beam directions are corrected
accordingly.

Various additions to the system have been introduced since its conception. The
synchrony respiratory tracking system allows for continuous tracking and detection
and correction for respiratory movements. This real-time detection is cross-checked
by the system via digitally reconstructed radiographs to accommodate the robot’s
final position prior to treatment delivery. Another addition, the Xsight tracking sys-
tem uses internal anatomy to directly track targets with accuracy and precision with-
out the need for external frames or implanted fiducial markers. The CyberKnife is a
device that represents the evolution of a concept radiosurgery with incorporation of
robotic technology.

Summary

Stereotactic radiosurgery has transformed the practice of neurosurgery and is now
considered mainstream neurosurgery. Current SRS techniques use real-time image
guidance and robotic radiation delivery.

The application of robotic technologies has improved the accuracy, safety, and
efficiency of radiosurgery. More complex and highly conformal dose plans can be
created since the dose delivery is faster and does not require any manual set up.
Robotics and image guidance have added more flexibility in treatment options as
patients with multiple brain lesion can be treated with single or multiple sessions
radiosurgery using frame based or frameless techniques.

Robotics systems have assumed greater control of all mechanical processes in
the current radiosurgery technique, thereby automating the radiation delivery part of
the radiosurgery procedure. In future, innovation in the radiosurgery treatment of
epilepsy and certain psychiatric diseases could drive future technical innovation
within robotic radiosurgery for brain applications.
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Abbreviations

AOT Advanced Osteotomy Tools

CARLO Cold ablation robot-guided laser osteotome
CT Computed tomography

OCT Optical coherence tomography

Introduction

Indications for laser in neurosurgery came a long way since its first introduction in
1960. A pulsed ruby laser lacked in desirable surgical procedures and at high pow-
ers damaged vital organs, including the brain [1]. A continuous wave CO, laser
came along in 1967. Just to be replaced by more advanced Nd: YAG, Holmium: YAG,
and Erbium:YAG lasers [1-3]. Nowadays, the most often used laser applications in
neurosurgery include: (1) Laser ablation of brain tissue during open surgery [4, 5];
(2) Endoscopic laser applications [6]; (3) Laser assisted microanastomosis [3, 6, 7];
(4) Laser for intervertebral disc surgery [8, 9]; and (6) Novel laser-based applica-
tions for intraoperative tissue diagnosis (endomicroscopy, Raman spectroscopy) [1,
3, 10, 11]. However, laser application for craniotomies were not considered so far.
Recently, we decided to investigate possible neurosurgical applications in bone cut-
ting during craniotomy procedures after recognized studies for maxillotomies at the
MedUniWien/AKH in Vienna. Thus, we first started to generate a model for
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precision bone channels for depth electrode placement in human cadavers at the
Anatomical Institute of Basel, where the AOT (Advanced Osteotomy Tools, Basel,
Switzerland) laser for maxillofacial developments was in use. Furthermore, we
went into an animal model in a lab in Barcelona, to investigate the impact of the
laser beam of the AOT System on the dura mater and the brain tissue while cutting
the skull in an in vivo swine study. The goal was to perform hardware and software
modifications which would allow more precise depth control and avoidance of dura
and brain lesioning during laser craniotomies. Lastly, we have generated a sheep
survival model to proof the concept of laser craniotomy as a standard procedure
with no bleeding risk intracranially.

Methods and Materials

Ethical board approval was obtained from the Anatomical Institute of Basel for the
cadaver study and by the local Department de Territori I Sostenibilitat for the in vivo
non-recovery study in Barcelona. Also, ethical approval was obtained from the
Medical University of Vienna and the Austrian Ministry of Education and Sciences
for the sheep survival model. The surgeons performing the procedures are accred-
ited with education and training courses in laboratory animal science with the EU
Function A certificate.

Planning and Robotic Laser Device

Using surgical planning software (Suite Version 2.15.2, ImFusion GmBH, Munich,
Germany), we planned multiple bone channels. Pre-planned trajectories allow a
fully digital workflow and have the advantage to avoid cortical blodd vessels for
safer craniotomies. In addition, the laser device integrates optical coherence tomog-
raphy (OCT), allowing to detect the cut’s shape and depth.

The robot is guided by a navigation system (Fig. 14.1) allowing exact procedures
pre-planned on the software. It is integrated into one head which is mounted on a
robotic arm (KUKA, Augsburg, Germany) which provides lateral repeatability with
less than 0.15 mm variation. The non-contact, robotized cold laser device is a radi-
cally new cutting tool by employing robotics, laser, artificial intelligence, and a
fully digital workflow (Fig. 14.2). Consequences of many disadvantages of mechan-
ical instruments including but not limited to saws, files, and milling cutters used for
osteotomies are long recovery time due to severe cases to non-unions, infections,
and other complications. So far, hand-held mechanical instruments had the advan-
tage of cutting any shape in any size spontaneously. Using a navigated laser mounted
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Fig. 14.1 Optical
navigation system with two
tracking cameras allowing
exact procedures

on a robotic arm indication-specific planning tools allows shapes and sizes also to
be configurated intraoperatively, and therefore spontaneously, with high precision
and freedom of geometry. This is not to replace but to support the surgeon in his
goal of ensuring the best possible treatment for each individual patient. Available
laser systems are often not flexible and spacious enough to allow interactions
between external devices and surgeons [12]. To facilitate symbiotic workflows, this
device uses an in-room memory function of the robotic arm allowing a retraction of
the arm at any time, re-entering the surgical field from the side (Fig. 14.3) so the
surgeon could operate freely from the front.
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Fig. 14.2 The robotized
cold laser, a tool by
employing robotics, laser,
artificial intelligence, and a
fully digital workflow
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Fig. 14.3 The device uses an in-room memory function of the robotic arm allowing a retraction of
the arm at any time, re-entering the surgical field from the side
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Procedure

The cold ablation robot-guided laser osteotome (CARLO, AOT, Advanced
Osteotomy Tools, Basel, Switzerland) uses a 2.94 pm Erbium:YAG laser with
0.8 mm focal diameter. The robotic arm provides safe speed and force while being
tactile, designed to maximize human—machine collaboration. In the cadaver as well
as in the in vivo study, the specimen was placed in a prone position. A registration
marker fixated on the skull is necessary for optimal navigation as the robot is guided
by a navigation system based on two tracking cameras (Fig. 14.4). The bone chan-
nels for depth electrodes were ablated fully autonomously by the robotic laser beam.
Optical Coherence Tomography (OCT) is integrated within the laser device system,
allowing the device to detect the shape and depth of the cut being performed.

Data Analysis

For the cadaver study, postoperative CT scans allowed comparison of pre-planned
trajectories and performed bone channels. Distances were determined at the outer
and inner surface of the cranial bone as well as at the target point.

Results

Building the drill hole for the implantation of depth electrodes is one of the crucial
surgical steps for invasive monitoring in epilepsy surgery. Small drilling deviations
due to hand-held instruments can cause large deviations in accuracy for the target
point. With robot-guided non-contact laser craniotomy, small entry point deviations
of 0.69 mm (+/— 0.63 mm SD) and target point deviation of 2.0 mm (+/— 0.64 mm

Fig. 14.4 A registration
marker fixed on the skull
was necessary for optimal
navigation
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SD) were achieved in a cadaveric model [13]. Implantation time per electrode is
comparable to other published data using other techniques such as frame-based,
frameless, and hand-held techniques [13-16].

The complete digital workflow allowed exact transfer of the digital plan in situ to
avoid cortical blood vessels. The specimens were not fixed. However, spontaneous
specimen movements had no consequences as this is a non-contact technique, and
the device could detect and calculate variances with the aid of the fixed registration
fiducial. Furthermore, the cutting process could be stopped at any time by the sur-
geon as there were no mechanical parts in contact. In an in vivo study cut through
was obtained with a power of 1.1 W. However, due to inflowing cerebrospinal fluid,
the power setting was raised up to 2.1 W. The dura was punctured but it did not
result in bleeding. The cortex was not damaged after one beam, but further experi-
mental pre-planned multiple beams resulted in cortical damage. Cutting debris
could be ejected during the procedure without impairing the bone structure and
allowed optimized visualization through the co-axial camera system within
the device.

Discussion

Current craniotomy instruments require direct physical contact with the patient dur-
ing the procedure. This results in heat up during friction and often does not allow
clean precise cuts due to their mass. Mechanical in-contact instruments may bend
under force, while robotic devices follow strict coordinates without being influ-
enced from mechanical deformation as there is no contact and no friction. Robotic
osteotomies corresponding exactly to pre-planned maneuvers. Pre-planned trajecto-
ries also have the advantage to avoid cortical blood vessels for safer craniotomies.

Laser osteotomies show high precision and freedom in geometry [17]. However,
in the operating room, the freedom in geometry cannot be achieved as available
laser devices lack in flexibility. In recent years, devices combining the laser and the
navigation system to safe space and make it desirable for the operating room have
emerged. A navigation system is crucial for exact placement of bone channels for
pre-planned trajectories. The tested device using Er:YAG laser in these studies has
already been successfully investigated in the oral and maxillofacial surgery [18, 19].

In a previous clinical setting, the studied autonomous laser device revealed cut-
ting efficiency without any damage of adjacent soft tissue structures [20]. Er:YAG
laser ablates bone while heating to the surrounding tissues is very limited [21].
Furthermore, blood circulation can be hindered from cutting debris which is often
observed when cutting with mechanical instruments. With the integrated cooling
spray, cutting debris can be held to a minimum. The cooling spray also brings the
advantage of avoiding necrosis due to heat dissipation often observed in first gen-
eration medical lasers and mechanical instruments. Therefore, the aim is to ablate
the hard tissue cold to not impair the bone’s ability to grow back. The robotic arm
also provides flexibility in the operating room, facilitating interactions between the
surgeon and the laser device.
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High entry and target point accuracy could be achieved with this device. The
screws fitted so well, that there was no additional guidance system necessary to
place the depth screws. Measured target point accuracies of 2.0 + 0.64 mm is within
the accepted accuracy range for frameless systems [13, 14, 22].

Recent studies using Er: YAG lasers observed limited visual inspection [20, 23].
The co-axial camera system within the CARLO allows visual inspection through
the device itself. However, results in the in-vivo study were not satisfying due to
inflow of liquids after dura perforation. Nevertheless, contrast differences could be
observed. With optimization of these tools, damages to dura and more importantly
cortex can be avoided.

Conclusion

Navigated robotic assisted laser precision osteotomies in neurosurgical procedures
are a promising new method and may have many advantages over standard burr
holes and saw craniotomies.

References

1. Stellar S, Polanyi TG. Lasers in neurosurgery: a historical overview. J Clin Laser Med Surg.
1992;10(6):399—-411. https://doi.org/10.1089/clm.1992.10.399.

2. Ryan RW, Wolf T, Spetzler RF, Coons SW, Fink Y, Preul MC. Application of a flexible CO2
laser fiber for neurosurgery: laser-tissue interactions—Ilaboratory investigation. J Neurosurg.
2010;112(2):434-43. https://doi.org/10.3171/2009.7.JNS09356.

3. Krishnamurthy S, Powers SK. Lasers in neurosurgery. Lasers Surg Med. 1994;15(2):126-67.
https://doi.org/10.1002/1sm.1900150203.

4. Greenway MRF, Lucas JA, FeyissaAM, Grewal S, Wharen RE, Tatum WO. Neuropsychological
outcomes following stereotactic laser amygdalohippocampectomy. Epilepsy Behav.
2017;75:50-5. https://doi.org/10.1016/j.yebeh.2017.07.033.

5. Youngerman BE, Save AV, McKhann GM. Magnetic resonance imaging-guided laser intersti-
tial thermal therapy for epilepsy: systematic review of technique, indications, and outcomes.
Neurosurgery. 2020;86(4):E366-82. https://doi.org/10.1093/neuros/nyz556.

6. Belykh E, Yagmurlu K, Martirosyan NL, et al. Laser application in neurosurgery. Surg Neurol
Int. 2017;8:274. https://doi.org/10.4103/sni.sni_489_16.

7. Hendrikse J, van der Zwan A, Ramos LMP, Tulleken CAF, van der Grond J. Hemodynamic
compensation via an excimer laser-assisted, high-flow bypass before and after therapeu-
tic occlusion of the internal carotid artery. Neurosurgery. 2003;53(4):855-8. https://doi.
0rg/10.1227/01.neu.0000083552.45265.46.

8. Ahn Y, Moon KS, Kang BU, Hur SM, Kim JD. Laser-assisted posterior cervical foraminot-
omy and discectomy for lateral and foraminal cervical disc herniation. Photomed Laser Surg.
2012;30(9):510-5. https://doi.org/10.1089/pho.2012.3246.

9. Brouwer PA, Brand R, Van Den Akker-Van Marle ME, et al. Percutaneous laser disc
decompression versus conventional microdiscectomy for patients with sciatica: two-year
results of a randomised controlled trial. Interv Neuroradiol. 2017;23(3):313-24. https://doi.
org/10.1177/1591019917699981.


https://doi.org/10.1089/clm.1992.10.399
https://doi.org/10.3171/2009.7.JNS09356
https://doi.org/10.1002/lsm.1900150203
https://doi.org/10.1016/j.yebeh.2017.07.033
https://doi.org/10.1093/neuros/nyz556
https://doi.org/10.4103/sni.sni_489_16
https://doi.org/10.1227/01.neu.0000083552.45265.46
https://doi.org/10.1227/01.neu.0000083552.45265.46
https://doi.org/10.1089/pho.2012.3246
https://doi.org/10.1177/1591019917699981
https://doi.org/10.1177/1591019917699981

210

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

F. Winter et al.

Ashraf O, Patel NV, Hanft S, Danish SF. Laser-induced thermal therapy in neuro-oncology: a
review. World Neurosurg. 2018;112:166-77. https://doi.org/10.1016/j.wneu.2018.01.123.
Kim AH, Tatter S, Rao G, et al. Laser ablation of abnormal neurological tissue using robotic
neuroblate system (laantern): 12-month outcomes and quality of life after brain tumor abla-
tion. Neurosurgery. 2020;87(3):E338—46. https://doi.org/10.1093/neuros/nyaa071.

Augello M, Baetscher C, Segesser M, Zeilhofer H-F, Cattin P, Juergens P. Performing partial
mandibular resection, fibula free flap reconstruction and midfacial osteotomies with a cold
ablation and robot-guided Er:YAG laser osteotome (CARLO(®))—a study on applicability
and effectiveness in human cadavers. J cranio-maxillo-facial Surg Off Publ Eur Assoc Cranio-
Maxillo-Facial Surg. 2018;46(10):1850-5. https://doi.org/10.1016/j.jcms.2018.08.001.
Roessler K, Winter F, Wilken T, Pataraia E, Mueller-Gerbl M, Dorfer C. Robotic navigated
laser craniotomy for depth electrode implantation in epilepsy surgery: a cadaver lab study. J
Neurol Surg A Cent Eur Neurosurg. 2021;82:125-9. https://doi.org/10.1055/5-0040-1720998.
Dorfer C, Stefanits H, Pataraia E, Wolfsberger S, Feucht M, Baumgartner C. Frameless ste-
reotactic drilling for placement of depth electrodes in refractory epilepsy: operative technique
and initial experience. Neurosurgery. 2014;10(Suppl 4):582-91. https://doi.org/10.1227/
NEU.0000000000000509.

Cardinale F, Casaceli G, Raneri F, Miller J, Lo RG. Implantation of Stereoelectroencephalography
electrodes: a systematic review. J Clin Neurophysiol. 2016;33(6):490-502. https://doi.
org/10.1097/WNP.0000000000000249.

Cardinale F. Stereoelectroencephalography: application accuracy, efficacy, and safety. World
Neurosurg. 2016;94:570—1. https://doi.org/10.1016/j.wneu.2016.07.070.

Augello M, Baetscher C, Segesser M, Zeilhofer H-F, Cattin P, Juergens P. Performing partial
mandibular resection, fibula free flap reconstruction and midfacial osteotomies with a cold
ablation and robot-guided Er:YAG laser osteotome (CARLO((R)))—a study on applicability
and effectiveness in human cadavers. J Craniomaxillofac Surg. 2018;46(10):1850-5. https://
doi.org/10.1016/j.jems.2018.08.001.

Baek K-W, Deibel W, Marinov D, et al. Clinical applicability of robot-guided contact-free
laser osteotomy in cranio-maxillo-facial surgery: in-vitro simulation and in-vivo surgery in
minipig mandibles. Br J Oral Maxillofac Surg. 2015;53(10):976-81. https://doi.org/10.1016/].
bjoms.2015.07.019.

Augello M, Deibel W, Nuss K, Cattin P, Jurgens P. Comparative microstructural analysis of
bone osteotomies after cutting by computer-assisted robot-guided laser osteotome and piezo-
electric osteotome: an in vivo animal study. Lasers Med Sci. 2018;33(7):1471-8. https://doi.
org/10.1007/s10103-018-2502-0.

Stiibinger S, Nuss K, Pongratz M, et al. Comparison of Er:YAG laser and piezoelectric osteot-
omy: an animal study in sheep. Lasers Surg Med. 2010;42(8):743-51. https://doi.org/10.1002/
1sm.20946.

Berg B-I, Peyer M, Kuske L, et al. Comparison of an Er: YAG laser osteotome versus a
conventional drill for the use in osteo-odonto-keratoprosthesis (OOKP). Lasers Surg Med.
2019;51(6):531-7. https://doi.org/10.1002/1sm.23053.

Dorfer C, Minchev G, Czech T, et al. A novel miniature robotic device for frameless implanta-
tion of depth electrodes in refractory epilepsy. J Neurosurg. 2017;126(5):1622-8. https://doi.
org/10.3171/2016.5.JNS16388.

Stiibinger S, Ghanaati S, Saldamli B, Kirkpatrick CJ, Sader R. Er:YAG laser osteotomy:
preliminary clinical and histological results of a new technique for contact-free bone sur-
gery. Eur Surg Res Eur Chir Forschung Rech Chir Eur. 2009;42(3):150-6. https://doi.
org/10.1159/000197216.


https://doi.org/10.1016/j.wneu.2018.01.123
https://doi.org/10.1093/neuros/nyaa071
https://doi.org/10.1016/j.jcms.2018.08.001
https://doi.org/10.1055/s-0040-1720998
https://doi.org/10.1227/NEU.0000000000000509
https://doi.org/10.1227/NEU.0000000000000509
https://doi.org/10.1097/WNP.0000000000000249
https://doi.org/10.1097/WNP.0000000000000249
https://doi.org/10.1016/j.wneu.2016.07.070
https://doi.org/10.1016/j.jcms.2018.08.001
https://doi.org/10.1016/j.jcms.2018.08.001
https://doi.org/10.1016/j.bjoms.2015.07.019
https://doi.org/10.1016/j.bjoms.2015.07.019
https://doi.org/10.1007/s10103-018-2502-0
https://doi.org/10.1007/s10103-018-2502-0
https://doi.org/10.1002/lsm.20946
https://doi.org/10.1002/lsm.20946
https://doi.org/10.1002/lsm.23053
https://doi.org/10.3171/2016.5.JNS16388
https://doi.org/10.3171/2016.5.JNS16388
https://doi.org/10.1159/000197216
https://doi.org/10.1159/000197216

®

Check for
updates

Chapter 15
Small Footprint Stereotactic Robotic
Devices

Sogha Khawari and Vejay Vakharia

Introduction The first reported robotic system to aid with neurosurgical proce-
dures was the Programmable Universal Machine for Assembly (PUMA) 200 device
to facilitate brain biopsy, in 1988. This and subsequent devices were modifications
of industrial robotic arms. Consequently, the devices are heavy (circa 180 kg), free-
standing and necessitate fixation of the robotic platform to the head holding frame
or bed. For cranial procedures, they necessitate placement of a stereotactic frame
and fiducial box before surgery so that a CT or MRI acquisition can be performed.
The fiducial box markings that appear on the imaging are then subsequently identi-
fied by the device software for registration purposes. The frame is then attached to
the robotic device, and positional information of the robotic arm relative to the
patient is provided through absolute encoders within the articulations. Alternatively,
an intraoperative CT can be acquired with the patient fixed to the device allowing
for frameless registration. For spinal procedures, intraoperative imaging is required.
Here, a portable CT scan is undertaken with the patient on the operative table, and
a bone-anchored reference marker is usually included in the field of view for regis-
tration purposes. Due to the mobility of the spine, segmental registration with
repeated acquisitions is usually required for extensive multi-level fixations.

Small footprint robotic devices are a more recent concept. The smaller and
lighter nature of the devices allows for them to be affixed directly to the head holder
or bed via an articulating multifunctional mechanical arm. Consequently, they
require the surgeon to fix the device within a rough approximation (4 x 4 cm area)
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of the predefined entry point. The articulations within the multifunctional mechani-
cal arms are not robotic and do not move without manual manipulation. Once the
mechanical arm is locked in place, the software utilises the guidance from the neu-
ronavigation system to provide fine adjustments to align the working channel to the
intended trajectory. Unlike their large footprint counterparts, the smaller devices
require an external neuronavigation system that provides continuous guidance
utilising an infrared system that tracks the location of fiducial markers attached to
the device or tool. Consequently, any error acquired during or after registration is
directly translated to the alignment of the device.

To date, there are two commercially available small footprint robotic systems:
the Stealth Autoguide (Medtronic, USA, previously known as iSYS1, Interventional
Systems Medizintechnik GmbH, Austria) and the Cirq (Brainlab AG, Munich,
Germany). These devices have been used for CT guided percutaneous needle place-
ment, brain and spine biopsies, stereoelectroencephalography (SEEG), laser inter-
stitial thermal therapy (LITT) and spine pedicle screw fixation procedures. In this
chapter, we will first provide an overview of both systems along with their compara-
tive differences to larger footprint devices. We will then provide an evidence-based
summary of the contemporary literature for both devices covering both cranial and
spinal applications.

Small Footprint Devices

Both the Stealth Autoguide and Brainlab Cirq utilise a similar design concept, with
a robotic positioning unit attached to a mechanical arm. The multifunctional
mechanical arm for the Stealth Autoguide is derived from the Stealth Vertek system
and requires the surgeon to manually tighten the articulations once in place. The
Brainlab Cirq system, however, utilises the Medineering surgical base, a system that
is attached to the bed frame and incorporates grip-lock sensors that secure the arm
position once pressure on the arm is removed. Both the Stealth Autoguide and Cirq
robotic arm systems were awarded FDA approved in 2019 through the 510K route
due to substantial equivalence to previously approved (predicate) devices. Whilst
both are approved for brain and spinal procedures, the Stealth Autoguide system has
principally been used for cranial applications whilst the Brainlab Cirq for spinal
procedures. Table 15.1 compares the similarities and differences between the two
devices in relation to larger footprint devices.

Stealth Autoguide

The Stealth Autoguide (Medtronic, USA) robotic trajectory guidance system pro-
vides a working channel for use with invasive tools, such as biopsy needles, laser
catheters and intracerebral electrodes. The device uses a predefined trajectory
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Table 15.1 Comparison of small and large footprint robotic device attributes
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ROSA
Stealth Autoguide Neuromate (Zimmer
Attribute (Medtronic) Cirq (BrainLab) (Renishaw) Biomet)
Footprint Small Small Large Large
Weight (kg) 1.2 11 180 150
Fixation method | Head clamp Head clamp Stereotactic Stereotactic
frame frame
Registration Optical Optical Fiducial Fiducial
method markers markers
Neurolocate Optical
Ultrasound
Mechanical arm | Vertek Medineering Integrated Integrated
multifunctional arm | surgical base (grip
(manual tightening) | lock sensors)
Motorised No No Yes Yes
mechanical arm
Navigation StealthStation (S7 Brainlab IGS Neurolnspire | ROSA
software onwards) Cranial and Spinal software
software
Localization Infrared camera Infrared camera Robotic arm Robotic arm
method absolute absolute
encoders encoders
Calibration Intraoperative Intraoperative Factory Factory
calibration calibration
Instrument Real-time Real-time No No
navigation
Immobilisation Not required as Not required as Yes Yes
between patient localiser attached to | localiser attached
and device head holder as to head holder as
reference reference
Verification of Pointer probe Pointer probe Laser pointer | Navigation
accuracy method probe and
laser beam

derived from the Stealth neuronavigation system (StealthStation S7 and beyond)
and incorporates this with live geospatial data from the optical tracking system to
allow for precise alignment of the device’s tool holder. Once the desired trajectory
is obtained, the surgeon manually advances the instrument along the trajectory to
the final target.

The Stealth Autoguide system consists of 3 main components: A robot-needle
positioning unit (RPU) consisting of 2 flat modules allowing rotational and sliding
movements with 4 degrees of freedom (DOF) to allow for precise alignment to the
predefined trajectory, disposable tool guide extension and the control panel. In the
early versions of the device, branded as the iSYS|1, the control panel constituted a
standalone computer panel that provided guidance information to the surgery along
with a separate switch that was used to initiate movement of the RPU. Subsequent
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versions of the device, marketed as Stealth Autoguide, integrate the computer panel
and screen on the back of the RPU.

The surgical workflow requires the patient to be placed in a Mayfield head clamp.
The area for surgery is then prepared with a sterilising solution and draped in an
aseptic fashion. A non-sterile multifunctional arm then provides a rigid connection
to the bed or head clamp. The device is covered by a sterile plastic cover. The tool
guide extension is the only part of the device that requires sterilisation and attaches
through small holes in the plastic drape. The tool guide extension has reflective balls
attached to it to allow for optical tracking of the working channel. Tools such as drill
bits, biopsy needles, bone anchors, screwdrivers and electrodes along with their cor-
responding reduction tubes can then be passed through the working channels. The
Stealth neuronavigation station is then used for registration, in the usual fashion.
Once the trajectory has been chosen on the StealthStation, this information is
relayed to the surgeon via the computer panel on the back of the device. The com-
puter panel then guides the surgeon to roughly align the device to the predefined
trajectory. Once the working channel is aligned to within a 4 x 4 cm area of the entry
point, the device computer panel signals to the surgeon to manually lock the multi-
functional arm (Fig. 15.1). A separate remote control is then used to control the
movement of the RPU to mitigate against any unintended movement of the device.
The remote control also can be used to manually control movements of the device

Fig. 15.1 Robotic alignment of device

The iSYS1 device is mounted to the Mayfield clamp. The Vertek probe can be seen positioned
within the sterile tool guide extension providing navigation guidance via the StealthStation (inset).
In image (a), the device is placed in rough proximity to the entry point and fixed in position. In
image (b), the device has then automatically aligned to the trajectory with a target alignment error
of 0.1 mm
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Fig. 15.1 (continued)

using the joystick. This is particularly important for performing procedures requir-
ing manual adjustment or where planned trajectories cannot be defined such as CT
guided spinal injections or biopsy procedures.

Percutaneous Interventional Radiological Procedures

The Stealth Autoguide system was initially called the iSYS1 system and was devel-
oped by Interventional Systems Medizintechnik, GmbH before acquisition by
Medtronic Inc. The first clinical studies focused on the use during interventional
radiological procedures as a means of allowing the physician to control the device
remotely whilst performing CT scans. For this application registration or guidance
from a neuronavigation system was not required as the CT scan images would pro-
vide up to date spatial information and the physician would manually control the
RPU using the joystick.

In an ex vivo study, 5 copper wires were randomly inserted into a custom-made
phantom torso [1]. A CT scan of the torso was then undertaken, and trajectories
were planned to the outer tips of the wires. The system was mounted onto the side
of the CT scanner bed. Registration was carried out using fiducial registration mark-
ers, and the RPU was positioned within proximity of the entry point. The iSYS1
device was then used to align to the planned trajectory. A needle was mounted
within the working channel of the iSYS1 device, and the operator advanced the
needle to the target depth. Target point accuracy between the needle tip and the wire
(intended target point) was 2.3 + 0.8 (range 0.9-3.7) mm. The median intervention
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time was 9.6 min. This marked the first study to demonstrate the utility of a small
robotic system for CT guided injections.

In the following year, the successful use of the iSYS1 combined with a cone-
beam CT for K-wires insertion during spinal procedures was also reported [2]. The
robotic working channel was used to guide 20 K-wires into the thoracolumbar ped-
icles of a cadaver specimen. The mean distance from actual to planned target place-
ment was as little as 0.35 mm, with a mean intervention time of 10 min 13 s per
pedicle.

In a further study, the iSYS1 was utilised for stereotactic vertebral body biopsy
[3]. Accuracy was first confirmed within an animal model before human use in 3
patients requiring biopsy of suspicious spinal bony lesions. In all 3 patients, the
biopsies were taken from the desired pathological target and a histological diagno-
sis was obtained with no complications, although formal target point accuracy was
not reported.

Larger case series and prospective comparison trials are still awaited to deter-
mine whether small footprint table-mounted robotic trajectory guidance devices
offer advantages over freehand, navigated or larger footprint robotic devices for
percutaneous interventional radiological procedures. Key metrics for comparison
would include overall radiation dosage, total procedure time, target point accuracy
and diagnostic yield of biopsy procedures.

Preclinical Cranial Studies

In all reported studies, large footprint devices were introduced into clinical practice
without prospective comparison to the current gold standard technique used in that
institution at the time. This raises a significant patient safety concern about the
introduction of novel devices, especially when the surgeons have comparatively less
experience with the device and it may take time to accrue sufficient clinical data to
undertake a historical comparison study [4]. To mitigate the risk posed to patients,
the iSYS1 trajectory guidance system underwent preclinical studies to assess the
accuracy, learning curve and safety profile of the device before clinical use [5].
Three patients that had previously undergone a total of 21 SEEG electrode implan-
tations using the conventional frameless Vertek biopsy method (Medtronic Inc.)
were identified [6]. A 3D printed skull model was recreated for each patient and
covered with synthetic skin substitutes. The same surgeons who implanted the elec-
trodes into the patients replicated the SEEG implantation using the iSYS1 system to
simulate the introduction of the device to clinical practice. Following placement, the
accuracy of the robot-guided implantation was compared to actual implantation
using the conventional frameless methods based on the post-implantation CT scans.
The results revealed a statistically significant improvement in the mean entry point
from 1.90 mm to 0.76 mm. The improvement in mean target point accuracy from
1.72 mm to 1.34 mm, however, did not reach statistical significance. Cumulative
summation analysis was also utilised in this study to directly compare the real-time
differences in accuracy, thereby acting as a quality assurance mechanism.
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A similar preclinical study compared the use of the Stealth Autoguide to two
commonly used conventional stereotactic systems for SEEG, the frameless Navigus
biopsy system (Medtronic Inc.) and the Leksell (Eleksa Ltd) stereotactic frame [7].
The study initially used phantom cranial models filled with gelatin mixture to rep-
resent the brain and later used cadaveric specimens. The main finding from this
study was that the Stealth Autoguide maintained accuracy when compared to both
conventional models, despite being faster.

Brain Biopsy

One of the main applications of robotic technology in neurosurgery is for stereotac-
tic brain biopsy procedures of deep-seated lesions. Brain biopsies require tissue
sampling from a precise target to reduce possible complications and increase diag-
nostic yield. These procedures were historically performed using frame-based ste-
reotaxy. Due to the cost and time-consuming nature, this was overtaken by the use
of navigation-guided mechanical arm-based biopsies. Mechanical arm-based tech-
niques are manually aligned to the predefined trajectory based on the information
relayed by the neuronavigation system. Robot-guided biopsies help to combine the
benefits of both high precision and speed.

Trajectory planning is carried out as standard utilising a neuronavigation system
with the patient’s head is fixed in a surgical clamp. The robotic guidance device is
fixed onto the head clamp adapter and positioned manually over the entry point. The
operator continually presses a button to allow the device to align to the planned
trajectory. As a safety feature, robotic movement is stopped if the surgeon stops
pushing the button. Once the trajectory is set, this is used as a fixed working chan-
nel. A small skin incision is made, and a K-wire is used to create a notch in the outer
table of the skull. Drilling of the skull is performed through the working channel
with the appropriately sized reduction tube based on the diameter of the drill bit.
The surgeon then advances the biopsy needle along the trajectory to the depth
defined by the real-time optical tracking system.

A prospective case series of the iSYS1 in 39 patients undergoing brain biopsy
revealed a mean target error of 1.06 mm (range 0.1-4 mm), with no associated mor-
tality or morbidity, and a diagnostic yield of 97.4% overall [8]. A comparison of the
iSYSI device in 32 patients to standard frameless burr-hole biopsy in 34 patients
returned significantly better accuracy at entry, (median 1.5 mm [range 0.2-3.2 mm]
vs 1.7 mm [range 0.8-5.1 mm], p = 0.008) and at target (median 1.5 mm [range
0.4-3.4 mm] vs 2.0 mm [range 0.8-3.9 mm], p = 0.019), respectively [9]. Of note,
the iISYS1 biopsies were faster and required a significantly shorter incision length.
The same findings were also confirmed in a further cohort of 40 patients reported by
the same group. Additionally, it showed that the histological diagnostic yield and
complication rates remained the same in both groups [10]. To date, there are no
direct comparison studies between frame-based, frameless or robotic biopsy meth-
ods but a systematic review of both large and small footprint devices revealed a
similar diagnostic yield (~95%) and complication profile [11].
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Stereoelectroencephalography

The global shift in epilepsy practice from grid and strip implantations towards
SEEG for invasive investigation of drug-resistant epilepsy has been a major force
driving robotic installations in many institutions. SEEG consists of the implantation
of up to about 20 electrodes into predefined areas of the brain to localise the seizure
onset zone as well as the wider epileptogenic network. Conventionally, a stereotac-
tic frame was used for this procedure. As described previously, the cost and time-
consuming nature of frame-based systems led to the more widespread use of
frameless systems, with acceptance of potentially worse accuracy [12]. Due to these
limitations, there has been a boom in robot installations to guide insertion.

The choice of target points and the total number of SEEG electrodes implanted
is case dependent and decided upon by an epilepsy multidisciplinary team based on
the clinical, anatomical and electrophysiological hypothesis. Bone fiducials have
been found to improve the accuracy of registration when used in combination with
a neuronavigation system [13]. The Stealth Autoguide system is used to align the
guide sheath to the predefined trajectory, with an accuracy of <0.1 mm. A skin inci-
sion is made, and a K-wire is inserted to create a divot in the bone. The skull is
drilled, and an anchor bolt implanted through the working channel and respective
reduction tube (Fig. 15.2). A styled is advanced by the surgeon to the target depth
before insertion of the electrodes.

In an early series, 93 electrodes were placed in 16 patients. Compared with the
manual frameless stereotactic approach, the iSYS1 resulted in an improved target
point accuracy from 3.0 = 1.9 mm to 1.7 = 1.1 mm (mean + SD) [14]. Additionally,
the mean duration of depth electrode placement was significantly faster in the robot-
guided group. The case series was the first to show that small footprint devices
could provide comparable accuracy to large footprint devices. A comparative clini-
cal study between different robotic devices has yet to be undertaken. The principal
difficulty is that this would require a single institution to have more than one robot
device, something which is cost-prohibitive and the need to have a surgeon that has
similar experience with both devices. An alternative would be to compare implanta-
tions undertaken at different institutions that have different robotic devices but
introduces both a surgeon and institutional bias.

To date, the highest level of evidence favouring robotic SEEG implantation is
derived from a single-blinded randomised control parallel-group study of 32 patients
(328 electrodes) comparing the iSYSI system to manual frameless implantation
utilising the Vertek biopsy arm [15]. Whilst the study sample size appears small, this
sample size calculation revealed that as few as 11 subjects were required in each
intervention arm to identify a reduction in bolt insertion time of 20%. The addition-
ally recruited patients were to account for the possibility of patient dropout and
cluster size variability. This study was undertaken over 2 years and baseline vari-
ables such as laterality of implantations as well as age were well balanced. Strict
study criteria were implemented to ensure that the surgical workflow between the
two implantation methods was identical except for the trajectory alignment method
(see Fig. 15.3). To further prevent bias, the trajectory planning for both implantation
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Fig. 15.2 SEEG implantation steps

Intraoperative images depicting the salient steps of an SEEG implantation utilising the iSYS1
device. (a) After alignment to the predefined trajectory the Vertek probe is removed, and a K-wire
with the appropriate reduction tube is used to create a divot in the underlying bone after the skin
has been incised. (b) The drill is then used through the working channel, (c) followed by the bolt.
A stylet is passed through the bolt to the target pointed (d) followed by the electrodes. (e) Image
of Autoguide device. In comparison to the iSYS1, there is no longer a need for the Vertek probe as
the optical tracking spheres are mounted to the sterile tool guide. This allows for continuous track-
ing during drilling and bolt insertion which would alert the surgeon to any potential error intro-
duced during these steps. The Autoguide also incorporates the guidance screen on the back of the
device whilst previously with the iSYS]1 this required a separate screen cart
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Frameless technique Robotic technique (Stealth Autoguide)

Place bone fiducial
l
Head CT scan
l
Optic surface-based registration
(S7 neuronavigation system)
l

General anaesthesia
l

Place Mayfield Clamp
l

Routine preparation and draping
l
Mark entry point
l
Align frameless guidance device to first Roughly align robotic guidance device to

electrode trajectory first electrode trajectory
! {

Obtain target point accuracy of < 0.7 mm Precise alignment of robotic trajectory
(current clinically accepted threshold) guidance device to final target point

{ accuracy of < 0.1 mm (device threshold)
1

Incise skin
l
Check trajectory with Vertek probe
l

Insert intracranial bolt
Remove michanical arm
Measure electroée trajectory length
Insert stylet and electﬁode to predefined length
Repeat previous 9 :teps for each electrode
Remove Jone fiducials
CIo:e skin

Fig. 15.3 Workflow for SEEG placement of conventional frameless technique compared to
robotic technique, using Stealth Autoguide

Comparative operative steps from randomised control trial comparing robotic (iSYS1) with man-
ual frameless (Precision aiming device) SEEG electrode assisted insertion. Demonstrates that the
operative techniques employed in the two arms of the only differed for trajectory alignment to
mitigate against confounding factors

methods was undertaken before randomisation utilising a semi-automated planning
software called EpiNav. The trajectories were then transferred to the StealthStation
to control the iSYS1 implantation. The primary outcome of the study was to com-
pare implantation time as previous studies and pilot data had revealed that entry and
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target point accuracy was similar. Overall, this showed that individual electrode
insertion time fell by 30% from 9.06 min [95% CI 8.16—10.06] min with the frame-
less implantation arm to 6.36 min [95% CI 5.72-7.07]. On average 10 electrodes
were inserted per patient translating into a reduction in overall operative time of
30 min. It should be noted, however, that target point accuracy was slightly worse
with the robotic device with a median target point accuracy of 1.58 mm ([95% CI
1.38-1.82] versus 1.16 mm [95% CI 1.01-1.33], p = 0.004). For SEEG, the differ-
ence of 0.4 mm is not of clinical significance, but this may have a bearing on other
stereotactic procedures such as deep brain stimulation. There was no difference in
the incidence of radiological haemorrhages, post-operative infections or neurologi-
cal deficits, although these parameters were underpowered to identify all but gross
differences.

Differences in entry and target point accuracies between robotic devices and both
frame-based and frameless systems can be found in Table 15.2. It should be noted,
however, that accuracy measurements derived from these studies are measured in
different ways with some authors calculating the Euclidean distance between the
planning and achieved entry and target points and others choosing to measure lat-
eral deviation. The difference between lateral deviation and Euclidean distance
measurements is based on inclusion of the depth component. To date, all robotic
devices align to the pre-planned trajectories, but the surgeon performs the insertion
of the electrode. The depth component is, therefore, related to the accuracy of the
surgeon and not the device so some authors argue that reporting the lateral deviation
is more comparable.

Table 15.2 Entry point and target point accuracy (mean and 95% confidence interval) between
robotic, frameless and frame-based systems for insertion of SEEG electrodes in clinical studies.
Data derived from Vakharia et al. (2021) [15]

‘ Device ‘ Entry point ‘ Target point

Robotic systems

Dorfer et al. (2017) [14] iSYS1 1.54 (1.38, 1.82 (1.60,
1.79) 2.04)

Vakharia et al. (2021) [15] iSYS1 1.20 (1.11, 1.90 (1.72,
1.29) 2.07)

Gonzalez-Martinez et al. (2016) | ROSA 1.20 (-0.36, 1.70 (-0.08,

[16] 2.76) 3.62)

Cardinale et al. (2013) [4] Neuromate + Talairach 0.78 (—0.09, 1.77 (—0.08,
1.65) 3.62)

Cardinale et al. (2017) [17] Neuromate + Neurolocate | 0.59 (—0.34, 1.49 (—0.50,
1.52) 3.48)

Mean group effect estimate 1.06 (0.34, 1.74 (0.87,
1.80) 2.59)

I-squared = 99.2% P < 0.001

Frameless systems

Dorfer et al. (2017) [14] Vertek 3.50 (3.21, 3.00 (2.63,
3.79) 3.37)

(continued)
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Table 15.2 (continued)

Device Entry point Target point
Roessler et al. (2016) [18] Leyla retractor 1.40 (1.09, 3.20 (2.63,
1.71) 3.77)
Hou et al. (2014) [19] Navigus - 2.03 (1.88,
2.18)
Nowell et al. (2014) [6] Vertek - 3.66 (3.34,
3.98)
Mascott et al. (2006) [20] Leyla retractor - 2.40 (2.10,
2.70)
Mehta et al. (2005) [21] Vertek - 3.10 (2.95,
3.25)
Vakharia et al. (2021) [15] Vertek 1.40 (1.29, 1.40 (1.25,
1.51) 1.55)
Mean group effect estimate 2.23 (1.30, 2.75 (2.18,
3.17) 3.32)
I-squared = 98.9% P < 0.001
Frame-based systems
Hou et al. (2014) [19] Leksell - 1.79 (1.59,
1.99)
Cardinale et al. (2013) [4] Talairach 1.43 (1.35, 2.69 (2.58,
1.51) 2.80)
Munyon et al. (2013) [22] Leksell - 1.00 (0.95,
1.05)
Ortler et al. (2011) [23] Vogele-Bale-Hohner 2.17 (0.42, 2.43 (1.65,
3.92) 3.21)
Ortler et al. (2011) [23] Fischer-Leibinger 1.37 (1.04, 1.80 (1.57,
1.70) 2.03)
Mean group effect estimate 1.61 (1.36, 1.93 (1.05,
1.87) 2.81)
I-squared = 99.2% P < 0.001

Laser Interstitial Thermal Therapy

The Stealth Autoguide system has been described in conjunction with laser intersti-
tial thermal therapy (LITT) for the stereotactic placement of the laser catheter. LITT
consists of implantation of a laser catheter to perform a thermal ablation of patho-
logical tissue under MR thermography guidance. The MR thermography allows for
real-time assessment of heat dissipation and is vital in preventing ablation of nearby
critical structures. After an ablation is undertaken, the catheter can then be retracted
and further ablations repeated. The success of the treatment is dependent on trajec-
tory planning and accurate catheter placement to ensure that all of the pathological
tissue is effectively ablated whilst sparing the surrounding normal tissue [24, 25].
Epilepsy interventions utilising LITT technology include ablation of hypothalamic
hamartoma [26], mesial temporal sclerosis [27, 28], ablation of SEEG defined
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targets [29], ablation of deep epileptogenic lesions and corpus callosotomy [30, 31].
An overview of how LITT can be performed utilising the iSYS1 and step by step
demonstration of the surgical workflow has been described by Casali et al. [32].
They advocate the use of robotic assistance in cases with multiple catheters, prox-
imity to eloquent areas, complex lesion morphology and high-risk trajectories.

Experimental Indications

Finally, cadaveric studies have been undertaken to determine the utility of the iSYS1
for use in lateral skull base surgery [33]. The system was used as a hybrid guidance
system to allow for navigated drilling and intraoperative structure localisation, that
is compatible with microscope use and without obstructing the surgeon. The iSYS1
was modified to position a laser beam emitter onto the surgical field along a pre-
defined trajectory to identify critical anatomy and guide drilling. The study revealed
an accuracy of 1.2 mm =+ 0.5 mm, which was deemed suitable for most lateral skull
base procedures by the authors.

CIRQ

Spinal instrumentation surgery has seen advancement in recent years, due to the use
of trajectory planning software and navigation, intraoperative CT scanning and
robotic systems. The main use of robotics in spinal surgery has been around mini-
mally invasive pedicle screw insertion. Cirq, Brainlab was first introduced into the
US market in 2019. A lightweight (11 kg) and small robotic device attached to a
table-mounted arm. The general method consists of registering the patient’s intraop-
erative CT imaging with the Brainlab navigation system. The robotic arm is used to
align to the predefined trajectory and provide a working channel for screw insertion.
The platform acts as an assistive device to provide more accurate and consistent
instrumentation in minimally invasive procedures of the spine.

Early experience with the device for lumbar instrumentation was described in
2018 in video format by Krieg and Meyer [34]. They used the robotic device for
spinal L3-4 stabilisation using navigated pedicle screws and reported satisfactory
outcomes. Additional experience of the Cirq for percutaneous cervical and thoracic
pedicle screw fixation was described in 2020 [35]. The case series reported 7
patients undergoing insertion of 28 pedicle screws. Intraoperatively, a CT scan
using the AIRO was acquired for registration and assessment of the intraoperative
fracture morphology. The imaging was transferred to the Brainlab Curve navigation
system, and a probe was used to identify the skin entry point. After the skin incision,
the Cirq was aligned to the screw trajectory. A navigated drill was used through the
Cirq arm to penetrate the layer of the bone, thereafter the surgeon placed a K-wire.
The process was performed for all subsequent screw trajectories before the
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intraoperative CT scan was repeated to ensure satisfactory positioning of the
K-wires. Finally, cannulated screws were inserted along the K-wires under image
guidance and connected using rods. The case report highlighted minimal blood loss
(20 ml), minimal pain reported by the patient and adequate screw positioning. Based
on the Neo and Heary classification, 85.7% of the pedicles were rated as acceptable
and the remaining 14.3% as poor.

A larger case series has now been reported including 714 thoracolumbar screws
in 84 patients, with the Cirq [36]. The mean operative time per screw was 28 min,
with a learning curve of median operative time improving from 32 min to 25 min
when comparing the first and latter half of cases. They reported no intraoperative
screw revisions, but a 2.4% (2/84 patients) instrumentation revision rate necessitat-
ing a return to theatre. Their experience highlighted the efficacy and safety of the
Cirq system.

Although the use of Cirq has been reported in several case series, further evi-
dence is awaited to assess the accuracy, patient outcomes and cost-effectiveness of
pedicle screw placement compared to freehand, navigation and other robotic
devices.

Conclusion

Robotics in neurosurgery has been reported for over 3 decades [37]. Although
growth has previously been limited by cost and clinical utility, recent technological
advancement has meant the use of robotics has exponentially grown. Many case
series have been reported to compare the use of robotic systems to conventional
methods, showing superiority in several areas. However, further level 1 evidence is
required to assess accuracy, patient outcomes, clinical utility and cost-effectiveness.
Two small footprint devices, the Autoguide (previously known as iSYS1) and the
Brainlab Cirq, are currently commercially available. Small footprint devices have
several advantages over larger robotic devices and are more likely to be used for
wider indications due to their convenience, lower cost and speed. Nevertheless,
comparative accuracy studies are now needed to ensure that results are comparable
to large footprint devices, especially for procedures where high levels of accuracy
and precision are needed, such as in deep brain stimulation.
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Chapter 16
Robotics in Spine Procedures

Gordon Mao and Nicholas Theodore

Introduction

The field of spinal surgery has evolved over the past few decades and has become
reliant on instrumentation to correct, stabilize, and fuse regional bony anatomy.
Although there have been numerous updates in techniques and technology both to
increase fixation durability and decrease hardware failure, adjunctive advanced
technologies, such as image guidance and robotics to enhance the safety of instru-
mentation placement, have similarly evolved.

The term robot was originally introduced by Czech writer Karel Capek in his 1920
science fiction play R.U.R. (Rossum’s Universal Robots). That play tells the story of a
factory of living mechanical creatures that resemble human beings and have the capacity
for consciousness and individual thought. These creatures ultimately rebel against their
human masters in a dystopian ending. Outside the fictional setting, thankfully, robots
have been much more predictable. Robotic systems were initially introduced to increase
automation and efficiency in labor-intensive manufacturing industries and to improve
safety in hazardous environments, such as working with radioactive material [1].

Today, the medical device industry has found more and more applications for
robotics systems, including minimally invasive prostate tumor resections, place-
ment of endovascular stents, intracranial brain biopsies, epilepsy surgery, and, more
recently, spinal surgery. The adoption of robotic systems for surgical utilization has
progressed quickly across different subspecialties, including urological,
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gynecological, and orthopedic procedures, doubling between 2010 and 2017, and
with an annual volume increase from 136,000 to 877,000 during the same period
[2]. Spinal surgery procedures often require fine manipulation of vital structures
that must be accessed via limited surgical corridors and can require repetitive tasks
over lengthy periods of time—tasks for which robotic assistance is ideally suited to
complement human ability [3].

In the United States, with the passage of the Affordable Care Act in 2012 and the
subsequent Medicare Access and CHIP Reauthorization Act in 2015, payers have
been increasingly emphasizing value-based compensation schema. During this
same period, there has been increased demand from patients for minimally invasive
surgery (MIS) procedures, which are perceived by patients as being safer and less
expensive than their open procedure counterparts [4]. This perception is to some
degree supported by economic analyses, which show increased cost-effectiveness of
MIS procedures [5], and by clinical trial data, which show equivalent patient-
reported outcomes regardless of procedure type (i.e., open or MIS) [6]. MIS is asso-
ciated with smaller incisions, decreased rates of postoperative infections, shorter
lengths of stay, and decreased duration of patient convalescence following sur-
gery [7].

In the US, there are currently 7 FDA-cleared robotic spine surgery systems on
the market, from 4 vendors: (1) Mazor SpineAssist® (Mazor Robotics), (2) Mazor
Renaissance® (Mazor Robotics), (3) Mazor XTM (Mazor Robotics), (4) Mazor
XTM Stealth Edition (Medtronic [acquired Mazor Robotics in 2018]), (5) ROSA®
Spine (Zimmer Biomet), (6) ROSA® ONE Spine (Zimmer Biomet), and (7)
ExcelsiusGPS® (Globus Medical).

Historical Foundation

The evolution of robotics in spinal surgery parallels the evolution of image guidance
[1]. In 1908, Victor Horsley and Robert Clarke first coined the term “stereotaxis” to
define a neurosurgery method utilizing the Cartesian coordinate system to locate
points within the brain using external cranial landmarks [8]. The advent of robotics
into neurosurgery began with the PUMA 560 system (Programmable Universal
Machine for Assembly 560; Unimation) in 1985; this system was used for stereotac-
tic intracranial procedures. Robotic arms evolved in terms of dexterity, precision,
and decreased bulk all of which carry advantages for minimally invasive approaches.
The concept of MIS was born in 1987, the year of the first-ever laparoscopic chole-
cystectomy. After the widespread success of this operation, a large effort in the
medical community was initiated in order to promote and expand upon this novel
concept toward all surgical disciplines.

The introduction of robotic systems into spinal surgery began in 1998, with
Okada et al. describing the first use of a thoracoscope in transthoracic surgery [9].
Shortly thereafter, the first da Vinci system—funded by the military, with the goal
of establishing telepresence surgery—premiered, allowing for intricate
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intracavitary surgeries for both general surgery and spinal approaches to the anterior
spine. The da Vinci system, though not cleared by the FDA for spinal applications,
has been used to perform anterior lumbar interbody fusions (ALIF) [10] and to
remove benign nerve sheath tumors [11]. The first modern spinal robotic surgery
system to gain FDA approval was the Mazor SpineAssist in 2004.

General Overview

The adoption of robotic assistance (RA) in spinal surgery provides many benefits
for the patient, surgical staff, and surgeon, with studies demonstrating that robotic
procedures have lower intraoperative complications than freehand (FH) surgeries
[12, 13]. The technical considerations for a safe and well-placed pedicle screw are
based on local spinal anatomy, understanding that the delicate neurovascular struc-
tures within the bony spinal canal are sensitive to injury from traction, compression,
mechanical violation, or heat that can cause hemorrhage, as well as sensory and
motor loss during either surgical dissection or screw placement.

Intraoperative navigation, which registers a patient’s anatomy to a medical
image, allows for a real-time understanding of anatomy that can be crucial when
operating on patients with complex spinal and other skeletal deformities, osteopo-
rosis, and tumors. Intraoperative navigation also requires a shift of the surgeon’s
attention from the patient to the screen with the registered image. Image-guided
robotic systems allow the surgeon to access three-dimensional visualizations of the
patient’s imaging with a rigid arm, which can be locked on trajectory to decrease
attention shift and could also enable the surgical team to view the operation remotely
via telesurgery in some instances [14, 15].

Robots can offer a number of other benefits, including eliminating hand tremors,
reducing surgeon fatigue, decreasing incision size, and providing up to 7 degrees of
freedom while operating [16—18]. Studies have reported that, because of reduced
muscle retraction, patients who undergo minimally invasive procedures may experi-
ence decreased postoperative pain [19]. Because spinal robots follow a precise plan,
they have also been found to help avoid damaging the proximal facet joint, which
may lead to a decreased rate of adjacent segment disease [20].

The bony landmarks used in the process of navigating to the surgical site often
need to be visualized with fluoroscopy. This means that the patient, surgeon, and
operating room staff are all exposed to large amounts of harmful radiation. This is
especially important because spinal procedures can involve 10- to 12-fold higher
amounts of radiation compared with non-spinal procedures [21]. Because surgeons
and surgical staff exposed to these high doses of radiation have increased levels of
malignancy later in life, many surgeons elect to avoid minimally invasive approaches
because they use more fluoroscopy. A retrospective review of spine cases between
2004 and 2007 demonstrated that only 13.2% of spine cases were performed in a
minimally invasive manner [22]. One significant aim of robotic technology is to
reduce radiation exposure to both patients and providers, improve the safety profile
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of spinal surgery, and potentially promote the increased adoption of minimally inva-
sive approaches.

Despite its intraoperative advantages, robotic surgery is still mostly confined to
minor surgical procedures and has, to date, not seen wide adoption in neurosurgery
or orthopedics compared with other surgical specialties [14, 23]. This may not be
due to a lack of surgeon optimism regarding robotics, but instead may be due to the
complexity of the surgical operations performed in these fields [23]. However, as
robots are able to complete increasingly complex surgical tasks, the indications for
RA surgery will continue to expand. For example, spinal tumor resections and abla-
tions, revision procedures, vertebroplasties, and deformity corrections are just a few
of its emerging indications [24].

Computer-Assisted Navigation

Both manual and robotic spine surgery have benefited from image guidance or
computer-assisted navigation (CAN). Widely used by many surgeons, image guid-
ance is included in most currently available robotic platforms [25]. Real-time image
guidance, along with continuous computation and scan integration by the naviga-
tion system, allows the surgeon to visualize a comprehensive three-dimensional pic-
ture of the patient. Because of this, intraoperative computed tomography (CT) scans
paired with infrared and other optical guidance systems have significantly increased
surgeons’ ability to accurately place screws [7]. Navigation is now widely used in
spinal procedures ranging from fusions to resections of intradural tumors to spinal
deformity correction [18].

There are many CAN options currently available for surgeons. These systems
include the Brainlab Spine Navigation system, the Stryker Spinal Navigation sys-
tem with the SpineMask Tracker and the SpineMap software (Stryker), the Stealth
Station Spine Surgery Imaging and Surgical Navigation system (Medtronic), and
the Ziehm Vision FD Vario 3-D system with NaviPort integration (Ziehm Imaging).
For surgeons operating with robot assistance, several CAN systems can be inte-
grated with currently available robots. The Mazor® and ROSA® robots can also have
their native navigation software optimized for spinal operations [7].

Screw Placement Procedure

Current commercial systems are all semi-autonomous robots designed to assist the
surgeon in the placement of various pedicle and iliac fixation screws (Fig. 16.1a).
Most systems are now integrated with real-time image guidance to track the move-
ment of the robotic arm, end effectors, spinal instruments, and implants or screws.
The overall workflow depends on the capability of the system to utilize the preop-
erative CT for planning before the surgery (i.e., CT-fluoroscopy merge) versus the
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need to obtain intraoperative images first, with the patient positioned and secured on
the OR table, before making surgical plans (the so-called scan and plan). The ability
to make surgical plans before the case begins (Fig. 16.1b) reduces the patient’s time
under general anesthesia and can be a smoother workflow, especially for shorter
segment cases. Intraoperative CT or fluoroscopic imaging may be beneficial for

Fig. 16.1 (a) Overview of the general intraoperative arrangement of the patient, surgical staff, and
surgical robot. (b) Preoperative planning of pedicle screw construct utilizing proprietary software
technology with three-dimensional rendering demonstrated on the ExcelsiusGPS system. (c)
Demonstration of patient positioning and placement of anatomic reference arrays to bilateral pos-
terior superior iliac spine with the Globus ExcelsiusGPS system. (d) Intraoperative placement of
pedicle screws with robotic assistance and real-time image guidance through the end effector arm
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Fig. 16.1 (continued)

those concerned about major alignment shifts in the spine based on patient position-
ing or underlying instability or in morbidly obese patients. This can also be true in
procedures in the upper thoracic spine, where imaging can be difficult secondary to
the patient’s arms and shoulders.
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The more commonly used preoperative CT planning workflow obviates the extra
time needed to plan out multiple pedicle screws in longer fusion constructs in the
operating room. Once the patient is positioned on the table, one or more reference
arrays or fiducials are placed on a stable, bony prominence that can be the spinous
process, posterior superior iliac spine (PSIS), or any solid fixation point (Fig. 16.1c).
The robot is then brought close to the surgical field to allow adequate reach of the
arm to all planned levels and secured via a combination of fixation to the floor, OR
table, and/or the patient, depending on which system is used. The robotic arm is
typically connected to a base that may be directly fixated to the patient via a pin or
clamp system, as is the Mazor X.

At this point, the workflow diverges based on the use of preoperative CT. If a
preoperative CT has been obtained and uploaded to the robotic system, co-
registration is then completed via two fluoroscopic images per vertebral segment
that merge each vertebral segment independently and provide an updated three-
dimensional reconstruction of the spine. A proprietary algorithm typically assigns
internal validity scores to the merge, which is ultimately confirmed visually by the
surgeon for each level. A second registration method includes mounting a rigid ref-
erence array either directly to the patient’s bony anatomy or to the robotic arm so
that intraoperative CT and subsequent planning can be performed. Finally, a third
registration option is available on some systems, which allows registration with
only 2 planar orthogonal (anteroposterior/lateral) radiographs to allow screw trajec-
tory planning and robotic guidance. Some systems also use another parallel electro-
magnetic (EM)-based imaging system to map out the patient’s torso and skin surface
to avoid accidental collision of the arm against the patient during RA
instrumentation.

After planning, the appropriate skin incisions can be easily planned using robotic
guidance and soft tissue dissections can be made for MIS case. The end effector
control arm can then be brought into the designated spinal level and pedicle entry
site (Fig. 16.1d). At this point, manually operated instruments are typically brought
in and introduced through the robotic arm end effector to drill a pilot hole, cannulate
the pedicle, and place a screw of predetermined width and length. Newer robotic
systems typically have reference arrays on each instrument that allow for real-time
tracking of the precise movement of the instruments and implants as they are being
placed, utilizing an optical tracking system as well.

Current Commercial Systems

Mazor SpineAssist

The oldest spine system on the market today, the SpineAssist (Fig. 16.2a), was first
approved by the FDA in 2004. This is a shared-control robot that simultaneously
allows both the surgeon and the robot control of instruments and motions. The sys-
tem is mounted directly to the patient rather than to the OR bed or floor and uses a
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Fig. 16.2 (a) Medtronic SpineAssist robotic system. Image provided courtesy of Medtronic. (b)
Medtronic Renaissance spine robotic system. Image provided courtesy of Medtronic. (¢) Medtronic
Mazor X spine robotic system. Image provided courtesy of Medtronic. (d) Medtronic Mazor X
Stealth Edition robotic system. Image provided courtesy of Medtronic
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Kirschner-wire cannulated screw technique. A small frame is initially mounted to
the patient’s spine via multiple Kirschner wires. After fiducial markers are attached
to the frame, 6 intraoperative fluoroscopy images are taken. The small cylindrical
robot is attached to the mounting frame, and the preoperative CT is then co-
registered one vertebrae at a time. The robot automatically aligns its arm based on
planned trajectory to allow for placement of the cannulated soft tissue dilator, drill
guide, drill, K-wire, and final the cannulated pedicle screw.

Mazor Renaissance

Introduced in 2011 as the second-generation update to Mazor’s SpineAssist, the
Renaissance system (Fig. 16.2b) included both hardware and software updates,
such as the ability for the surgeon to flatten the bony prominence around screw entry
points before drilling [7]. This process assists in preventing the deflection of the
guiding cannula on a sloped anatomy [26]. Both the SpineAssist and Renaissance
have accuracy rates ranging from 85% to 100% [27]. The Renaissance has faced
similar problems to its first-generation counterpart, the most significant of which is
screw misplacement secondary to deflection [28].

Mazor X

The Mazor X (Fig. 16.2c) premiered in 2016 and represented improvements over
the Renaissance system by introducing a completely new platform, which still
requires attachment of the robot to the OR table. The workflow also changed com-
pared with the prior systems, and this iteration involved (1) preoperative analytics,
in which a preoperative or intraoperative CT is uploaded to the system and screw
planning is performed; (2) intraoperative guidance, in which the robot is attached to
the operating table and then mounted rigidly to the patient’s spine, a 3D image of
the surgical field is obtained, and the intraoperative anatomy is matched with the CT
scan via two fluoroscopic images (anteroposterior and oblique); and (3) intraopera-
tive verification, in which the robotic guidance arm is sent to the preplanned trajec-
tory and real-time instrument tracking is afforded by the integrated 3D camera
(Mazor X-Eye). The addition of preoperative CT planning streamlines the work-
flow by reducing the time spent in the OR planning screw trajectories and spinal
alignment, which can be extensive for larger deformity constructs. Similar to its
predecessor, screw placement still required guide wires following each cannulation.
Unique to this system are its preoperative analytical features, including the Mazor
XTM Align application, which can simulate the impact of a correction on the align-
ment of a patient’s entire spine.
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Mazor X Stealth Edition

The latest update to the Mazor robotics system family, the Mazor X Stealth Edition
(Fig. 16.2d), received FDA approval in 2018. This version integrates the robotic
base and arm with the Medtronic Stealth Station technology, allowing for real-time
image-guided tracking of the various instrument tips and implants as they are used
or inserted through the robotic arm. Although the SpineAssist could not properly
account for movements by the patient intraoperatively, the Mazor X utilizes its cam-
era to track patient movements and accordingly readjusts the robot position in real
time. The Stealth Edition also eliminates the finicky K-wire system that had to be
used on previous iterations, which often significantly crowded the surgical field.

ROSA Spine

The initial ROSA® BRAIN robot (Zimmer Biomet Robotics) was designed for cra-
nial operations and was cleared by the FDA in 2012. The Rosa SPINE system
(Fig. 16.3) was created based on the brain version and first approved in 2016 in the
US. It comprises 2 mobile components—a floor-fixable cart with a mounted 6-axes
robotic arm, and a second mobile base with optical tracking system attached.
Preoperative CT cannot be used, so trajectory planning is achieved either with intra-
operative fluoroscopy or with CT. Using a percutaneous reference pin placed in the
iliac wing, a “fiducial box” held by the robotic arm, and images from an
intraoperative cone beam CT, the ROSA performs automatic image registration and

Fig. 16.3 ROSA ONE
Spine System. Image
provided courtesy of
Zimmer Biomet
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produces a 3D reconstruction. The surgeon then merges the preoperative and intra-
operative scans in order to plan the 3D trajectory. Although instruments can be
tracked in real time, guide wires have to be used following pedicle cannulations.

ROSA ONE Spine

The ROSA ONE Spine system is an update to the original robot in 2019 that is built
upon the system platform as the ROSA ONE Brain and One Knee systems. Thus,
this platform is the only commercial system on the market cleared for spine, intra-
cranial, and orthopedic joint applications.

Globus Medical Excelsius

The ExcelsiusGPS™ (Globus Medical) is a floor-mounted, highly rigid robotic arm
system fully integrated with real-time image guidance (Fig. 16.4). The robot is not
attached to the patient for functionality. Screw trajectory planning can be performed
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Fig. 16.4 Globus ExcelsiusGPS spine robotic system. Image provided courtesy of Globus Medical
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using intraoperative cone beam CT, preoperative CT, or simple anteroposterior and
lateral radiographs. Screws are deployed via the rigid tubular robotic arm, eliminat-
ing reliance upon patient-mounted frames and surgical guidewires (e.g.,
Kirschner) [29].

In addition, this system incorporates several features to ensure navigation integ-
rity. These features include a shock-absorbing dynamic reference base, which can
deflect forces and spring back to its original position; a separate minimally invasive
surveillance marker with Quattro™ spike, which anchors securely into the iliac crest
via four small spikes; and associated surveillance software, which can alert the sur-
geon to a loss of navigation integrity [30]. The ExcelsiusGPS™ system also inte-
grates hardware and software to alert the surgeon of possible instrument deflection
(i.e., skiving) during instrumentation placement [30].

Intuitive Surgical: da Vinci Surgical System®

The da Vinci Surgical System® (Fig. 16.5) was developed by Intuitive Surgical and
was approved by the FDA in 2000 for general laparoscopic procedures [7]. The da
Vinci utilizes a master—slave telesurgical model by which the surgeon operates the
device from a remote telesurgical booth equipped with 3D vision screens, thereby
allowing the robot to serve as an extension of the surgeon’s arm. The da Vinci has
been widely studied, yielding results that show superior visualization and magnifi-
cation compared to traditional laparoscopy. Other benefits include control grips for
the surgeon, 7 degrees of freedom, tremor filtering, high-definition video, and
improved ergonomics.

Fig. 16.5 Intuitive Surgical da Vinci Surgical System
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In spinal surgery, the da Vinci robot has been utilized for numerous procedures,
including ALIF, resection of thoracolumbar neurofibromas, resection of paraspinal
schwannomas, and transoral odontoidectomies [24, 31-34]. Originally, laparo-
scopic ALIF showed no benefit compared to the traditional FH technique in terms
of reducing patient blood loss, length of stay, complications, and operating times.
Therefore, laparoscopy was largely abandoned for this procedure entirely [35-37].
However, the advanced capabilities of the newer generations of the da Vinci robot
make completing ALIF laparoscopically both possible and possibly more efficient.
Case series have shown successful dissection, exposure, and interbody placement
without any vessel or ureteral complications [33].

Accuracy

Multiple randomized controlled trials (RCTs) and retrospective series have assessed
the accuracy of RA vs FH as well as RA vs image-guided pedicle screw techniques.
All data show significantly higher rates of accuracy for RA versus FH. Most studies
involve the various iterations of the Mazor robotic systems, as Mazor was the first
to obtain FDA approval.

Many authors use the Gertzbein-Robbins classification system [38] to deter-
mine the accuracy of pedicle screws. This system grades pedicle screws based on
the screw tract in relation to the cortical margins of the pedicle, with increasing
error based on increase distance breached past the medial or lateral cortex
(Table 16.1).

The concept of clinically acceptable pedicle screws (GR A/B), which lie in
the safe zone [38], is important to understand when comparing accuracy rates.
The risk for neurologic injury is much smaller within the first 2-mm breach past
the medical pedicle cortex due to inherent epidural fat, veins, and ligamentum
flavum. Many head-on comparisons that note superior or equivalent accuracy
rates for FH vs RA techniques are often referring to acceptable pedicle screw
placement rather than perfect pedicle screw placement. When comparing just
GR A PS accuracy, most studies actually show significantly higher accuracy for
RA group and, similarly, better improved accuracy for major breach (GR C, D,
E) where image guidance, FH, or RA groups can be more reliable than pure FH
techniques.

Table 16.1 Gertzbein-Robbins GR grade Breach distance (mm)
classification of pedicle screw A 0

accuracy based on presence of

implant breach past the pedicle B <2

cortical margin and distance of C <4

breach beyond the cortical margin in D <6

millimeters. GR, Gertzbein-Robbins E <8
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The ROSA system was also studied by a single-surgeon small retrospective
series of 20 patients. In that series, the authors found superior accuracy of 97.3%
with the RA technique versus 92% with the FH technique [39].

Although no prospective controlled trials have been conducted comparing
ExcelsiusGPS™ to other commercial robotic systems or image-guided techniques,
early case reports and cohort series suggest high accuracy, efficacy, and safety [40—
43]. Huntsman et al. [44] and Godzik et al. [45] have reported accuracy rates (based
on the Gertzbein-Robbins scale) ranging from 96.6% to 99%. Jiang et al. [40] also
reported minimal screw deviation with the ExcelsiusGPS™ compared with a pre-
planned trajectory in a small lumbar fusion case series.

A 2017 systematic review of RA spinal instrumentation by Joseph et al. identi-
fied 22 studies assessing accuracy of spinal robotic systems, including 4 RCTs [27].
They found that RA instrumentation was highly accurate and safe with clinically
acceptable instrumentation (GR A or B) in 85% to 100% cases. Most studies inves-
tigating robot-guided pedicle screw placement versus FH placement demonstrated
an accuracy benefit with robotic assistance.

Only one early RCT from 2012 found diminished accuracy of the SpineAssist®
(Mazor Robotics) system compared with FH placement for 1- and 2-level lumbar
fusions [46]. 30 FH patients were compared to 30 RA patients, and the authors
found increased screw accuracy for the FH vs RA groups (93% vs. 85%, respec-
tively). In this study, 10 RA screws required revision, whereas only 1 FA screw
required the same. Although this was a single-center study, the study population was
split among 3 experienced spine surgeons who were familiar with both techniques.
The smaller size of the RA cohort (which is further subdivided among 3 surgeons)
and the study results noting longer surgical time for screw placement for the RA
group, suggest that the surgeons in this group were early in the learning curve and
utilizing first-generation technology for using RA.

An even more recent systematic review and meta-analysis of over 50,000 pedicle
screws compared CT navigation-guided (CTNav), fluoroscopy-assisted (FA), RA,
and FH techniques [47]. Out of 78 studies encompassing 7858 patients and 51,161
screws, 3614 breaches were noted. In a subgroup analysis, breaches were subdi-
vided into minor and major breaches defined by a 4-mm cutoff (i.e., GR grade B/C
vs D/E). The authors reported overall pooled accuracy rates of 95.5% for the CTNav;
93.1% for the FH alone; 91.5% with FA, and 90.5% with RA. 48% of the breaches
were noted in the thoracic spine, with a breach rate of 12% for FH, 10% for FA, 5%
for CTNav, and <1% for RA, suggesting that the anatomy of the narrower thoracic
pedicles with relatively flatter pedicle entry points favors navigated technologies.
Also telling is the rate of lateral breach among screw placement, which is closely
related to lumbar facet anatomic factors (hypertrophy) and entry point preparation
(i.e., open procedures, which are required for FH, vs percutaneous, which is more
common in CTNav and RA cases). Lateral breach rates were highest for early RA
cases at 10.8% and were lowest at 3% for FH, where direct visual inspection can
significantly reduce risk during pedicle cannulation. Interestingly, in subgroup uni-
variate analysis, the rate of major breach for FH was significantly higher (p = 0.04)
than CTNav and RA groups, while CTNav was the only group to have significantly
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lower minor breach rates compared to the other 3 techniques. This suggests that
navigated and robotic cohorts did better overall in terms of reducing neurologic risk
from major pedicle violations. Although the CTNav group remained the lowest for
minor pedicle violations, it is possible that the learning curve and technique aspects
of the robotic cohort created more error that could lead to higher minor breaches.

Another meta-analysis of 6 RCTs [48] using primarily the Mazor system, includ-
ing a combined 158 RA patients vs 148 FH, perfect screw placement (GR A) in the
RA group was found to be superior to FH (RR 1.03, p = 0.04) while clinically
acceptable screws (GR A+B) did not differ (P = 0.29). This conclusion is very simi-
lar to the large single-surgeon series published by Mao et al. [49]. Interestingly, they
noted that proximal facet joint violation, a major cause of proximal junctional
kyphosis, was significantly lower in the RA group compared to FH (RR = 0.07,
P =0.01). The RA group did have slightly longer operation times, with a mean dif-
ference of 21 min (P = 0.009).

Han et al. carried out an RCT at a single center, using the TiRobot system [50].
They found significantly higher accuracy for RA vs FH in thoracolumbar cases. 234
patients were randomized 1:1 to RA vs FH. The authors noted similar surgical time
and hospital length of stay. Cumulative radiation exposure was significantly higher
for the FH group (71 microSievert) than for the RA group (22 microSievert). Mean
screw deviation was only 1.5 mm in the RA group, with 95.3% of the screws mea-
sured with GR grade A accuracy compared with 86.1% in the FH group. The
TiRobot is a multi-indication orthopedic surgical robot that can be used in spinal,
pelvic, and limb surgeries performed via an open or a minimally invasive approach
[51-53]. The TiRobot is the first orthopedic surgical robot created entirely in China,
and it received China’s Food and Drug Administration approval in 2016 but is not
currently approved for use in the US. Thoracolumbar surgeries resulted in a higher
percentage of both radiographically and clinically acceptable outcomes in the robot-
assisted cohort compared to a matched FA cohort [29].

The updated meta-analysis of 10 RCTs and cohort studies in 2018 by Fan et al.
concluded statistically significant superiority in accuracy using robotic-assisted
techniques compared with conventional methods [54]. After the recent advent of the
first real-time image-guided spinal robotic system (ExcelsiusGPS™), accuracy rates
have increased to range from 96.6% to 99% [44, 45].

In terms of direct comparisons for existing image-guidance systems against
robotic assistance in pedicle screw placement, Mao et al. examined a consecutive
series of 46 single-surgeon Mazor X cases vs 39 O-arm navigation cases for a mix-
ture of indications, ranging from adult degenerative deformity to trauma [49]. The
accuracy of the screw placement was examined both in terms of significant screw
misplacement versus clinically acceptable trajectories and was further divided into
categories based on the Gertzbein-Robbins classification system for screw accuracy.
The robotic outcomes were found to have significantly improved accuracy of pedi-
cle screw placement compared to the O-arm image guidance with respect to GR
grade A screws (“perfect,” no cortical breach) at rates of 86% vs 66%. The authors
also found superior, although not statistically significant, accuracy in the Mazor X
cases with respect to clinically acceptable screws (GR A or B) 97.5% vs 95%.
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Radiation Safety

Minimally invasive surgery is in part characterized by the lack of standard visual
landmarks that are afforded by a larger exposure. Nonetheless, MIS is on the rise—
but to overcome the limited visualization, it has increasingly relied on image guid-
ance and navigation. The growing use of intraoperative fluoroscopy naturally leads
to concerns regarding the radiation exposure risk to both the surgeon and the patient
on the operating room table. More recent technologies, such as intraoperative
CT-based guidance (e.g., O-arm [Medtronic], AIRO [Brainlab]), three-dimensional
fluoroscopy (e.g., Orbic 3D, [Siemens]), and automatic image registration-
navigation using preoperatively acquired CT (e.g., BrainLab) have been shown to
reduce radiation exposure to OR staff based on small cohorts [55, 56].

The National Council on Radiation Protection and Measurements and the
International Commission on Radiological Protection have published “maximal
limits” for exposure for those that work with radiation. These proposed safe limits
take into account both yearly cumulative dose (i.e., “deterministic” effects) and a
lifetime cumulative dose (i.e., “stochastic” effects). Currently, guidelines recom-
mend no more than 20 millisievert (mSv) per year averaged over 5 years, or 50 mSv/
year in any 1 year. For nonradiation workers, the recommended limit of exposure to
radiation is 1 mSv/year.

An early retrospective series by Kantelhardt et al. [12] looked at the differences
in exposure among a consecutive series of 112 patients, with 35 percutaneous pro-
cedures, 57 conventional open procedures, and 20 RA procedures. 94.5% of RA and
91.4% of conventionally placed screws were found to be accurate without signifi-
cant differences between percutaneous robotic and open robotic-guided subgroups.
Average X-ray exposure per screw was 34 s in robotic-guided compared to 77 s in
conventional cases. Subgroup analysis indicates that percutaneously operated
patients required fewer opioids, had a shorter length of stay, and lower rate of
adverse events in the perioperative period, suggesting that the use of robotic guid-
ance significantly increased accuracy of screw positioning while reducing X-ray
exposure.

Radiation exposure is also dependent on the robotic technology, workflow, and
amount of fluoroscopy required for the RA procedure. Lonjon et al. reported
outcomes from an early series of 10 patients using the ROSA robotic system plac-
ing 40 pedicle screws vs 10 FA procedure placing 50 pedicle screws [39]. The
average exposure was 821 cGy cm? over 1.2 min for RA procedures vs
406 cGy cm? over 0.40 min for FA procedures. The limitations in the technology
of the robotics system, particularly with respect to initial registration of the
patient’s anatomy to enable the image guidance, and the experience and effi-
ciency of the surgeon naturally also increase the radiation exposure especially for
low-volume surgical series.
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A 2018 meta-analysis of various RCTs found that radiation time (mean differ-
ence of —12.38; P < 0.001) and radiation dosage (standard mean difference of
—0.64; P <0.001) were significantly decreased in the RA group compared with the
FH group [48].

A 2019 meta-analysis of radiation exposure studies across the literature in thora-
columbar fusion procedures [57] found that patient radiation exposure per screw
placed for each modality was highest for intraoperative CT-based navigation
(1.20 = 091 mSv), similar for conventional fluoroscopy without navigation
(0.26 £ 0.38 mSv) and conventional fluoroscopy with preoperative CT-based navi-
gation (0.027 = 0.010 mSv), and lowest for robot-assisted instrumentation
(0.04 = 0.30 mSv). Although all image-guidance modalities are associated with
surgeon radiation exposures well below current safety limits, RA procedures were
superior in reducing radiation risk to both the OR staff members and the patient.

An RCT by Hyun et al. [58] compared radiation exposure of 1- or 2-level lumbar
cases for RA MIS vs FA open procedures in 2 arms of 30 patients each. Both arms
had equivalent clinical outcomes as measured by visual analog scale and Oswestry
Disability Index, while the screw accuracy rate was 100% in the RA group and
breached in 2/30 (7%) of FA cases. More importantly, the RA arm showed 62.5%
reduction in per-screw radiation exposure compared to the FA group as measured by
thermoluminescent dosimeters.

In children, for whom the long-term effects of radiation exposure are even more
detrimental, RA surgery can be helpful. Sensakovic et al. evaluated a new low-dose
radiation CT protocol for patients undergoing pediatric idiopathic scoliosis defor-
mity correction performed using the Mazor robot [59]. In this protocol, patients
either underwent traditional preoperative CT or low-dose CT. The authors reported
that images were adequate for robotic screw placement although accuracy of screw
placement was not graded postoperatively.

Estimated Blood Loss

Direct comparisons of RA against FH or FA cases generally show significantly less
estimated blood loss associated with RA procedures [49, 50, 60]. This is likely sec-
ondary to the bias of RA cases toward more minimally invasive paramedian expo-
sures rather than midline open exposures. Conventional FH techniques rely on a
more extensive, and destructive, soft tissue exposure to adequately expose anatomic
landmarks needed to safely place pedicle screws. Image-guided and RA techniques
do not require such wide exposures, and in many ways suffer from midline expo-
sures, which necessitate rigid retractors that can block the precise placement of the
instruments. In bigger patients with bulky paraspinous musculature or increased
subcutaneous adipose tissue, forceful tissue retraction can also distort the regional
anatomy, which then imperceptibly shifts with respect to the reference frame, caus-
ing failure of the image guidance.



244 G. Mao and N. Theodore
Learning Curve

Robotic systems also have inherent learning curves. Surgeons need to work to
understand the available features of the system and to gain mastery over those sys-
tems, which includes learning how to incorporate them efficiently into the operating
room workflow.

Likewise, surgeons should also be cognizant of the inherent limitations of each
respective technology, whether the issue is related to intermittent failure of intraop-
erative image-guidance features in newer robotic systems, or the anatomic varia-
tions of the patient such as hypertrophied facet joints that predispose to a lateral
deviation of the cannulation process and subsequent screw placement. The accuracy
and safety features of robotic systems depend not only on the normal functioning of
the technology, but also on the surgeon’s ability to anticipate, obviate, and occasion-
ally promptly diagnose any intraoperative issues to prevent a mistake from snow-
balling due to non-recognition. Common robotic errors, whether from registration
issues (e.g., wrong level co-registration), or frame-shift issues, will remain for
entirety of the case, so they can easily propagate in severity and cause neurologic
issues when a surgeon is not paying adequate attention and does not identify the
issue early. These technical, mechanical, or surgical errors can lead to significant
morbidity for the patient and length to the overall operating time.

Several single-center case series have looked at the learning curve primarily
using either operative time or screw accuracy as a metric of familiarity and effi-
ciency with the robotic system. The literature suggests that the learning curve for
robotic systems lies in the range of 20-50 cases [61, 62], with 1 group recommend-
ing a minimum of 25 cases to gain proficiency [61]. The largest series to date, by
Schatlo et al. [61], summarized 258 cases by 13 surgeons using the legacy Mazor
SpineAssist system. The authors mainly analyzed the screw accuracy rates with
cases grouped 5 at a time in chronological order and misplacement defined by
>3 mm breach outside the pedicle. They noted a clear difference in screw misplace-
ment before and after the first 20 cases in the series. Interestingly enough, the mis-
placement rate was low in the first 5 cases (2.4%), suggesting high surgeon’s
caution, and gradually increased to a peak of 7.1% for cases 16-20 before declining
steadily afterward to 2—3% after the first 50 cases.

A series from Melbourne [62] analyzed 80 consecutive RA spinal fusion cases
using the older Mazor Renaissance System. This series benefitted from a more
homogenous pathology (86% degenerative spondylosis; 73% single level per-
formed) and technique using involving only percutaneous screw placement. The
authors divided the cases chronologically into 4 quartiles and noted no difference in
GR A screws (P = 0.11) or clinically acceptable screw placement rate (P = 0.31)
over time. More importantly, they also noted no difference in mean time per screw
across the quartiles (P = 0.61), concluding that the learning curve must be quite
short and less than the first 20 cases of the initial quartile.

A key issue with the learning curve for different systems lies with the design of
the software systems and mechanical systems, which are key in planning and
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intraoperative control of the robotic system, respectively. Earlier robotic assisted
such as the Mazor SpineAssist and first-generation Mazor X robot had inherent
issues with secure fixation of the robotic arm to the patient and guidewires to align
the screws during placement. These issues are less threatening in smaller degenera-
tive cases; however, they can lead to bigger challenges for longer spinal deformity
cases. A single-surgeon series of surgeons using the older Mazor X spine system
analyzed 39 consecutive cases of spinal oncology, trauma, and deformity cases that
involved longer constructs (mean fused levels 5.4). Though the addition of corpec-
tomies and osteotomies certainly complicates the picture, this series did demon-
strate strong evidence of a more gradual learning curve, with the mean operation
time per level decreasing 50% over the initial 30-35 cases. Due to the smaller sam-
ple size and high case complexity, there were no significant differences in the opera-
tion times between the O-arm and RA cohorts in this comparison. It is possible that
the learning curve progression will advance faster with successive newer systems as
the software design is iteratively improved and image-guidance features become
more reliable, already eliminating the need for any guidewires in many newer
robotic systems.

The most recent data from Jiang et al. [60] found that improvements in workflow
are achieved relatively rapidly in the Globus ExcelsiusGPS system in a small case-
control series. Assessing 56 cases (28 RA and 28 FH) 1- and 2-level lumbar fusion
procedures, their series reported the duration of RA cases improving to the speed of
FH operations by the twentieth procedure. The RA cohort also experienced signifi-
cantly less blood loss (300 cc difference, p < 0.001) and shorter length of stay (1d
difference, p = 0.01). The authors concluded that if operative efficiency can be taken
as an effective proxy of mastery, then it is likely that >30 cases must be performed
before the learning curve is meaningfully reduced.

Limitations of Current Technology

Limitations of these robotic spine surgery systems are largely related to the high
initial capital expenditure requirement to acquire the robot and the longer operative
times related to the learning curve for adoption of the technology and techniques.

Use of these complex machines necessitates additional training for both the sur-
geon and staff in the operating room. Additionally, robotic equipment has a high
initial cost, often exceeding $1,000,000 [14]. Because of these factors, further stud-
ies are required to justify their extra labor and expense [17]. In addition, technologi-
cal limitations of the effector arm, force feedback, and end effector design currently
limit the indication mainly to pedicle screw placement and soft tissue retraction.

In addition, several studies have evaluated reasons for failure of the robot during
spine instrumentation. Reasons for aborting the robotic procedure included failure
of registration software and failure to obtain adequate fluoroscopic images. In sev-
eral studies, soft tissue pressure on the guiding arm led to inaccurate placement [46,
63]. Other reasons for failure included the inability to adequately obtain surgically
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the necessary angles determined by the registration software. Other studies describe
difficulties with keeping the drill guide in position on the slope of the facet, causing
a lateral and inferior deviation [46, 64]. Macke et al. found that patients who had
preoperative CTs performed in a prone position had a screw misplacement rate of
2.4%, compared with a misplacement rate of 7.6% in patients whose preoperative
CTs were performed in the standard supine position [65].

Most studies conclude that robotic systems work in synergy with both traditional
open and MIS techniques, improving the accuracy, safety, and postoperative surgi-
cal site pain of fusion cases. However, some heterogeneous studies question that
paradigm. Lieber et al. [66] performed a retrospective analysis of data in the
Nationwide Inpatient Sample database, comparing 257 patients who underwent
robot-assisted lumbar fusion with 257 matched controls who underwent conven-
tional lumbar fusion. After controlling for various patient factors, they did not find
a significant difference in minor or major complications between the two groups.
However, they report increased hospital costs and length of stay in the RA group,
compared with the conventional lumbar fusion group. Due to inherent limitations of
database queries, the authors were only able to look at certain major and minor
complications coded in the Nationwide Inpatient Sample database. They were
unable to assess important spine-specific metrics, such as operation duration, esti-
mated blood loss, pedicle screw accuracy, return to the operating suite, radiographic
results, and patient-reported functional outcomes. They also did not have access to
long-term follow-up data, so they were unable to assess adjacent segment disease,
pseudarthrosis rates, proximal junctional failure, and other factors, which limit their
ability to truly assess differences between robot-assisted and conventional lumbar
fusion cases. It is also important to keep in mind that these data were obtained from
2010 to 2014. At the time, there was only one FDA-approved, commercially avail-
able robot in the US for spinal surgery (Renaissance™, Medtronic). As a result, this
study does not reflect recent innovations and techniques available with spinal sur-
gery robots currently on the market.

Conclusion

Initial clinical studies regarding RA spinal surgery suggest that it may be more
accurate, more efficient, and safer for pedicle screw instrumentation and other spi-
nal procedures compared to traditional fluoroscopic-assisted freehand approaches.
Current evidence suggests that robotic-assisted pedicle screw placement offers
decreased radiation exposure to the surgical team, and that the combination of
robotics and MIS techniques reduces the use of intraoperative fluoroscopy and
length of hospital stay. Though robotic-assisted spine surgery is still in its infancy,
the potential for augmenting surgeon performance and improving patient outcomes
is significant. Unfortunately, one of the main issues limiting the widespread adop-
tion of robots in spinal surgery worldwide is its associated costs—there remains a
lack of studies on the cost-effectiveness of these procedures [67]. There are
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probably specific clinical scenarios, such as tumor, infection, and deformity cases,
where robotic systems have a more profound advantage for MIS; however, further
investigation is needed to fully explore the benefits in application of robotic guid-
ance for MIS procedures. Robotics have made their way into the armamentarium of
today’s spinal surgeon. Given the ongoing adoption of this technology, it will
undoubtedly become a common tool in the treatment of spinal disorders.
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Chapter 17

Rehabilitation and Assistive Robotics:
Shared Principles and Common
Applications

Camilla Pierella and Silvestro Micera

Introduction

Predictions of the United Nations present the 2050 as the year when for the first time
the world population of adults age 60 or older will surpass the world population of
children [1]. Aging is the biggest factor in several neuromuscular conditions, like
orthopedic and neurological. With the big advances in the medical and surgical care,
there is and will be increasing survival rates and rehabilitation referrals [2] so
increasing number of people requiring assistance and rehabilitation. This is a major
challenge in terms of social and economic adaptation for society and that poses a
significant pressure to create solutions and technologies to help in this direction.
Therefore, technology can help in a broad scenario and in many places, inpatient
assistance and rehabilitation both in the hospital and in a home-based setting, in
outpatient clinics, and in visiting services.

These age-related neuromuscular disabilities are caused by various factors such
as normal degeneration, stroke, and musculoskeletal conditions, resulting in senso-
rimotor dysfunction [3, 4], impaired mobility [5], and long-lasting motor
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disabilities [6-8], directly affecting their quality of life [9]. In addition to the delete-
rious effect on the quality of life, these disabilities can reduce life expectancy,
increase the risk of injuries (particularly fall-related injuries), and result in further
cognitive and sensorimotor deterioration.

According to the World Health Organization, 15 million people suffer stroke
worldwide each year [10]. In particular, more than 1.1 million people are affected
every year in Europe [11] by a stroke and about 800,000 in the United States [12].
Even though acute stroke care and intensive rehabilitation are improving, two-thirds
of chronic stroke survivors have to cope with persisting neurologic deficits, and
only 20% of them are able to go back to their normal professional and private life
[13]. The most common impairments in the acute and chronic stages are cognitive
conditions and motor deficits contralateral to the affected brain hemisphere [14],
usually called “affected side.” A profound neuromuscular reorganization occurs
after stroke [8, 15, 16]. The affected limb is typically characterized by spasticity
[17], stereotyped movement patterns, mainly caused by abnormal muscle co-
activation and an enlarged activity of the antagonist muscles [16, 18], which result
in a reduced range of motion against gravity, and, thus, to a limited workspace in
three-dimensional reaching movements [19, 20] and in walking functions.

A lot of attention has been posed by researchers of different fields like robotics,
engineering, neuroscience, medicine on the development of technological solutions
for stroke which can be also used with patients with other pathologies such as Spinal
Cord Injury (SCI) and Multiple Sclerosis (MS), that are among the world’s most
diffuse neurological disorders and affect the nervous system at various levels.

Spinal cord injury results in a damage of neural signal transmission at and below
the level of injury, leading to loss of motor and/or sensory functions [21]. This con-
dition is not only physically but also psychologically challenging for SCI people
because one of the main and most impacting consequences is the loss of functional
independence in Activities of Daily Living (ADLs), making recovery a priority for
SCI individuals [22, 23]. To this aim, physical rehabilitation continues to remain a
mainstay in the treatment of SCI because, so far, no curative treatments exist and
only limited spontaneous recovery attributed to the natural and intrinsic neural plas-
ticity of the remaining intact fibers happens after the lesion occurrence [21-23].
Furthermore, the loss of somatic and autonomic control results in secondary com-
plications such as cardiovascular, respiratory, cutaneous, musculoskeletal, and psy-
chological [2]. Therefore, interventions to promote physical activity after SCI are
among the top goals of recovery and improvement in quality of life.

Multiple sclerosis is a chronic progressive disease that affects the entire Central
Nervous System (CNS) characterized by inflammation, demyelination, and degen-
erative changes at the brain and spine levels and it is the first cause of non-traumatic
disability in young adult population [24, 25]. The estimated prevalence of MS is
50-300 per 100,000 individuals, with approximately 2.3 million affected individu-
als worldwide [25]. MS predominantly occurs in early adult life, with increased
awareness of presentation in childhood, and it strongly impacts mobility, function,
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and quality of life [25, 26]. The inflammatory state that characterizes the CNS of
people with MS leads to deficits of motor, sensory, and cognitive functions that can
relapse and remit for several years until the disease switches to a secondary progres-
sive phase characterized by irreversible disability. The cause of MS is still unknown
and its pathophysiology is poorly understood; pharmacological therapies are cur-
rently able to slow down the inflammatory-related disability progression, but cannot
neither cure the disease nor restore functionality [24, 25].

In such variegated framework, for all these pathologies rehabilitation remains a
key element to maximize the recovery process discouraging negative behavior and
promoting the re-learning of appropriate motor synergies, strategies, and coordina-
tion patterns. People suffering of these pathologies have complex clinical, rehabili-
tative, but also psychological, relational, and social needs. For this reason, they
require a multidisciplinary approach, as well as an individualized and specialized
path. Indeed, an effective rehabilitative intervention represents the solution to pre-
vent secondary complications due to the immobilization or to bad movements con-
trol, to reduce the disabilities, and to resume their ADLs also thanks to assistive
tools avoiding social isolation and depression. Robotics can provide appropriate
solutions and support to standard clinical rehabilitative approaches [27, 28] and at
the same time can provide the right tools to assist these people while going back to
their normal life [29, 30].

Indeed, assistive robotic aims at developing solutions (mechatronic devices, sys-
tems, and technologies) to assist and interact with individuals with reduced motor
or cognitive abilities in order to increase their autonomy in the personal environ-
ment, while rehabilitation robotic proposes similar solutions for assisted therapy
and objective functional assessment of these patients usually in a clinical context
(Fig. 17.1). On the one hand, assistive robotic solutions are designed to be used on
a lifelong perspective in activities of daily living and promote independent living
and autonomy of disabled and elderly individuals. On the other hand, rehabilitation
robotic intends to be complementary of existing therapeutic approaches in order to
improve patient’s functional recovery, to optimize and maximize clinical effective-
ness of therapy. The constraints associated with assistive and rehabilitation robotics
are therefore different, especially in terms of acceptability. Even though the differ-
ences are important between the two fields, from a technical and scientific point of
view there are important similarities.

In the last decades, many research groups developed innovative robotic systems
for assistance and neurorehabilitative treatments [31-34], under the intrinsic fea-
tures of innovation technologies that can serve disable people providing efficient
tools to improve activities of daily living and the scientific evidence that task-
oriented, high-intensity movements can improve muscle strength and movement
coordination in patients with impairments due to neurological lesions [35-42].
Indeed, some of them became commercial products [43-46] and are part of the
rehabilitative programs of many hospitals and clinics around the world [47-51].
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Rehabilitation

Fig. 17.1 From only rehabilitative (red) to only assistive (yellow) robots. Illustrative examples of
rehabilitative robots (in red, left panel) that can be used only in the lab setting, robots that can have

a dual function (in orange, central panel)—rehabilitative and assistive—and robots that have a
mainly assistive function (in yellow, right panel)

Robots for Rehabilitation

Individuals engaged in rehabilitation to improve or restore their abilities often have
diminished strength, endurance, or ability and that can limit the intensity and num-
ber of repetitions (the rehabilitation dosage) needed to achieve the desired training
effects. As a result, rehabilitation robots combined with virtual reality are often used
by therapists to facilitate musculoskeletal and cardiorespiratory fitness as well as
other neurological, physiological, and psychological measures. The use of robots in
therapeutic interventions has become increasingly widespread since they overcome
some limits of traditional treatments, offering among other things intense, control-
lable, repetitive, reproducible, and quantifiable motor training [39, 83-86]. All of
these have been shown to be critical factors for facilitating nervous system reorga-
nization and potentially beneficial changes in the neuromuscular system [87-89].
Moreover, robotic systems can provide load bearing, suppress undesired motions,
extend a person’s range of motion, incorporate programmed load/motion distur-
bances. As described in several works from various research groups worldwide, i.e.,
in [38, 39,41, 49, 90, 91], robotic technologies effectively help clinicians and physi-
cal therapists during the neurorehabilitation process in augmenting or recovering a
person’s capabilities speeding up the recovery process. However, such outcomes are
challenging due to the complexities of the inherent physical human—machine
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interaction. For all the above-mentioned reasons, there are two main challenges
when developing a robot for rehabilitation: (i) developing the appropriate mechani-
cal product using front-edge technologies, (ii) designing effective training modali-
ties supported by appropriate low-level control strategies.

Presently available rehabilitation robotic devices can be divided broadly into two
categories: end-effector robots and exoskeletons. End-effector robots, which are the
pioneer devices used in rehabilitation, are interfaced with the subjects only at their
end-point, i.e., the hand of the subjects is the only body part that is mechanically
attached at the end-effector of the robot. These robots are able to exsert forces only
at the end-point and cannot measure the position of the entire kinematic chain,
which can be estimated indirectly, but it still remains unconstrained. With this con-
figuration, the human limb is completely free to move and react to external distur-
bances or to movements applied by the robot. The movement of the end-effector,
depending on the robot, can be constrained on a plane or can move in the 3D space.
Some examples of end-effector robots are for the upper limb MIT-Manus [50],
Bi-Manu-Track [52], Braccio di Ferro [92], and for the lower limb the G-EO [67]
and the Gait Trainer [69]. More information are in Table 17.1. In contrast, exoskel-
eton has a structure like the human limb and is attached to the surface of the limb at
multiple locations. The axis of the joints of the exoskeleton matches that of the
human limb. The physical interface at multiple locations on the device facilitates,
differently from the end-effector robots, the determination of position and velocity
of each Degree of Freedom (DoF) of the limb and also permits the control of the
torque applied to each of them allowing to precisely determine position, velocity,
and torque at each articular joint of the limb [93] and the independent or synergistic
motion of shoulder, elbow, and wrist joints during the execution of functional move-
ments [94, 95]. These advantages come with a cost that is the higher complexity for
the control of the DoFs of the exoskeleton. With the exoskeleton robot, any part of
upper or lower limb can be targeted for training and unlike an end-effector robot, an
exoskeleton robot has a large range of motion. Examples of upper limb exoskeleton
devices are Armeo Power [59], AlexRS [49], Mahi-EXO II [63], Gloreha [51].
While examples of lower limb exoskeletons are Lokomat [76], Rewalk [81], and
Ekso [96]. More information are in Table 17.1. Nevertheless, despite the versatility
of end-effector robot and exoskeletons, the outcome of robotic-based rehabilitation
still do not significantly differ from the one of conventional therapy [91, 97], and
patients improvements are not always transferred to the ADLs [85, 98]. The effec-
tiveness of robot-assisted rehabilitation and therapy largely depends on its ability to
assist patients’ movement in different modes according to patients’ recovery stages.
The appropriate training mode should be determined by clinicians and physiothera-
pist’s experience and subject’s disability level, and the robot should be used as addi-
tional tool to boost this process.

Usually, most of the robots used in rehabilitation implement (i) a passive training
modality (passive patient), where the robot imposes the trajectories, (ii) an active
training modality (active patient), where the robot is mostly transparent to the user
and follow his/her movements, i.e., it responses to the subject’s intention to move,
and (iii) an assisted training modality, where the robot partially helps participant to
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Table 17.1 Some of the most common robot (exoskeleton and end-effector robot) used for
rehabilitation and assistance. MS: multiple sclerosis, SCI: spinal cord injury

Bod
distr}i/ct Type of device Type of robot | Goal Pathology
Upper MIT-Manus End-effector Arm (and hand) Stroke [50]
limb robot rehabilitation
Bi-Manu-track End-effector Arm rehabilitation Stroke [52]
robot
Braccio di Ferro End-effector Arm rehabilitation Stroke [53], MS [54]
robot
Wristbot End-effector Wrist rehabilitation | Stroke [55]
robot
Amadeo End-effector Hand fingers MS [56], Stroke [57]
robot rehabilitation and SCI [58]
Armeo Spring/Power | Exoskeleton Arm rehabilitation MS [47], Stroke [59]
and SCI [58]
KinArm Exoskeleton Arm rehabilitation MS [60], Stroke [61]
Alex RS Exoskeleton Arm rehabilitation Stroke [49, 62]
Mahi-EXO II Exoskeleton Arm rehabilitation Stroke and SCI [63]
Wilmington robotic | Exoskeleton Arm assistance MS, stroke and SCI
exoskeleton [45, 64]
Armon Exoskeleton Arm assistance
Gloreha Exoskeleton Hand fingers Stroke [51]
rehabilitation
JACO Arm Robotic arm Assistance MS and SCI [43]
Soft sixth-finger Robotic finger | Assistance Stroke [65]
Lower G-Eo End-effector Gait rehabilitation MS [66], SCI [67],
limb robot Stroke [68]

Gain Trainer

End-effector
robot

Gait rehabilitation

MS [69], Stroke [70]

CARR End-effector Ankle rehabilitation | Stroke and SCI [71]
robot
Hunova End-effector Ankle or pelvis SCI [72], Stroke [73]
robot rehabilitation
Lokomat Exoskeleton Gait rehabilitation MS [74], SCI [75],
Stroke [76, 77)
Ekso-GT Exoskeleton Gait rehabilitation/ | Stroke [78], SCI [79]
assistance
Rewalk Exoskeleton Gait rehabilitation/ | MS [80], SCI [81]
assistance
Caterwill Powered Mobility assistance | SCI [44]
wheelchair
SCEWO BRO Powered Mobility assistance | SCI [82]

wheelchair
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Fig.17.2 Passive (gray) and assisted-as-needed (green) training modalities. In the passive training
modality, the control system of the robot imposes the movement, the limb is moved by the robot
and the subject is not actively involved in the exercise. He/she only receive somatosensory sensa-
tions. On the contrary, the assisted-as-needed training modality actively involves the subject that is
assisted by the robot only when is needed. During this training the subject receives also visual
feedback on a screen and based on the subject’s performance the control system adjusts the train-
ing parameters and the level of assistance

move his/her impaired limbs according to the desired postures during grasping,
reaching, or walking, reflecting the strategy adopted by conventional therapy [99,
100]. A schematic example of these modalities is illustrated in Fig. 17.2.
Specifically, among the assisted training modalities, the (iii-a) assistance-as-
needed modality is widely employed because it reduces the patient risk of relying
only on the robot to accomplish the rehabilitative task. Indeed, over-assistance
could decrease the level of participation and, as a consequence, also the chance to
induce neuroplastic changes [101]. This is called the “slacking” effect, and can be
formally defined as a reduction of voluntary movement control when the patient
undergoes repetitive passive mobilization of the limbs [102]. In addition to the
assistance-as-needed modality, to avoid the slacking effect, the (iii-b) challenge-
based modalities are used to make tasks more difficult or stimulating. Among them,
there are controllers that provide resistance to the participant’s limb movements
during exercise [103, 104] or others called corrective strategies that limits the incor-
rect movement of the subjects, similarly to the approach of constraint induced by
therapists. An example of this strategy is the creation of virtual haptic channels for
the end-effector or the joints of the exoskeleton (tunneling) allow users to move
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only in delimited tunnels. Once they go out from the correct path, adopting compen-
satory movements, they are forced to go back into the channel [105, 106]. Moreover,
error augmentation strategies that amplify movement errors have been proposed and
proved successful since kinematic errors generated during movement are a funda-
mental neural signal that drives motor adaptation [107, 108].

Depending on the type and severity of the motor dysfunction and related impair-
ment, one type of device could be more effective than the other [89]. Specifically, if
the residual sensorimotor functionalities of the patient are extremely low, it could
be more appropriate to apply forces to each joint by using exoskeletons [24].
Moreover, end-effector devices could be more effective to deliver complex patterns
of forces (e.g., based on assistance-as-needed strategies) able to exploit the redun-
dancy of the human body, thus speeding up sensorimotor recovery [25]. Same thing
for the training modality. Thus, the patients might need to receive passive and active
exercises in different recovery phases. For example, in early stage of rehabilitation,
passive modality can be used to help patients to track the predefined trajectories for
improving the movement ability and reduce muscle atrophy [76]. After an initial
training period, once the patients have gained certain degree of strength, active
modality should be carried out to encourage patients to trigger the robot assistance
by their own active efforts. In this situation, active assist modality means that the
robot provides assistance at subjects which have voluntary to move but perform
inadequate movements, while active resist modality means that the subjects per-
form the exercise against a resistive force provided by the robot when muscle
strengthening exercises are required [89]. In late rehabilitation stage, the robot is
used to guarantee, for example, patients balance in the gait training and record data
for further analysis.

Indeed, robotic devices in combination with sensors that can measure muscular
(EMG) and/or brain (EEG) activity can help us assessing the neurobiological status
of the patients. Combining aspects from other disciplines like neuroscience and
motor control, we could quantify the motor impairment following an injury to the
nervous system, the impact of the rehabilitative interventions using the data recorded
through the exercise program [49] and also eventually adjust the training based on
features extracted from these measures [62]. This is an asset that, if properly used,
can make robotic rehabilitation reach further advancement in treating and also
understanding pathologies like stroke, SCI, or MS [27, 28]. Indeed, understanding
how the brain controls movements and which are the applied mechanisms to learn
new skills or re-learn the lost ones is fundamental to plan an effective robot-based
therapy, aimed at the promotion of sensorimotor recovery. In this framework, the
design of the most appropriate and effective control strategy plays a crucial role [99]
and can be achieved by exploiting and properly applying the latest findings in
human neuroscience. For example, recent studies explored how stroke hemisphere
localization plays a role in the different interaction with dynamic environments
[109, 110]. Other studies tried to characterize muscular and brain changes while
stroke subjects [49], SCI subjects [79], or people with MS [60] were trained with
exoskeletons.
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Robots for Assistance

As mentioned in the previous section, robotic systems have transformed the deliv-
ery of rehabilitation therapies assisting the gradual recovery of patients with senso-
rimotor disabilities. The other related, yet different, category of robotic systems
developed to help patients with neuromuscular deficits is the assistive robotic field
with its technologies. The primary difference is that assistive technologies are
designed to immediately augment the sensorimotor capacity of those patients and
help them in performing activities of daily living. They are designed to augment
individual’s functional abilities beyond neuro-restoration potential, and assist him/
her in performing ADL, independently or with very little assistance from others
(patients initially will require a therapist’s guidance to help accustom them to the
wearing technique and usability of the assistive robotic device). These devices are
usually portable and can be worn in the home environment. The main outcomes of
the use of assistive systems are enhanced independence, empowered mobility, and
increased manipulability for individuals with degraded sensorimotor competence.
In addition to helping to carry out the ADL, the use of an assistive robotic device
can result in motor recovery when consistently used over a long period [33, 111].
Common use cases of assistive robots to improve the motor performance of patients
living with neuromuscular deficits are: (i) orthosis and exoskeletons for patients
with spinal cord injuries, stroke, and arm mobility [45, 46] or gait deficits [81, 111],
(i1) smart motorized wheelchairs for patients with severe lack of mobility [44, 82],
(iii) extra robotic arms and/or fingers [43, 65] for patients with the lack of manipu-
lability (such as those aging with severe cerebral palsy or tetraplegic people).

In addition to the above-mentioned examples, which mainly focus on augment-
ing the users’ motor abilities and independence, a second category of assistive
robots and technologies are designed to augment the sensory perception of the
patients and to boost up the perceptual awareness of users. These technologies ulti-
mately help with activities of daily living. Sensory perception enhancing systems
may be in the format of wearable suits and may provide auditory, vibrotactile, or
visual cues for the patients. One example is wearable vibrotactile suit for helping
individuals with degraded vision and sensory awareness, so they can navigate safely
in daily environments while protecting them when encountering unexpected con-
tacts, which may result in falls [112]. Another example is technology that provides
cues to the user regarding their posture during walking to maintain a safer balance
[113] that can result in danger and challenges during daily navigation (such as
crossing a street, moving in an apartment, walking to the bathroom, etc.), resulting
in limited mobility and independence. With the use of sensory augmentation tech-
nologies, all these subjects have shown to have significantly enhanced mobility and
have recovered a high degree of movement fluency.

An ultimate category that falls within the family of assistive robots are called
Social Robots. They are the last evolution of collaborative robots, specialized in
social interactions with humans [114], and have been used for a variety of applica-
tions like social interaction [115], education [116], elderly care [117], helping
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people with autism [118], and depression [119]. Social robots may be actuated or
have speech capabilities and can measure the user’s mood, stress, and vital signs via
various embedded sensors. Smart social robots have shown good potential in engag-
ing the users in interactive social exercises. Social robotic systems have been shown
to successfully benefit kids living with autism [118], and elderly living with mild
cognitive impairments, Alzheimer’s disease, and dementia [29]. This technology
can be a major benefit, especially during this complicated period when COVID-19
is pandemic, when elderly people are isolated due to the concerns over disease
spread. Long-term isolation, not only for patients with physical impairments but
especially for patients who are already having cognitive disorders may have very
serious consequences, and any technology which can engage these persons in inter-
active social exercises, while reducing the risk of human—human contact, can be
significantly beneficial. They can have a dual role, in the field of both assistance and
rehabilitation.

Perspectives

In the recent past, there have been several developments in and around the fields of
assistive robotics and rehabilitation engineering. Advances in material sciences are
allowing lighter, more customizable robotic and wearable structures with tightly
integrated sensing and actuation. Furthermore, there is an increasing focus on com-
bining robotics with non-invasive and invasive brain—-machine interfaces or neuro-
prosthetics [27, 28], with the aim of increasing motor recovery and of promoting
independence during ADL. It appears clear that assistive and rehabilitation robotics
approaches can potentially provide better clinical outcomes after neurorehabilita-
tion and facilitate the reintegration of people with neuromuscular injuries in the
society, however the exploitation of their potential is hampered by several important
issues. For example, future studies should focus on the investigation of more suitable
control algorithms personalized based on each user’s needs and characteristics; and
on the design of new mechatronic structures to favor the adoption of these robotic
devices, such as improving wearability, encumbrance, weight, and calibration pro-
cedure. However, this is not an easy task, especially for exoskeletons that have to
deal with a high mechanical complexity [111, 120]: they should be lightweight,
portable, compliant, and, at the same time, they must safely support the patient
even when severe impairments, such as a complete SCI subject. Another important
aspect which is still under investigation from many research groups is the transfer-
ring of functional improvements obtained through robotic rehabilitation to ADL
[111, 121]. This is one of the main challenges to be faced to really improve quality
of life of people with neuromuscular disorders. The integration of hybrid robotic
systems within more realistic and life-like environments could help in this direction.
Another crucial aspect that could definitely help to maximally exploit the potential
that robots have in the rehabilitation and assistive fields is a better and deeper under-
standing of the mechanisms underlying robot-based neurorehabilitation. To this aim,
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the use of animal and computational models can be extremely useful to understand
the role played by different brain areas during and after the neurological injury and
how the rehabilitative process might favor their reorganization [27, 28, 122]. The
use of computational models can also be extremely useful for a better prediction of
the outcomes, treatment efficacy, and, thus, personalization of the neuromodulation
approach [123]. In addition, artificial intelligence and machine learning techniques
can support the above-mentioned computation models in understanding neural plas-
ticity processes and motor recovery pathways putting together many multimodal
data, i.e., EEG, neuroimaging, EMG, clinical scales ..., and defining significant
biomarkers useful for the identification of the best therapeutic and robotic interven-
tions for each individual patient.

Finally, the current trend of health care decentralization also applies to rehabili-
tation. If the patient can train at home with the remote supervision of a physiothera-
pist and, eventually, the help of a caregiver, he/she can train more and for a longer
period of time, with the well-known benefits of intensive and prolonged training.
Hybrid robotic systems can have a crucial role in this context, but important steps
further are needed. One option is using small wireless and low-cost sensors and a
user-friendly software that is able to transform a rehabilitative session in a game
session at home, like in [124]. In this way, the users can receive two types of sensory
feedback based on user’s performance: from the physical therapist connected online
checking the exercise, and from the sensor worn by the patient. Another recent
option is the introduction of exosuits, clothing-like devices made of fabric or elas-
tomers working in parallel with human muscles, may help in this direction [30,
125]. Exosuits are lightweight and wearable by definition, they improve comfort
and safety since they do not require a perfect alignment with human joints and,
therefore, they work perfectly for domestic use. Exosuits and other wearable mecha-
tronic technologies can also display information to the user through biofeedback to
support, assist, or augment the capabilities of the user. Smart wearables can also
provide haptic-, vibro-, and electro-feedback stimulation to users.

All these advances will bring benefits to the development of newest robots,
designed by strong collaboration between engineers, therapists, and clinicians that
not only support sensorimotor rehabilitation but can also serve as assistive devices
to compensate for persistent sensorimotor deficits.
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Chapter 18 )
A Brief Summary of the Article:

“An Exoskeleton Controlled

by an Epidural Wireless Brain-Machine
Interface in a Tetraplegic Patient:

A Proof-of-Concept Demonstration”

Check for
updates

Francesco Cardinale

In 2019, Benabid and coworkers published a seminal article entitled “An exoskele-
ton controlled by an epidural wireless brain-machine interface in a tetraplegic
patient: a proof-of-concept demonstration” [1]. The authors reported proof-of-
concept findings from one of five patients planned in an ongoing trial registered
with ClinicalTrials.gov, NCT02550522. This is likely the highest level of integra-
tion between different technologies ever published in the field of assistive robotics
for neurological disorders.

The patient was a 28-year-old man suffering from tetraplegia caused by a C4-C5
spinal cord injury with a residual little motor control of the upper limbs. He was
able just to drive a wheelchair controlled by a left-arm support-joystick. The patient
applied to take part of the trial online.

The system included:

¢ WIMAGINE, an implantable recording machine for bilateral epidural implanta-
tion over the sensory-motor cortex able to radio-emit recorded data;

* EMY, a four-limb robotic neuroprosthetic exoskeleton;

e Adaptive decoding algorithms and software.

Operative and postoperative methods can be schematically summarized as
follows.

e Surgical steps, from planning to postoperative imaging:
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— The sensory-motor cortex was located by means of repeat functional Magnetic
Resonance (fMR) and Magnetoencephalography (MEG) datasets acquired
during virtual or real execution of upper and lower limbs movements;

— Coregistered fMR and MEG datasets provided main information for the pre-
operative neuronavigation planning;

— WINIMAGE was bilaterally implanted over the sensory-motor cortex;

— The correct positioning was verified acquiring post-implant Computed
Tomography (CT) and registering it to preoperative MR.

* Postoperative methods:

— Calibration, training, assessments of performance and progress were per-
formed by means of brain—computer interface tasks.

In the first phase of every experiment, a decoder was created or updated
(calibration).

In the second phase, the performance of the decoder was estimated until it
was satisfactory.

— A number of tasks were executed by the patient in different modalities.
Continuous spatial movements:
e Simple video games:

— A Pong-like video game task, in which the patient mentally con-
trolled a paddle to intercept a falling ball (1D unidirectional
movements);

— A reach-and-touch-target video game (2D movements);

e Controlling a virtual avatar:

— A reach-and-touch-target task (3D one-handed movements);
— Multi-limb activation of the avatar (2D and 3D two-handed
movements);

*  Wearing the exoskeleton:

— A reach-and-touch-target task (3D one-handed movements);

— Multi-limb activation of the exoskeleton (2D and 3D two-
handed tasks);

— Bimanual tasks with pronation and supination of both hands
(8D tasks).

Triggered on-off events:
* Video game to initiate a:

— Manikin walking;
— Avatar walking;
— Worn suspended exoskeleton.

* The adaptive decoding algorithm was calibrated and updated regularly.
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The results were satisfactory. In fact, during a two-year long period, the patient
was able to cortically control a program to simulate walking or to make upper-limb
movements with both hands, using a virtual avatar at home or the real exoskeleton
in the laboratory. The rate of success during several reach-and-touch tasks and wrist
rotations made with EMY was 70.9% (Standard Deviation 11.6).

The adaptive decoder remained efficient up to 7 weeks without the need of
recalibration.

The epidural array of electrodes, despite its semi-invasiveness, showed similar
efficiency compared to microelectrodes directly implanted in the cortex that had
been implemented in previous studies.

Compared to the baseline, the neurological performance did not improve. No
complications occurred.

In conclusion, this is the first paper reporting the combination of epidural record-
ing, wireless power, and emission and online decoding of many electrocortico-
graphic channels in a unique, totally embedded system. As the authors reported in
their discussion, “the successful control of eight degrees of freedom (the patient had
permanent access to all dimensions), suspended walking capability during the
24 months after surgical implantation, and continued control after several weeks
without recalibration are the highest performances reported so far.”

This brief summary is certainly not exhaustive, of course. The reader is strongly
invited to enjoy the original paper by Benabid and coworkers, a true milestone in the
fields of neurosurgical robotics and brain—computer interface.
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Robotics in Neurosurgical Training
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and Nitin Agarwal

Introduction

A surgical robot is a powered computer controlled manipulator with artificial sens-
ing that can be reprogrammed to move and position tools to carry out a range of
surgical tasks [1].The Czech novelist and playwright, Karel Capek, first coined the
word robot to describe automated machines in his science-fiction play, “R.U.R—
Rossumovi Univerzdlni Roboti” in 1921, originating from the Czech word robota
for forced labor [2]. The first industrial applications of robotics can be traced back
to the partnership forged between George Devol and Joseph Engelberger. In 1959,
General Motors installed the fruits of their labor, the Unimate #001 (which Devol
termed a “Programmed Article Transfer Device”) at its die casting production line
in New Jersey, ushering in a new era of manufacturing. It was not until 25 years later
when robotic technology was first used in the operating theater. An industrial robotic
arm, the PUMA 200 (Programmable Universal Machine for Assembly), was used to
perform a stereotactic brain biopsy with 0.05 mm accuracy. This system was the
prototype for the dawn of robotic-assisted neurosurgery.

Since then, technological advances continue to the present day with several inte-
grated systems allowing improved precision, high accuracy, and decreased compli-
cations, and thereby increasing the capabilities of the surgeon in minimally invasive
surgical procedures. As a result, the use of diverse robotic devices has rapidly
expanded into the medical and surgical arena to completely revolutionize the provi-
sion of care. Robots are perceived to relieve some amount of labor from surgeons,
but robotic surgery still requires a considerable amount of skill and training to
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perform on the part of the operator. Today, robotics mainly support the desire for
minimally invasive, stereotactic surgery with robots being physical extensions of
computer systems that interact with surgeons to provide improved accuracy in sur-
gical site location, reduced invasiveness, increased precision of surgical tool motion,
and overall better surgical outcomes. Since the first use of surgical robots in 1985,
the field has exploded and represents a new paradigm shift in medicine and surgery.
While the use of robotics in neurosurgery is still in its early stages, its use has
become widespread in laparoscopy, gynecology, vascular surgery, cardiothoracic
surgery, urology, and respiratory interventions [3].

Neurorobotics is accelerating at a rapid pace. Technological and economic
advances will allow robots to become smaller, stronger, faster, and more precise
than ever before. Their ability to perform complex tasks with great accuracy and
reliability is what makes robots ideal for neurosurgery. Robots can also enhance the
visual and manual dexterity of surgeons and allow them to see and reach areas of the
brain that were previously inaccessible. It can also allow for unconventional
approaches to access areas of the brain that would previously have been considered
“too risky” or “inoperable” and therefore reduce harm to patients, increase the
chances of surgical success, and improve postoperative recovery and quality of life.
In many academic centers, robotic surgery became part of the training for residents
and fellows (Fig. 19.1), which had been incorporated into the academic curriculum.

Fig. 19.1 Intraoperative image depicting active resident participation in robotic-assisted surgery
for a patient with medically refractory epilepsy undergoing SEEG. The robot is utilized during
various parts of the procedure including preoperative planning (a), registration (b), SEEG drilling
(c), and SEEG lead implantation (d)



19 Robotics in Neurosurgical Training 281

Fig. 19.1 (continued)

We anticipate that robotic surgery competency will become a necessary step for a
complete neurosurgical training as imaging guiding surgery, as an example. This
chapter provides an overview of robotics utilization in neurosurgical procedures and
training of residents and fellows, spanning from their origin, current perspective,
and future implications.

Historical Perspective

The first robotic surgery systems were designed for brain tumor biopsies [4]. In
April 1985, Dr. Yik San Kwoh used the Unimation PUMA (Programmable Universal
Machine for Assembly) 200 robot, which was a machine designed for industrial use,
to position a needle precisely using computed tomography (CT) guidance in a
52-year-old male when performing a stereotactic biopsy of a deep intracerebral
lesion [4]. The ability of the robot to calculate its movements based on the stereo-
tactic frame resulted in delivery of faster and more accurate results than any other
method available at the time. Kwoh et al. demonstrated that robots assistance could
be safely employed along with the use of a stereotactic frame during neurosurgical
procedures [5]. This development was soon followed by the use of the same robot
(PUMA 200) as an assistant to retract delicate neural structures during the surgical
resection of low-grade thalamic tumors in children [6]. However, the PUMA 200
robot was limited in neurosurgical applications and was eventually surpassed in
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capabilities by the MINERVA (University of Lausanne, Switzerland) robot in 1995,
which allowed the use of real-time CT to guide stereotactic biopsy probes [5].

The concept of robotics progressed further, and technological advancements led
to a multitude of diverse robotic devices such as the ROSA, which gained FDA
approval in 2012 [7] (Robotic Stereotactic Assistance—Medtech, Montpellier,
France) NeuroArm (2007 launch, technology acquired in 2010 by IMRIS,
Minnetonka, MN) [8], NeuroBlate (2013 release, Monteris Medical. Plymouth
MN) [9], Pathfinder (consortium) [10], Renaissance (technology acquired by
Medtronic 2018, Minneapolis, MN), and Neuromate (Renishaw plc, Wotton-under-
Edge, UK) [11].

Robotic Types

The differences in the function and application of a robot as well as the type of
robot—surgeon interaction is key to describing different types of surgical robots
[12]. The three basic categories of surgical robots are:

* Dependent: the surgeon controls every movement of the robot such as with the
da Vinci Surgical System.

* Autonomous: the robot can perform pre-programmed actions with close supervi-
sion of the surgeon.

e Shared control: both the surgeon and robot control actions concurrently.

Dependent Systems

Dependent systems are the most popular type of robots as the surgeon retains full
control over the actions of the robot. Also known as master-slave systems, these
robots enhance the capabilities of the human surgeon by allowing the surgeon
greater comfort, precision, visualization, and ability to operate remotely while
simultaneously reducing the size of the surgical field, operative time, and complica-
tions [12].

Autonomous Systems

The robots assist the surgeon to carry out precise tasks. They are pre-programmed
to perform a specific motion or move tools to set locations. The success of this type
of system is dependent on the technology itself, and complications can arise if the
system has not been programmed correctly. As a result, a great deal of trust is asso-
ciated when using these systems [12].
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Robots like the Minerva (University of Lausanne, Lausanne, Switzerland) [5]
and Pathfinder (consortium) [10] perform stereotactic tasks with or without a frame
and have progressed from guiding biopsy needles and depth electrodes in the brain
to planning and inserting pedicle screws in the spine. Supervised robots like the
SpineAssist [13] and Renaissance [14] (both systems acquired by Medtronics,
Minneapolis, MN) systems are now widely utilized in spinal instrumentation, and
more recently have been approved for use in intracranial procedures [7, 15].

Shared Control Systems

Shared control systems are a combination of autonomous and dependent systems
and involve the surgeon and the robot jointly controlling the instruments used to
manipulate and dissect neural structures [12]. In this way, the precise actions of the
robot can be combined with the manipulative skills and manual dexterity of the
neurosurgeon. The instrument is held by the surgeon and the robot, allowing for
finer dissection and elimination of tremor and muscle fatigue.

Utilization of Robotics in Neurosurgery

Robots have various applications in neurosurgery, including functional, spine,
tumor, endovascular, and epilepsy surgery. Functional neurosurgery, in particular,
witnessed a great deal of robotics integration and advancements throughout the
years. The use of frameless robots in deep brain stimulation (DBS) and stereo elec-
troencephalography (SEEG) is of particular interest [16, 17]. Examples of these in
the field of deep brain stimulation include the work of Candela et al. [18] who used
the Neuromate stereotactic robot (Renishaw plc, Wotton-under-Edge, UK) to assess
the accuracy and safety of this device when used for electrode placement bilaterally
in the globus pallidus internus (GPi) for deep brain stimulation in six pediatric
patients suffering from hyperkinetic movement disorders. Primary outcome mea-
surements were a comparison of actual electrode position placement determined by
CT imaging compared with the preoperative planned coordinates, and through com-
parison of validated scales of dystonia and myoclonus acquired 1 month preopera-
tively and 6 months postoperatively. They concluded that the robot was both an
accurate and safe tool for use in the placement of GPi electrodes. Neudorfer et al.
[19] conducted a retrospective study comparing the accuracy, precision, reliability,
duration of surgery, intraoperative imaging quality, safety, and maintenance between
robot-assisted (ROSA Brain, MedTech, Montpellier, France) and conventional DBS
surgical procedures. Their analysis of the outcomes of 80 patients led to the conclu-
sion that robot-assisted DBS procedures were superior in terms of accuracy, preci-
sion, and operation time when compared to conventional DBS surgeries. Shorter
procedure times were also observed to be a benefit of robot-assisted DBS surgeries
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by Vansickle et al. [20] in their study on 128 Parkinson’s disease patients. Using the
Renaissance robot (Medtronics, Minneapolis, MN), they aimed to demonstrate the
effectiveness of DBS surgeries with asleep patients and fusion of preoperative mag-
netic resonance imaging (MRI) scans with intraoperative CT scans. Not only did
they observe shorter operation times to the benefit of the patient, but also electrode
placement was found to be accurate.

Another field in robot-assisted neurosurgery that has blossomed is in SEEG, in
particular for epilepsy patients. In an earlier study [21] that evaluated SEEG safety
and accuracy, using conventional and the ROSA robotic system (MedTech,
Montpellier, France) for electrode placement, the authors found that use of the
robotic device was equally successful at mapping the epileptogenic zone as use of
conventional procedures. This result was also confirmed in two separate studies also
employing the ROSA device with adult [22] and pediatric [23] patients. Almost
simultaneous to these reports, a review of neurosurgical treatments of pediatric epi-
lepsy also underscored the value of robotic assistance in SEEG as well as in laser
interstitial thermal therapy [24]. Gonzalez-Martinez’s group has since moved for-
ward to investigate the validity of using the ROSA robot-assistive device for place-
ment of electrodes for the Responsive Neurostimulator System (RNS, NeuroPace
Inc., Mountainview, California) compared to frame-based or frameless stereotactic
systems [25]. Their conclusion was again similar, pointing to the usefulness of
robotic-assistive devices in neurosurgery: that robotic-assisted stereotaxis can be
used to provide an accurate and safe method for implantation of RNS electrodes.
Debenedictis et al. [26] have documented their extensive experience of the use of
the ROSA robot-assisted device in 128 pediatric neurosurgical procedures (SEEG,
neuroendoscopy, stereotactic biopsy, pallidotomy, shunt placement, deep brain
stimulation procedures, and stereotactic cyst aspiration). Their results touted the
versatility of the ROSA device for many different neurosurgical applications while
maintaining safety and minimizing operative times. The future of robot-assisted
neurosurgeries is bright and will be highlighted by further applications and techno-
logical advances including those in curvilinear needle guiding and brain imaging
technologies [27].

Robotics also have applications in pain-related surgeries and treatments of psy-
chiatric diseases such as depression and obsessive-compulsive disorder. MRI-
guided robots are used in biopsies and telesurgery, as well as endoscopic endonasal
trans-sphenoidal surgery for pituitary tumors and skull base lesions. Recently, the
use of robotics in spinal surgery has gained an interest among neurosurgeons [28].

Another area in which robotics plays a role is in the development of the exoscope
for surgical site visualization. Several different systems are available, each with
their own advantages and limitations and choice will depend upon the type of sur-
gery involved. However, they are all associated with much improved ergonomics in
the operating theater when it comes to surgical site visualization and are also valu-
able for training and educational purposes [29—31]. Description of these systems is
beyond the scope of this chapter.
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Benefits and Limitations of Robotics in Neurosurgery

The benefits of robotic integration in neurosurgical procedures are numerous, which
include increased dexterity for surgeons, minimally invasive access without loss of
surgical ability, motion scaling (conversion of large movements to short movements
of hands during surgery), and easier manipulation of small delicate structures.
Neurosurgical robots have an advantage of integration with image guidance systems
yielding increased precision, consistency, and accuracy minimizing the risk of iat-
rogenic injury to critical neurovascular structures. For example, in the placement of
electrodes for DBS, robots allow for the precise alignment of multiple trajectories
and ensure accurate placement of the leads in the desired location [32, 33]. An
important aspect of neurosurgical robots is that they help to improve patient’s com-
fort, shorten surgical procedure time, and reduce surgeon’s fatigue during micro-
scopic surgery [7, 34].

Robotic systems, however, are not without their own set of inherent limitations,
which are predominantly related to elements of robotic systems (the technology)
and aspects of training of surgeons regarding their application and use. Other con-
cerns include the cost/benefit ratio, which could offset observed benefits and inte-
gration difficulties due to the bulky size of robotic systems. As with other forms of
technology where the drive is for smaller and better, this should become less of a
problem in the near future. Latency in movement, lack of tactile feedback, and risks
of mechanical failure and malfunction are other apprehensions of robotics use in
surgery [1, 12, 33, 35].

Augmented Reality

Augmented reality (AR) or virtual reality (VR) refers to the ability to overlay artifi-
cial images or other useful information onto the operative visual field [12]. This
would enable surgeons to incorporate patient specific preoperative images obtained
from CT, MRI, or X-ray into their live view of the patient and therefore enhance
their awareness of important unperceived structures within the patient’s anatomy
and plan surgical procedures.

Technologies such as the Google Glasses (Google Inc., Mountain View, CA),
HoloLens (Microsoft Inc., Redmond, WA) allow 3D reconstruction of useful images
in front of the surgical field [36, 37]. They can display information such as tumor
location, pedicle screw trajectories, and nearby important neurovascular structures.

AR can be combined with surgical robotics to achieve an integrated system com-
prising of a slave system performing the surgery, a master system controlling the
slave system, an imaging system with live images of the operating field, and an AR
display attaching markers to the images [38]. Such combined robotic and AR sur-
gery has been reported in laparoscopic procedures, including nephrectomies and
liver segmentectomies [39—41].
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In the future, AR visualization may be taken from the robot’s point of view, with
surgeons controlling the system from outside of the sterile field. With advances in
live, intraoperative imaging, this technology has the capability of completely revo-
lutionizing neurosurgery with enhanced accuracy and reduced complications. In
fact, in a recent review, it was determined that AR is constantly improving the effec-
tiveness of training physicians and the overall outcomes of the treatment [42]. AR
can be combined with other technologies that give surgeons greater control, such as
intuitive, responsive controls with sensitive haptic feedback. This will allow sur-
geons to become fully immersed in AR while protecting the patient from the limita-
tions of a human operator (such as fatigue, muscle tremor, and orientation).

Neurosurgical Training

The first surgical training program, established by William Stewart Halsted at Johns
Hopkins, set the foundation for modern surgical residency programs [43]. His pro-
gram comprised the basic sciences, research, and graduated responsibility of
patients in the operating room, now supplemented by the observation of experts,
practice on cadavers, and VR platforms. The latter has been developed and grown in
a manner analogous to avionic flight simulators [44] for a variety of procedures,
including simulations of ventriculostomies, pedicle screw placement, image-guided
microsurgical procedures, planning of stereotactic radiosurgery, and remote surgi-
cal assistance of cadaveric surgery. Amongst the first of these VR platforms designed
specifically for neurosurgery was described by Kockro et al. [45] They developed
the VIVIAN (Virtual Intracranial Visualization and Navigation) system for the
Dextroscope (Bracco, Milan, Italy), a virtual reality environment, which has since
proven valuable in several neurosurgical training scenarios [46—48]. However, it
lacked haptic feedback. Malone et al. [49] have reviewed some of the earlier devel-
opments in neurosurgical simulations. In 2012, Delorme et al. [50] outlined their
efforts at designing a VR platform that incorporated haptic feedback (Neurotouch/
NeuroVR, Saint-Laurent, Québec, Canada), which consisted of a stereovision sys-
tem, bimanual haptic tool manipulators, and a powerful (at that time) computer and
set up for beta testing at 7 teaching hospitals in Canada. A more complete training
framework surrounding the Neurotouch was then established [51]. The framework
consisted of five modules deemed representative of basic and advanced neurosurgi-
cal skill. These were ventriculostomy, endoscopic nasal navigation, tumor debulk-
ing, hemostasis, and microdissection. Further improvements of the Neurotouch
system were later developed for the extraction of data which was used for further
evaluation and metrics of trainee performance [52]. This simulator was later used to
show through force pyramid analysis that certain tumor regions required greater
psychomotor ability to resect. This knowledge could then be used as a focus for
further resident training efforts [53, 54], with expertise in technique now being eval-
uated with the assistance of artificial intelligence and machine learning algorithms
[55, 56]. The technology has now advanced to the point where it can evaluate and
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quantify neurosurgeon tremor [57].Other simulators continue to be developed to
address the important issue of surgeon training, for example, a recent system that
combines real brain tissue with 3D printing and augmented reality [58].Another
example is a method of training fine-motor skills such as Microscopic Selection
Task (MST) using virtual reality (VR) with objective quantification of performance
and introduction of vibrotactile feedback (VTFB) to study its impact on training
performance. The results were promising, as MST with VTFB led to faster comple-
tion of MST with higher precision and accuracy compared to that without VTEB [59].

Though these advances in virtual reality for surgical technique and evaluation are
helpful training aids, the training of surgeons in robotics remains a challenging
issue. It is time consuming, placing emphasis on proficiency, dexterity, robotics
knowledge, and skills acquisition. It involves learning the basic kinematics of using
machines and their control systems, which can involve AR and VR platforms and/or
cadavers. Surgeons are trained to improve their technical, clinical, and cognitive
abilities and skills to assist their adoption of these new technologies [41, 60-62].
Thus, with the application of robot-assisted surgery, there is an increased need for
training, and while the traditional methods have been effective, more modern meth-
ods such as dual robotic consoles and AR and VR platforms show great promise, but
not yet widely adopted [63].

Training programs should aim to integrate theory and training across simulated
and cadaveric domains. The first step in robotics training of surgeons starts with
theoretical training followed by simulation. Inanimate simulation exercises are
characterized by good construct validity and have been employed in criterion-based
training [64]. Simulation has gained acclaim over the last two decades [65-67], and
a plethora of simulation platforms and software are available today from companies
such as Mimic Technologies (Seattle WA), Simulab (Seattle WA), Insimo
(Strasbourg, France), Fundamental VR (London UK), among others.

Examples of these training programs include VR surgery training that can utilize
pre-designed scenarios to allow trainees to practice particular skills. Both AR and
VR have been associated with greater improvement of skills and provide the advan-
tage of remote robotically assisted surgeries [68]. They can also be designed around
a patient’s specific anatomy involving rare and challenging cases and to allow pre-
operative preparation in a personalized approach to treatment [12, 69]. The advan-
tage of VR training is that surgeons are able to receive tuned haptic feedback, which
is often cited as an important feature of surgical robots [1, 12, 70]. Haptic feedback
in robotic surgery is especially important, and is believed to reduce operative time
and surgical errors. In a recent study, the importance of adding a superior haptic
feedback device in telerobotic surgery for standardization of surgery and care was
evaluated. The conclusion clearly showed that the choice of haptic hand controller
was very significant in the outcomes [71]. Indeed, results indicate that haptic feed-
back in VR training is especially important during early phase acquisition of psy-
chomotor skills [69]. Applications of VR include case planning, playback, and
rehearsal, which will become especially beneficial for neurosurgical training.
Incorporation of VR simulators in surgical curricula is of great interest for robot-
assisted training. Many VR simulators exist, but the most prominent include the dV
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trainer (Mimic Technologies, Seattle WA ; mimicsimulation.com), the robotic surgi-
cal simulator “RoSS” system (Simulated Surgical Systems, San Jose CA), RobotiX
mentor (3D Systems, Littleton CO), and the da Vinci skills stimulator (Intuitive
Surgical Inc., Sunnyvale CA) [72].

The da Vinci system (Intuitive Surgical, Inc., Sunnyvale, CA) is the most widely
used surgical robot approved by the FDA for various operations. In just 9 years
since its introduction to the market, the da Vinci system is now used in 80% of radi-
cal prostatectomies conducted in the US. The system also provides a platform for
trainees to develop expertise in robotic skills. In addition, this system has shown
good construct validity of an in vivo exercise testing which discriminates novice
and expert surgeon competencies, hence supporting evidence of benefit associated
with VR exercises [73]. The da Vinci Research Kit (dVRK) has been instrumental
in development of novel software frameworks to prototype and test gradations of
human-robot interactions and automation in surgical robots according to trainees’
performance levels [74]. In fact, the framework developed by Enayati et al. [75]
highlighted the potential of robotic assistance in visuomotor training though further
research is needed to validate generalizability of their findings.

Although the da Vinci surgical system offers seven degrees of freedom in range
of motion (equivalent to the human arm) and is considered to be the most widely
used robotic system in the world [2], its adoption into neurosurgery has been hin-
dered due to the limited tools available, the number of ports needed, and size of the
machinery. The steady hand system is the only version reported to be in use in
micro-neurosurgery [12].

Perhaps superior to the completely robotic and digital approaches described
above, robotic systems training through cadaveric surgeries allows utility of pro-
prioceptive feedback. Trainees can improve their technique by conducting experi-
ments on human cadavers. For this reason, the coordination of cadaveric use to
increase the availability of human training sites is recommended [35]. Though con-
siderably more expensive, it is still considered the best way to practice because it
gives a better representation of the surgical field [12]. Cadaveric training is, how-
ever, limited by single time use and leading some to conclude that inanimate train-
ing including VR exercises is most effective in standardized curricula [76].

Robot-Assisted Surgical Training

Advantages

Computer simulations paired with robotics such as in the previously mentioned
RobotiX mentor (3D Systems, Littleton CO) and the da Vinci skills stimulator
(Intuitive Surgical Inc., Sunnyvale CA; intuitive.com) systems produce high quality
programs for trainee surgeons to equip them with dexterity, precision, and speed so
that they can work efficiently whilst ensuring patients’ safety [77]. Neurosurgical
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training makes use of surgical based simulations, which exhibit high performance
and are cost efficient [78]. Robotic surgical systems also provide better 3D visual-
ization of surgery, with increasing capability for sensory immersion [35, 79].

Limitations

Similar to robotic utilization in surgical procedures, there are several limitations for
using robots in surgery training. Surgical robotic systems are expensive, with hefty
prices involved in the maintenance of a robot and the use of instruments [78]. In
robot-assisted surgery, the robots and instruments must be changed every 8—10
operations [78, 79]. Furthermore, the Da Vinci Surgical System is the most modern
and most developed system for surgery, but requires large operating rooms [79]. 3D
spatial navigation and visual spatial coordination have in the past been cited as two
additional limitations in robotic neurosurgery [80], as for the machine to think in a
complex 3D environment is computationally demanding and limited by sensor
technology.

Prerequisites

Although robotically assisted surgeries have spiked worldwide in the last two
decades, there is no standardized training or unified credentialing system in place.
As the demand for this technology grows, it is imperative to devise a formal com-
prehensive robotic neurosurgical training program and validated assessment tool to
achieve safe practices and best patient outcomes with the greater goal to prepare
trainees for independent practice. Combined simulation-based training and didactic
lessons support training through progressive skills acquisition [81].

As prerequisites, trainees should have knowledge about robot-assisted surgery,
its parameters, and its functions. Information about surgical procedures should also
be known. Surgical procedures involving robots include how to select patients for
surgery, what to do in the event of complications, and the appropriate distance
between the robotic system and patient [77]. Secondly, training for robotic neuro-
surgery should be performed as much as possible in the laboratory using robotic
simulator systems; using operating theater robotic systems extensively for training
is not cost effective [77, 82]. Thirdly, trainees should be familiar with VR training,
which has a vital role in learning to use robots in robot-assisted neurosurgery [77].
Lastly, a trainee should be aware of how to use human and animal cadavers for
robotics training. Animal simulation models can be used but due to ethical concerns
their use is limited [83].

Mentoring, proctoring, and precepting are valuable throughout the training
period and beyond. Institutions should provide necessary resources needed for sup-
porting these experiences. Training should proceed from surgical observation and
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assistance to autonomous performance of surgical tasks. Therefore, active trainee
involvement during procedures has to be addressed either through surgeon shifts
during procedure or employing surgical robotic systems. In a survey of residents
regarding their attitude and compliance towards robotic surgery training, the authors
identified that the non-mandatory structured robotic training curriculum used at
their institution was insufficient in helping them gain fundamental robotic skills.
Specific problems identified were the amount of time they needed to invest in the
program and lack of access to a simulator [84].

The scarcity of assessment tools and methods specifically employed in neurosur-
gical robotics training is strikingly evident. The Global Evaluative Assessment of
Robotic Skills (GEARS) [85] is a validated tool to differentiate expertise in robotic
surgery which can be integrated with metrics available in robotic surgery simula-
tors. Other assessment tools in use include the Non-Technical Skills for Surgeons
(NOTSS) [86] rating system designed for non-technical skills and the Observational
Teamwork Assessment for Surgery (OTAS) [87] rating scale that assesses team per-
formance. Guru et al. [88] have highlighted that assessment of cognitive abilities
(i.e., processes involving information-gathering, visual scanning, and sustained
attention) is a good marker of differentiation between beginners, competent, profi-
cient, and expert surgeons. Nevertheless, it requires further research for external
validation. It is clear that the design and development of a targeted, standardized,
and integrated assessment tool remain an unmet need to reflect the capabilities of
surgeons worldwide.

Future Directions

The scope for improvement in robotics in the field of neurosurgery is immense [33],
however, communication latency remains one of the biggest hurdles to overcome in
order to increase the scope of robotics in the field. Future advancements will be seen
in sensors, computers, and manipulation components of surgical robots to improve
the identification of tissues, nerves, blood vessels, and tumors. Advancing sensors
for haptic feedback aim to address the primary complaints of surgeons. Another
arena where technology is being advanced is manipulators and end-effectors [33].
Robots such as the da Vinci system are progressing to reduce their size and footprint
within the operating room. This will make them more accessible, safer, and cheaper,
increasing their adoption in years to come.

Shared control robots, rather than completely autonomous or dependent systems,
will likely dominate the field as surgeons combine the sense of control with allow-
ing robots to assist in pre-programmed ways [12]. The ability of some neurosurgical
robots to assume autonomous tasks will continue into the future. Such abilities will
include the use of artificial intelligence to automatically adjust cutting speed or
applied force or will be able to sense delicate boundaries and warn surgeons before
they proceed [5]. This will enhance our capability to operate in small spaces and
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reach previously “inoperable” lesions within the brain while simultaneously reduc-
ing the risk of harm to the patient.

In order to arrive to this state, surgeons need to be trained in a cost-effective man-
ner on all aspects of robot-assisted surgery. Robotic simulators combined with AR/
VR will continue to evolve to decrease the steep learning curve. At the same time,
regulatory agencies will discuss standardization of credentials and residency pro-
grams to ensure all practicing robot-assisted surgeons are educated and trained
equivalently.
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Correction to:
Chapter 4 in: J. A. Gonzailez Martinez, F. Cardinale (eds.), Robotics
in Neurosurgery, https://doi.org/10.1007/978-3-031-08380-8_4

The chapter was inadvertently published with the incorrect word "Stereotaxic Surgery"
in Fig. 4.2. It has been updated as "Stereotactic Surgery" in this corrected version.

Stereotaxic Planning Stereotactic Surgery

Fig. 4.2 Stereotaxic planning and stereotactic surgery

The stereotactic advancement of a probe to an intracranial target is performed after a stereotaxic
planning has been done. Such planning includes the mapping of all information into the intracra-
nial space, defined by a 3D coordinate system, and the use of the map to plan the trajectories

The updated original version of this chapter can be found at
https://doi.org/10.1007/978-3-031-08380-8_4
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Conclusions

Francesco Cardinale and Jorge Alvaro Gonzalez Martinez

“The Skynet Funding Bill is passed. The system goes on-line August 4th, 1997.
Human decisions are removed from strategic defense. Skynet begins to learn at a
geometric rate. It becomes self-aware at 2:14 a.m. Eastern time, August 29th. In a
panic, they try to pull the plug.”!

With deep-touching voice, the Terminator tells when the Artificial Intelligence of
Skynet, a computer network developed for strategic defense, became totally autono-
mous from human decisions. A vivid nightmare raises in the spectators viewing at
military robots trying to terminate the human race. The loss of human decision
power is the crucial point that transforms efficient robotic machines in a scary threat
throughout all the Terminator saga.

In the real word, most people are still mistrustful of Driving Automation Systems
for On-Road Motor Vehicles. High level of autonomy is not easily accepted, even if
it is probable that such “robotic” motor vehicles will be able to drive better than
humans in a relatively short time.

On the opposite, most patients like to know that their surgeon will operate with
robotic assistance. This is probably due to the belief that surgical acts can be more

! Terminator’s words, quoted from the movie Terminator 2: Judgment Day.
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accurate thanks to robotic assistance. This conviction is correct in most common
neurological robot-assisted surgeries because appropriate image guidance and
robot’s mechanical features guarantee high accuracy in advancing a probe into the
intracranial space. All along the several chapters of the present textbook we have
read that supervisory-control robots allow to reach virtually any intracranial posi-
tion with high accuracy and safety. However, the level of autonomy of the robots
that are already available on the market is very limited. The question is: “Would the
patients benefit from higher levels of robot autonomy?” Yes, probably. A simple
example is the skiving of the twist drill on the skull surface while implanting SEEG
electrodes, likely the most important source of errors in such surgeries. The bending
of the thin perforator occurs because the cavity of the cylindric adaptor must be
larger than the shaft of the drill to permit its rotation. Therefore, small planetary
movements are unavoidable and they are not neglectable especially when the bony
surface is curvilinear: the tip of the drill will skive and the stereotactic error will
increase. This source of inaccuracy could be probably mitigated if the end effector
was a short drill directly driven by an engine, instead of an adaptor that serves sim-
ply as a guide. The problem is that such a device would increase the level of auton-
omy of the robotic assistant. Actually, most supervisory control robots adopted in
neurosurgery are passive, in that they do not operate directly the patient. On the
opposite, if the above-mentioned solution would be implemented, the robot would
drill the skull directly, without any human intervention. Whose responsibility is it if
the drilling is too deep and the brain is therefore hurt? Robot’s or surgeon’s respon-
sibility? Likely for this reason, manufacturers are reluctant to develop active robots
with higher levels of autonomy. The paradox is that, due to a potential difficulty in
assessing responsibilities, the risk of complications is larger than it could probably
be. This circumstance illustrates the great challenge of matching medical advance-
ments with legislation that allows more autonomy for robots.

Higher levels of autonomy should be welcome to increase patient’s safety and
treatment’s efficacy, and the research in this direction should be strongly promoted.
However, deep thinking is requested to regulate ethical and legal aspects for increas-
ing levels of autonomy. Due to the rapid increase in robot usage in neurosurgery, some
first papers have been recently published on the topic. We like to highlight the seminal
editorial published by Yang et al. in 2017, entitled “Medical robotics—Regulatory,
ethical, and legal considerations for increasing levels of autonomy” [1]. The authors
proposed six levels of robot autonomy: (1) no autonomy, (2) robot assistance, (3) task
autonomy, (4) conditional autonomy, (5) high autonomy, and (6) full autonomy. This
reading can be fruitfully complemented by another paper recently published by
Attanasio et al. providing several explanations and examples taken from the panorama
of commercially available systems and main research projects [2]. These two papers
will be certainly followed by many others because the equilibrium between the sur-
geon and the robot must be carefully analyzed, discussed and finely tuned. It is neces-
sary to let patients, doctors and developers to understand how many further
improvements can be obtained thanks to upcoming technologies. At the same time, it
will be necessary to define limits and constraints. Robotics is not only mechanical
dexterity and accuracy but it also includes high-level programmability. The
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intersection between medical decision and artificial-intelligence-driven robotic auton-
omy is a very delicate topic. As clearly suggested by Attanasio and co-workers, “at
high autonomy levels, the robotic systems are supposed to make clinically-relevant
decisions. This could introduce another regulatory dilemma: notified bodies like FDA
lack the legal authority to regulate medicine, as this practice is usually left to medical
societies. The latter, on the other hand, lack the technical competence to dominate
complex and continuously evolving technologies such as robotics” [2]. However, we
like to be optimistic and hope that this regulatory dilemma will be solved, whatever it
takes. The progress must be well channeled into the groove of conscious balance
between patient’s protection and treatment improvements, avoiding to remain frozen
by risks rather than stimulated by opportunities. Similar problems are tackled even in
other fields of medicine such as genetics, but also in other areas of human life and
progress. Artificial intelligence and machine learning analyses are enormous opportu-
nities to improve many decisional processes, medical or not, but they must be gov-
erned with aware responsibility and diligence. New professional profiles will come
out, expanding the horizon of co-operation between humans and machines, in the
name of healthiness.
And finally, the Terminator saved the human race.
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