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1  Introduction

In the current era of the fourth industrial revolution, there is an increasing demand 
for digitization and automation, with corresponding changes arising in the health-
care landscape. Surgery, which calls for extreme precision and exactness, has par-
ticularly benefited from this transition, and robotic surgical techniques are now 
continually reshaping this field and redefining the ways in which surgeons treat their 
patients. The first surgical specialty to adopt robotic surgery was neurosurgery; in 
1985, a stereotactic biopsy of a deep intracerebral lesion was performed with the 
guidance of a modified industrial robot, the Programmable Universal Machine for 
Assembly (PUMA) 200 robotic arm by Unimation [1, 2]. Since this introduction, 
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robotic technology has proved useful and has made its way successfully into the 
neurosurgical arena.

The field of neurosurgery is well suited to the implementation of robotic surgical 
techniques. The complex three-dimensional anatomy of the brain includes innumer-
able interconnected networks with over- and under-lying blood vessel arrays, all of 
which can be mapped on to a computerized coordinate reference system. The solid 
density of the skull encasing these delicate cerebral structures, when rigidly fixed in 
position, serves as a useful stationary reference point for registration and planning 
[3]. Moreover, the highly technical nature of neurosurgical procedures, including 
microsurgical approaches and the prolonged duration of cases, means that surgeons 
are susceptible to fatigue and undesirable tremors during lengthy procedures [4, 5]. 
It was therefore natural that robotic technology would eventually become estab-
lished as an adjunct in neurosurgery.

Several different classification schemata are used in medical robotics, based on 
either the type of interaction between the robot and the surgeon, the technology of 
the robot itself, or its kinematic specifications. The following are three major cate-
gories, stratified by type of interaction with the surgeon [6, 7]:

 1. Supervisory Control systems: Widely used in stereotactic and spine surgery, 
these devices move to a calculated position and reproduce a set of pre- 
programmed movements. Co-registration with CT and MR brain imaging allows 
an algorithm planned off-line by the surgeon to be executed autonomously by 
the robot [2]. The surgeon typically completes the remainder of the procedure 
without robotic assistance.

 2. Dependent or Master–Slave systems: These are used in tele-neurosurgery or set-
tings where the robot is located in challenging environments, and allow the neu-
rosurgeon to maintain full control of the robot’s movements in real time [8]. The 
surgeon receives a live view of the surgical scene via a monitor or eyepieces and 
manipulates linkage mechanisms online from a control station, which transmits 
commands to robotic manipulators in the remotely-situated operative suite.

 3. Shared-Control systems: These are mixtures of active and passive systems where 
the surgeon directly interacts with the operative field rather than from a remote 
console. The clinician’s movements are kinematically enhanced or filtered via 
the shared-control robot to achieve superior precision or haptic control [9].

In this chapter, we present an overview of the history and evolution of robotics in 
neurosurgery and its current landscape, with a focus on applications in stereotactic 
surgery and microneurosurgery.

2  The Evolution of Robotics in Stereotactic Surgery

The word “stereotaxy” is a combination of the Greek words stereos, meaning 
three- dimensional, and taxis, meaning arrangement [10]. Neurosurgery, as with 
other surgical disciplines, requires precision of any given intervention and mini-
mization of harm to the patient. In general, stereotactic neurosurgical procedures 
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involve several steps including application of a referential frame-based or frame-
less system, registration to patient-specific fiducials, and trajectory planning. In 
addition to the prolonged standing position in the operating theater, the manual 
setting, numerical input, calibration, and verification of coordinates can all con-
tribute to human error and potential harm to the patient [5, 11]. To tackle those 
challenges, robotic assistance has been integrated naturally into the neurosurgical 
realm to improve efficiency of movement, target accuracy, and the overall safety 
profile of these procedures, among other important advantages [4, 12]. Robotic 
technologies are now integrated into several fields of neurosurgery including 
functional neurosurgery, pediatric neurosurgery, radiosurgery, endoscopic skull-
base surgery, spine surgery, and epilepsy surgery [7, 13, 14]. A multitude of pro-
cedures now rely on such technologies including deep brain tumor biopsies, 
ventricular cannulation (including endoscopic third ventriculostomy), pedicle 
screw placement in spinal fixation, laser ablation procedures, deep intraparenchy-
mal/intraventricular hemorrhage evacuation, deep brain stimulation (DBS), and 
stereoelectroencephalography (SEEG) electrode placement [6, 12].

Historically, localization of a given lesion in the cranium posed a particularly 
significant challenge. Despite early anthropological and phrenological conceptions, 
basic mathematical tools were combined with simple machines to generate the first 
attempts at craniocerebral topography [3]. During the 1860s, Pierre Paul Broca 
developed a range of special-purpose calipers such as the mandibular goniometer, 
along with the craniograph and stereograph, to locate essential skull landmarks such 
as the external occipital protuberance and the glabellum [3]. In 1903, Emil Theodor 
Kocher, a Swiss physician, developed a refined craniometer that could be applied to 
heads of various sizes and across any age group to locate intracranial structures such 
as the Sylvian fissure. This was later used by Harvey Cushing to locate craniocere-
bral targets [12]. In 1918, the first practical stereotactic frame based on Cartesian 
coordinates was developed by the mathematician Robert Henry Clarke and the neu-
rosurgeon Sir Victor Alexander Hayden Horsley. It was later adapted for human use 
by the Canadian neuroanatomist Aubrey Mussen [15]. Although ahead of its time, 
Mussen’s human stereotaxic prototype remained relatively unnoticed. It was not 
until important modifications to the Horsley-Clarke apparatus were made several 
decades later, by Henry T. Wycis and Ernest A. Spiegel, that frame-based human 
stereotactic surgery was formally established in 1947. This ultimately paved the 
way for the rapid emergence of stereotactic and functional techniques within the 
field of neurosurgery.

Over the ensuing decades, the emergence of innovative frameless systems and 
detailed neuroimaging modalities provided neurosurgeons with further possibili-
ties. For example, the implementation of adherent radiolucent fiducials to the skin, 
or laser registration, has reduced the need for skull-mounted frames and rigid cra-
nial fixation, improving flexibility and patient comfort. In parallel, the development 
of computed tomography (CT), followed by magnetic resonance imaging (MRI), 
has been essential for the stereotactic planning of modern-day non-invasive proce-
dures, such as Gamma Knife radiosurgery and high-intensity focused ultrasound, by 
facilitating the precise targeting of specific brain regions [12].
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Specifically focusing on robotic technology, the first robot in stereotactic surgery 
was the Unimation PUMA 200, used in 1985 to perform a CT-guided brain biopsy, 
which yielded diagnostic tissue on its first attempt. After proper calibration of the 
robot, an end-target accuracy of 1.0 mm (with 0.05–0.1 mm repeatability) and a 
shortened operative time (compared to unassisted frame-based biopsy) were dem-
onstrated [12, 16]. Nevertheless, the lack of medical safety features and inability to 
compensate for intraoperative brain shift led to the PUMA 200 being discontinued 
from operative use following its pioneering demonstration [6].

After modern frameless registration with CT imaging was first demonstrated in 
1986, robots especially suited for the neurosurgical suite were quickly developed 
[17]. These revolutionary systems included the Minerva (University of Lausanne, 
Lausanne, Switzerland); the Zeiss MKM surgical microscope (Carl Zeiss AG, 
Oberkochen, Germany); the NeuroMaster (Robotic Institute of Beihang University, 
Beijing, China); and the PathFinder Robot (Prosurgics, Wycombe, UK) [12]. 
Despite their limited clinical use, these systems spearheaded several important 
developments such as intraoperative imaging to correct for brain shift, redundant 
robotic kinematics, and no-go zones to minimize patient injury in the event of a 
malfunction.

Building on these developments, the neuromate (Renishaw) robot was the first 
to receive Food and Drug Administration (FDA) approval in 1997 and became 
the first device to offer both frame-based and frameless stereotactic registration. 
Early validation studies showed the accuracy of this system to be comparable to 
conventional manual frame-based and frameless techniques, while reducing 
operative time in multiple trajectory calculations [12, 18]. Still in active clinical 
use today, the neuromate has diversified robotic neurosurgery and has completed 
thousands of SEEG and DBS electrode placements, along with other neurosurgi-
cal procedures [12].

In contrast to the conventional robotic arm, the SurgiScope (ISIS SAS) is a 
ceiling- mounted surgical microscope with robotic capabilities developed in France 
during the late 1990s [19]. The SurgiScope was the first robotized platform to offer 
frameless, fiducial-based targeting with pre-operative MRI registration. Many 
SurgiScope (ISIS SAS) units have been installed worldwide, and the system is pop-
ular because of its modular nature and dual use as a microscope with trajectory 
overlay features.

First introduced by MedTech in 2012, the widely used and now modernized 
Robotic Stereotactic Assistant (ROSA, Zimmer Biomet) offers two separate plat-
forms: the ROSA ONE Brain and Spine, each of which features built-in stereotactic 
trajectory assistance. The ROSA Brain has been installed in over 140 hospitals 
worldwide and utilized in diverse applications including laser ablation of epilepto-
genic foci, SEEG electrode insertion, shunt placement, cyst aspiration, and endo-
scopic procedures [12, 20, 21]. The ROSA Spine platform features capabilities such 
as trajectory assistance with cervical, thoracic, and lumbar transpedicular and ver-
tebral body percutaneous screw placements.

More recently, the miniaturization of motors and electronics systems has allowed 
more compact, skull-mounted surgical robots to be developed such as the iSYS1 
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(Medizintechnik GmbH) and the Renaissance (Mazor Robotics) [12]. These robots 
are establishing themselves as cost-effective and efficient platforms that enable 
SEEG to be placed safely and accurately, although they require manual reposition-
ing for contralateral-sided procedures. Furthermore, robotic surgical assistance is 
gaining traction in procedures benefiting from stereotactic trajectories that are cus-
tomized to individual patient anatomy, such as endoscopic third ventriculostomies 
and endoscopic pituitary surgery. Platforms such as ROSA enable the surgeon to 
plan a patient-specific trajectory and simultaneously assist with tremor-free instru-
ment stability and intraoperative trajectory corrections when required [13, 22].

Pediatric neurosurgery has its own distinctive operative challenges owing to the 
smaller targets and more fragile brains of infants and young children. The experi-
ence of using robotic technology in this patient population was well captured by De 
Benedictis et al. (2017), who assessed 116 children undergoing a series of 128 sur-
gical procedures at the Bambino Gesù Children’s Hospital (Rome, Italy) [23]. The 
authors reported the specific utility of the ROSA device in this young cohort, span-
ning several types of neurosurgical procedures including stereotactic biopsy, neuro-
endoscopy, DBS, SEEG electrode placement, and intracystic catheter placement. 
Only 3.9% of patients had transient postoperative deficits and none sustained any 
permanent deficit. This high success rate revealed the safety profile of robotic assis-
tance in pediatric neurosurgical patients and demonstrated progressive reduction in 
operative time with increased system use. Additional prospective studies capturing 
larger numbers of patients and comparing end-target accuracy and other metrics, 
including quality of life and implant revision rates, are necessary to confirm these 
results [23].

A stroke-related procedure within neurosurgery, focusing on intracerebral hem-
orrhage (ICH) evacuation, has also benefited from robotic stereotactic innovation. 
Historically, these procedures would conventionally require a craniotomy to access 
a suitable cortical entry point for removal of a deep-seated hematoma. This invasive 
procedure has undergone innovations in recent times, facilitated by stereotactic- 
guided aspiration through a single burrhole. A recent systematic review compared 
the outcomes of three neuronavigation systems in minimally invasive ICH evacua-
tion: Medtronic AxiEM, Stryker iNtellect, and BrainLab VectorVision [24]. The 
first of these systems is based on patient registration using electromagnetic stereo-
taxy, while the latter two are based on optical stereotaxy. Despite their technological 
differences and the inherent variations in registration, surgical planning, operative 
setup, and intraoperative use, all three systems were found to yield equivalent results 
and excellent accuracy for the procedure. The distinct advantages of pinless electro-
magnetic registration (AxiEM and iNtellect) include its versatility in cases where 
rigid skull fixation is contraindicated. In this way, the continuous progress of robot-
ics in stereotactic surgery offers enhanced precision and a more conservative, less 
invasive approach for hemorrhagic stroke management [24].

In summary, over the past three decades, robotics have offered a significant tech-
nological contribution to the ever-evolving field of stereotactic neurosurgery, show-
ing promising and safe results and addressing inherent challenges within complex 
neurosurgical procedures. Most notably, they have revolutionized the concepts of 
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precision and accuracy, reproducibility, indefatigability, and endurance, all chal-
lenges faced by the modern-day neurosurgeon.

3  Robotics in Microsurgery

Microneurosurgery has evolved to include the neurosurgical microscope; miniatur-
ized surgical instruments; and the delicate, minimally invasive and non-traumatic 
maneuvering required to access lesions of the nervous system. Theodore Kurze 
(1957) was the first neurosurgeon to use the microscope in the operating theater, for 
removing a neurilemoma of the seventh nerve in a five-year-old patient [25]. Among 
several subsequent pioneering neurosurgeons at that time, Professor Gazi Yaşargil is 
widely acknowledged as the most influential neurosurgeon to advance the field of 
microneurosurgery during the 1960s, developing techniques, microsurgical tools 
and approaches that have revolutionized the field ever since [26].

Fast-forwarding to the era of modern-day robotic technologies, a number of 
microsurgical robots have since been introduced into the operating theater. The 
Robot-Assisted Microsurgery System, or RAMS (NASA, Pasadena, CA), was one 
of the earliest examples. It comprised a 6-DOF (degrees of freedom) master–slave 
telemanipulator with programmable controls. In a feasibility study, ten rats under-
went carotid arteriotomies in 1 mm diameter arteries that were later closed using 
either RAMS or the conventional manual technique [27]. The anastomoses were 
efficiently performed using RAMS, although the surgeons occasionally required 
external assistance while holding a needle or placing a suture with the robot. The 
accuracy, technical degree, and ratio error of RAMS and those of conventional tech-
niques were similar. However, RAMS doubled the procedure duration [28, 29].

NeuRobot (Shinshu University School of Medicine, Matsumoto, Japan) was a 
telecontrolled micromanipulator system made of four main parts: a slave manipula-
tor, a manipulator-supporting device, a master manipulator, and a three-dimensional 
display monitor [30]. A three-dimensional endoscope and three sets of microma-
nipulators, each with 3-DOF (rotation, neck swinging, and forward/backward 
motion), were connected to the slave manipulator. According to one report, 
NeuRobot was used clinically by neurosurgeons for the partial resection of brain 
tumors. However, the micromanipulators were limited to a restricted workspace of 
10 cubic millimeters, resulting in limited maneuverability and frequent reposition-
ing of the device for larger lesions [28, 29].

The Steady Hand System (Johns Hopkins University, Baltimore, Maryland) is 
another surgical robotic system developed for enhanced tool manipulation, and is 
one of the few shared-control surgical robotic systems to have been developed [9]. 
This device permitted the operator’s hand movements to be refined with tremor- 
filtering functionality, resulting in smoother, dexterity-enhanced motion control of 
the instrument. Despite the novelty of this machine, the system could not be imple-
mented into more complex interventions (such as anastomoses) owing to a lack of a 
dimensional scaling function. Despite its apparent benefits, implementation of this 
system was restricted to retinal microsurgery [6, 28, 29].
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The da Vinci telesurgical system (Intuitive Surgical, Sunnyvale, California) is 
perhaps the most widely-adopted robotics system in medicine, yet its application in 
neurosurgery has been limited [31]. It comprises a master-slave system involving a 
stand-alone robotic tower and a master console. A binocular lens and camera system 
transmits magnified three-dimensional images of the surgical field to the surgeon’s 
control panel, while two or three robotic instrument arms with 6-DOF allow for 
increased surgical dexterity [32]. A significant advantage of the da Vinci surgical 
system is the illusion of operating directly on the patient thanks to the anthropomor-
phic master console with integrated high-resolution twin eyepiece. The da Vinci 
robot has been used in several surgical fields, notably urology, but some groups have 
indicated its possible convenience in spinal surgery. To date, it has been used in 
resection of thoracolumbar neurofibromas, resection of paraspinal schwannomas, 
and anterior lumbar interbody fusions [33–35]. Because the system incorporates 
multiple robotic arms instead of a single shaft structure, there is a potential for arm 
collisions in confined working spaces or volumes. Thus, in narrow neurosurgical 
operative corridors, these limitations could diminish surgical workflow and there-
fore pose particular safety issues, limiting the use of the system in microneurosurgi-
cal procedures [14, 29].

A revolutionary neurosurgical system that began development in 2001 was the 
NeuroArm (University of Calgary, Alberta, Canada) [8]. Originally developed to be 
compatible within an open-bore MRI, it allows for real-time imaging of the surgical 
field during the procedure. The NeuroArm is a master–slave robot equipped with 
two robotic arms that can manipulate both conventional and specially-designed 
microsurgical instruments. The master control station features sensory immersion 
such as visual, auditory, and haptic feedback to the operator from a remote operative 
field. The manipulator’s arms each have 8-DOF and two force sensors at their 
extremities. The system also includes end effectors that move in tandem with the 
operator’s hand and can manipulate microsurgical instruments dexterously. It has 
since been successfully integrated into numerous clinical neurosurgical procedures 
in a graded fashion, highlighting the important contributions of robotic technology 
to precision and accuracy in the operating theater [8, 36]. The most recent innova-
tion to the NeuroArm has been neuroArmPLUSHD, which is a superior neurosur-
gery-specific haptic device with (7  +  2)-DOF and a serial linkage feature that 
increases system perceptiveness and is capable of simulating the human hand. A 
study comparing neuroArmPLUSHD to other haptic devices such as Premium 
(6-DOF, serial linkage design) and Sigma 7 ((6 + 1)-DOF, parallel linkage design) 
showed that neuroArmPLUSHD presented a higher level of performance for angular 
manipulation, procedure completion duration, force applied, number of clutches 
and distance covered [29, 37, 38].

In summary, modern-day advances in surgical robotic technology for microsur-
gery continue to unfold in an interdisciplinary fashion, relying on increased contri-
butions from engineering, physics, and mathematics. Current systems such as the 
neuroArmPLUSHD continue to push the frontiers of what robotic systems can offer 
to microneurosurgery. In particular, the positive effects on remote surgery, surgical 
precision, and accuracy, and tremor-free micro-manipulations, are paving the way 
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toward increasingly safer approaches. Nevertheless, newly-emerging robotic sys-
tems in microsurgery must continue to address the critical constraints of safety, 
cost-effectiveness, learning curves in adoption, and space constraints in the operat-
ing theater [12, 39], among other limitations in the clinical environment.

4  Conclusions

Innovative technologies have brought a plethora of opportunities to the neurosurgi-
cal arena. Specifically, robotic neurosurgery can complement human shortcomings 
in neurosurgical procedures by diminishing tremors, improving safe surgical access 
to deep targets, automating serial operative steps, and refining geometric exactness. 
The contributions of robotic technology to stereotactic neurosurgical and microsur-
gical procedures continue to unfold and this technology is currently driving a para-
digm shift in education and simulation for an entire generation of surgeons. These 
tools are providing neurosurgeons with greater versatility in exploring and perform-
ing more complicated procedures. When combined with future advances in telero-
botic surgery and virtual/augmented reality systems, robotic technologies could 
revolutionize access to care for neurosurgical patients in underdeveloped regions 
with limited access to resources. There is therefore a clinical need for further refine-
ment of future robotic systems, given the fragility of brain structures and the techni-
cal errors potentially inherent in the autonomous functionality of these machines, in 
a delicate environment where the neurosurgeon has small-to-zero margin of error. 
More research is required to develop these robotic technologies while concomi-
tantly considering their safety profiles and cost-utilization in the operating theater.
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