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Abstract:

Intraoperative MRI has been increasingly used to robotically deliver electrodes and catheters into
the human brain using a linear trajectory with great clinical success. Current cranial MR guided
robotics do not allow for continuous real-time imaging during the procedure because most
surgical instruments are not MR-conditional. MRI guided robotic cranial surgery can achieve its
full potential if all the traditional advantages of robotics (such as tremor-filtering, precision
motion scaling, etc.) can be incorporated with the neurosurgeon physically present in the MRI
bore or working remotely through controlled robotic arms. The technological limitations of
design optimization, choice of sensing, kinematic modeling, physical constraints, and real-time
control had hampered early developments in this emerging field, but continued research and
development in these areas over time has granted neurosurgeons far greater confidence in using
cranial robotic techniques. This article elucidates the role of MR-guided robotic procedures using
clinical devices like NeuroBlate and Clearpoint that have several thousands of cases operated in
a “linear cranial trajectory” and planned clinical trials, such as LAANTERN for MR guided
robotics in cranial neurosurgery using LITT and MR-guided putaminal delivery of AAV2 GDNF

in Parkinson’s disease. The next logical improvisation would be a steerable curvilinear trajectory



in cranial robotics with added DOFs and distal tip dexterity to the neurosurgical tools. Similarly,
the novel concept of robotic actuators that are powered, imaged, and controlled by the MRI itself

is discussed in this article, with its potential for seamless cranial neurosurgery.

Introduction:

Intraoperative MRI has revolutionized linear-trajectory cranial robotics, generating several
thousands of cases that have been operated thus far using devices like NeuroBlate and Clearpoint
with enhanced safety and precision. Across the world, there has been an increasing use of
intraoperative MRIs in glioma resections, focused ultrasound, and other procedures, validating
its expanding clinical acceptance.>'* ™ 2% %% The innovations in inside-the-bore MRI robotic
technology demonstrate a positive trajectory for future growth. Figure 1 supports this with a
graphic representation of PubMed search results for the relevant keywords, demonstrating an
upwards trend over the past two decades (2000 — 2022).

Apart from the fact that MRIs offer non-ionizing multiplanar imaging with excellent soft tissue
discrimination, the intraoperative MRI facilitates direct feedback about the progress of the
procedure without requiring patient transportation out of the operating room, which carries
morbid risks of endotracheal tube dislodgement and exposure to unsterile environments.
However, in strict terms, the intra-operative MRI today is employed as a “near real-time MRI” in
brain tumor resections because the patient is not stationed inside the MRI bore throughout the

surgery, allowing real-time imaging whenever warranted. Rather than continuously taking real-



time images, the patient is scanned once or a few times midway through the surgery and likely
once after the completion of the procedure. In most settings, the surgery starts with a patient's
pre-registered MR images taken prior to the day of surgery then being used the next day for
contouring the lesion and trajectory planning for stereotactic intraoperative neuronavigation.
With the resultant release of CSF and brain shifts, these images are not accurate once the brain
dissection is in progress.*® Although re-registration using intraoperative MR images that are
acquired during surgery is readily possible today, there are not many institutions that can offer
such continuous real-time MR imaging while the surgeon is working inside the MRI bore. This is
partly due to the crowding of personnel and equipment in the MRI bore, as well as the arising
compatibility issues of surgical instruments safely inside the MRI bore. Integration of robotic
technology with MRI appears to allow images of sufficient quality, without requiring the surgeon
to be constantly in the bore (remotely controlled) as in the case of devices like NeuroBlate and
Clearpoint.”*” Of mention, these are only linear trajectory procedures, which do not have or
require bimanual dexterity at the tip of the instrument. Improvisation of primary MR image
acquisition with thermographic images captured every 8 seconds, orthogonal display and a
fifteen-millimeter thick, three-dimensional volume rendering perpendicular to the probe’s
camera view with NeuroBlate are robust demonstrations of the uses of intraoperative MRI in
cranial neurosurgery.

We propose that a robot located within the MRI bore itself assisting the surgeon, with additional
distal tip dexterity and higher degrees of freedom (DoF) for the robotic tool can offer safety with
precision. This will facilitate the surgeon accomplishing operative tasks with fewer instruments
and retractors that go in and out of the surgical site while causing minimal tissue retraction

injuries.



This article outlines the current scope and concepts of cutting-edge MR-conditional and MRI-
powered robotic cranial neurosurgery. Additionally, the article discusses the ergonomic value in
bringing the surgeon into the MRI bore and the robotic design characteristics that can render
MR-conditional robotics possible. We highlight the technical challenges and latest developments

of this field, apart from offering perspectives on its future.

Choice of MRI scanners in robotics:

In the early to mid-1990s, there were clinically used intraoperative MRI scanners in
neurosurgery.” Of mention was the horizontal-field open-gantry MRI (“double-donut™) system
which was relatively convenient from the surgeon's access perspective (Fig 1a). Surgeons could
continue to operate within the MRI field, although the weak MR field and gradient would fail to
deliver truly high-quality MR images (Fig 1). MRI magnets for intraoperative use could be
arranged in either a horizontal-field close or open gantry, as well as a vertical-field open gantry
type. (Fig 1) These machines would move in on railroad-like tracks rather than the physical
movement of the patient per se, on or off the OR table. With the same MR gradients and number
of receiver coils using the 0.5T machines, the image quality was sub-par with these “double-
donut” MR imaging, and surgeons did not favor these image acquisitions. After the initial
shortcoming of classical huge open-bore intraoperative MR scanners with low Tesla strengths,
the next challenge was to have the neurosurgeon perform the surgical tasks under accelerated
real-time MR imaging with higher strength magnets.

Over the years, there have been several iterations of intraoperative MR imaging: a) the patient
gets moved into a large single magnet bore or a double-donut bore where the entire patient fits

in, b) the entire magnet moves into the operating room on the ground or along ceiling railroad



tracks covering the patient when required, or c) the patient gets transferred into the adjacent MRI
suite at any point during the surgery (with the risks associated with moving an intubated-
ventilated patient). Developing off of these initial shortcomings, the ideal clinical situation
realized was to have a neurosurgeon stationed in the MRI bore performing the surgery in the
same magnetic field, whereby the cumbersome and risky transfer of the patient for real-time
imaging can be circumvented. A solution to this problem could be achieved in a tri-fold manner:
a) bring the double-donut framework of MRI bores to allow surgeons, robots, or both to have
physical access to work in the magnetic field; (b) ensure at least 1.5T strength of the magnet as a
trade-off between the speed of acquisition and image-quality; ¢) add multiple receiver coils
across the head to provide a “parallel imaging technique” for superior image quality.
Furthermore, ASTM International (American Society for Testing and Materials) proposed the
FDA labeling criteria for portable objects that are allowed to be taken into the MR bore. The
medical devices and instruments used in or near the MR environment should be labeled as MR
safe, MR conditional or MR unsafe.*” The MR safe label (square) indicates that the object or
implant is safe in all MR environments. The item should be nonmetallic, nonmagnetic,
nonconducting, and not a potential deflection hazard. The MR conditional designation (triangle)
indicates that the instrument can be safely used in the MR environment; however, there are
specific conditions for safe use that must be met with regard to the strength of MR system’s
static magnetic field (Bo) and the maximum static magnetic field gradient (dB/dx). The testing
would be approved only for a precise model, make, and identification of the tested object.
Finally, the MR unsafe label (circle) refers to a substantially ferromagnetic item, object, or

device, the exposure of which would pose a significant safety hazard to the MR environment.



That being said, an ideally detailed description of zoning within the MRI scanner bore is beyond

the scope of this paper.

Expectations of a cranial neurosurgical robot inside the MRI bore:

The aim of robotic surgery is to advance the accuracy, consistency, efficacy, and safety of
procedures by uniquely employing tremor-free, fatigue-free, repeatable, bimanual, and precise
operative techniques under magnified vision.”’” The intraoperative MRI provides not only
visualization behind the surface anatomy but also excellent soft tissue discrimination, even
outside the surgical site.’*"** Therefore, MR-conditional robotics would complement the
surgeon by providing real-time imaging, further adding to the precision and accuracy of the
procedure. An entirely robotic surgery or robot-assisted surgery can be indicated by the need for
fast computer processing beyond human capacity to allow remote tissue manipulation. This will
avoid collateral damage to adjacent structures or support a surgeon executing a specific task
under a limited operating field through the complex manipulation of hand-held tools. MRI
guidance should offer continuous real time, nonionizing, and multiplanar imaging, leaving the
surgeon to get in and out of the bore as efficiently as possible while surgical instruments remain
in situ. A cranial neurosurgical robot in the MRI bore should thus allow the surgeon to operate in
both steerable linear and curvilinear trajectories towards the clinical target. This holds potential
for all invasive neurosurgical procedures, included but not limited to standard craniotomies,
endoscopic surgeries, and even endovascular procedures (given the limited working space and
crowding at the MRI bore)."*** There are many differences and similarities between traditional

and MR-conditional robots. (Fig. 2)



In terms of overall structure, there are two broadly defined types of robotic systems possible.
(Fig. 2) On one hand, hand-held and co-manipulated robots have a shared control architecture:
the surgeon directly manipulates tools while robotic assistance is performed simultaneously.*
Such systems, however, do not solve the flaws of manual tools, such as their manipulation in the
constrained space of the MRI bore. On the other hand, console-based robots offer an architecture
where no direct mechanical connection between the primary console and the secondary robot is
present. This structure is preferable in the case of MR-guided robots since it avoids crowding the
surroundings of the MRI bore. The surgeon manipulates a console and electrical signals are sent
to the secondary robot present at the bedside. Console-based robots are often directly
teleoperated, like in the case of the da Vinci system by Intuitive Surgical, which provides
additional features of motion scaling and tremor filtering. Supervisory-controlled robots also
exist where the trajectories are pre-planned and carried out at a distance from the robot. A
depiction of the essential differences in the layout of console-based (telemanipulated) and hand-

held (co-manipulated) robots in an MR-environment is shown in Figure 3.

Current status of clinical MR-conditional robots in cranial neurosurgery:

Today, there are over 40 robotic systems used in various neurosurgical procedures, whose
creations date as far back as 1985, where the working trajectory was initially actuated using a
modified Puma560 industrial robot (Advance Research and Robotics, Oxford, Connecticut) in a
frame-based brain biopsy. Cranial neurosurgery has utilized many robotic devices since, such as
the Neuromate (Renishaw UK), Rosa (Zimmer Biomet), Mazor X Stealth (Mazor), and more.*
Only a handful of neurosurgical cranial robotic systems, however, are MR-conditional. One

example is the NeuroArm, developed at the University of Calgary, which has been clinically



tested. NeuroArm is an image-guided robotic system comprising of two robotic arms, each with
at least six degrees of freedom, and cameras that provide 3-D stereoscopic views. The unique
feature was that the MR images would be available during all phases of an operation (pre-, post-
and intra-operative) without moving the patient. Over the past decade, there has been significant
interest in MR-conditional techniques in nearly every subspecialty of neurosurgery, especially in
endoscopy, tumors, skull base and functional neurosurgery. A few recent examples are depicted
in Figure 7, demonstrating laser ablation of tumors and deep brain stimulation in the brain using
the NeuroBlate (Monteris) and Clearpoint systems.

NeuroBlate specifically has been used in the US and Canada for MR-guided tumor ablations by
laser via LITT. (Fig. 7) Over 3500 NeuroBlate procedures have been completed and more than
two-thirds of these were in neuro-oncology. The MR-conditional robotic component has been the
mainstay for its superior performance with enhanced safety and efficacy. LAANTERN (Laser
Ablation of Abnormal Neurological Tissue Using Robotic NeuroBlate System) is a clinical study
underway for robotic cranial procedures. For NeuroBlate, all linear and directional laser probe
manipulations are actuated remotely at the workstation using the NeuroBlate Fusion-S software,
while in MR-guided nonrobotic systems like Visualase all laser fiber linear manipulations are
measured and done by hand with the patient in the MRI.** The Clearpoint robotic system is
currently used in deep brain stimulation, intracranial biopsies, stem cell delivery and convection

aided drug delivery in the brain. (Fig. 7)

These ongoing advancements to MRI robotics have led to expanding its clinical applications in
neurosurgery through new functionalities, such as thermal mapping for the ablation of brain

tumors. This, along with many other functionalities still require further innovations to the



system, including improving their modelling algorithms to account for thermal dosages,
trajectory calculations, faster system communications, closed-loop information feedback,
reduced signal to noise ratio (SNR) as well as greater degrees of manipulation (1) and
incorporation of new sensors technologies (5).(Sepaldeep)

These wider developments will in turn reduce the latency and other barriers to dynamic surgical
robotics that can achieve high-level precision through motorized insertion axes that reduce
targeting errors from misregistration or misalignment, and online trajectory correction methods
that reduce surgery times, especially during bilateral procedures that can accommodate tandem
registrations) (Squires, Ziyan Guo) (3,4). These innovations in serial kinematic chains of
modern robotics led to development of next-gen robots like MINIR-II (Yeonjim) and similar
fully actuated robotic assistants with interstitial high intensity needle based therapeutic

ultrasound (NBTU)(Gang Li) (Niravkuamr Patel).

On the hardware side, MR-compatible robotic technology has become more articulate from those
used in liver biopsies (Franco et al) with 4 DOF, prostate biopsies using (Grotenhius) 5 DOF, all
the way to prostate MR robots with 6 DOF. Nuances from non-neurosurgical specialties have
also been incorporated, especially from endovascular robotics (reference), intracardiac robotics
(reference), breast biopsy robotics (reference) and spinal robotics like the SpinoBOT (ref). These
innovations delve beyond pure hypotheticals and these have enabled real-world adoption of
invaluable insights that can resolve sterilization issues, integrate water-cooling machinery, keep
emergency management during the procedure and refine workflows by running unique case

scenarios through appropriate clinical test cases (6).
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Towards MR-conditional neurosurgical robots: challenges of designing robots and
instruments inside the bore:

Like any robotic system, MR-conditional robots are a combination of actuators (e.g., motors),
drive systems, and sensors, used in complex combinations to make a mechanism move in a
controlled manner. The different components of MR-conditional robotic systems in OR settings
are depicted in Figure 4. Furthermore, the system is usually interfaced with surgical instruments
to carry out the task and placed on a gross positioning device that is used for placing the robot on
the surgical site. What is different is the high magnetic field and gradients imposed by the MRI.
Moreover, radiofrequency scanner signals may also interfere with metallic objects, causing some
components to heat up to dangerously high temperatures. This phenomenon could be at least
partly obviated by either reducing the MR gradients or switching pulses faster. Nevertheless,
there is a trade-off between the choice of material, selection of magnet strength and position of
the surgeon/robot in deciding the configuration of MR-conditional robots in neurosurgery. Each
of the components forming the robotic system (actuators, drive systems, force/position sensors,
image guidance, instruments, and positioning devices) must either be stationed inside the MRI
room and be MR-conditional or be stationed far enough from the MRI field (or outside the room)
in order not to interfere with it. (Fig. 4) In the past, such MR-conditional systems have been

successfully built by using a cable transmission® ', or a pneumatic/hydraulic line."

MR-conditional materials:
Operating within close proximity of an MRI leads to a number of constraints.”'*** % The high
magnetic field prohibits any use of ferromagnetic materials within a few meters from the bore. If

some ferromagnetic elements can be used at a distance (or properly anchored for avoiding being
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sucked into the center of the bore), elements that are introduced inside the patient close to the
target might introduce artifacts in the imaging, reducing MR images quality in the vicinity of the

anatomical targets.

MR-conditional actuators:

Conventional motors typically comprise ferromagnetic elements, and hence cannot be used in an
MR environment.* %2575 3.34.57.73 There are two possible strategies to circumvent this problem
to move parts in an MRI. The first possibility is to locate the actuation system outside the
magnetic field influence, which is most often simply out of the room. MR-conditional drive
systems, for instance using pneumatic or hydraulic lines, can then be used to transmit the motion
to the robotic mechanism inside the MR.

Another possibility is to use MR-conditional actuators situated inside the MRI. This approach
presents the advantage to be more accurate, since it prevents losses and inaccuracies introduced
by a long drive system. However, the choice of actuators is greatly reduced by the MR-

compatibility. Use of ultrasonic”’, piezoelectric*!- -6

motors has been reported. More recently,
Ryu et al. proposed an optical actuated MR-conditional active needle based on shape memory
alloys.®* There are also recent developments in 3D printed designs, which allow creating

complex mechanisms that are inherently MR-conditional. A striking example is the use of a

hydraulically actuated compliant revolute joint based on multi-material additive manufacturing.>

MR-conditional sensors:
Like any robotic system, imperfections in the actuator and mechanism model make it such that

using the motor output alone to control the robot would lead to unwanted parasite movements.
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The classical solution to this problem is to close the loop by sensing the movement of the robot
and changing the control output in accordance. Of notable importance is the use of optical
sensors for position or force sensing.” * % Such sensors can be embedded inside the surgical
instruments and could lead to successful developments of MR-conditional force sensors for

haptic feedback in neurosurgery in the future.

MRI-powered robots:

Classical robotic mechanisms and actuators are powered by energy sources such as pneumatic,
hydraulic, or electric power.**?*3! Recently, studies have shown the possibility of powering
robots directly through the MRI which allows simultaneous steering and imaging.*>* (Fig. 5)
The working principles are based on the fact that a ferromagnetic material is embedded in the
mechanism, and the electromagnetic field gradients from the MRI are used to control its
movements. The main advantage of such MR-powered robots is that the device can be tetherless,
with a reduced footprint inside the MRI bore and control of the robot under direct MR image
guidance. Conversely, the presence of ferromagnetic materials inside the robot structure can
induce heating effects as well as artefacts. Therefore, the position of such elements must be
carefully chosen in order not to hinder the procedure. Often this property of untethered
millirobots can be used for tracking, producing focal hyperthermia and directional drug
delivery.'”*

At the moment, MR-powered robots have not been used in clinical settings. Studies, however,
have shown a potential in many surgical areas, such as breast and brain biopsy and GI tract

inspection.'? Current developments look at steering millimeter and micro-meter sized elements to

develop targeted drug delivery inside the human body under MRI guidance and control.
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Research groups have investigated the use of pseudo-robots such as magnetotactic bacterium and
nanocapsules which can be injected into the vascular system and guided with MRI to specific
locations for tumor targeting and drug delivery. Though they are not artificial constructs, the
bacterium functions in the same method as a tetherless mobile robot that can travel within the

vascular channels.?>

Full potential of robots inside the MRI scanner: Rigid and Continuum robots:

Classical robots are typically composed of a series of rigid links connected by joints. This is the
case, for instance, of the NeuroARM system.® While such robots offer high dexterity and
precision, they are also often hard to maneuver in constrained space. In opposition, continuum
robots present a continuous curvature and can bend at any point along their structure. Such
robots are generally more suited for operations deep inside the body, where the anatomical
constraints and a tortuous surgical corridor would be cumbersome with a rigid link robotic
system. For instance, performing a posterior third ventricular mass biopsy using a rigid
endoscope can bruise the fornix when accessed from the Kocher’s point. Using a flexible
endoscope allows maneuvering in such tight spaces, at the price of torque build up, but operating
such endoscopes inside the MRI bore is extremely challenging. A curvilinear trajectory robot can
traverse narrow brain corridors without damaging the eloquent areas of the brain.**’ This can
offer the advantages of flexible endoscopy with memory and waypoint selections. Continuum
robots often take the form of a flexible body or backbone with an actuation system.'”2"3% - ¢!
Pulling on one side one can make the flexible elements of the backbone bend and is often done

using cables (tendon-driven), shape memory alloys, or pneumatic/hydraulic power. The flexible

body or backbone can also be the flexible part of a catheter or of an endoscope. In this case, parts
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of the body bend passively upon contact with the anatomy, whereas others (often the distal part)
can be actively controlled.

While the inherent flexibility of such designs can be an advantage (no damage to the surrounding
tissues in case of inadvertent contact), it can also be an inconvenience (due to the necessity to
reach specific curves and the inability to apply force at the distal tip). On the contrary, concentric
tube robots (CTR), which have recently been proposed® allow applying distal forces. The general
principle of CTR is to use a set of pre-curved superelastic telescoping concentric tubes that form
the robot body. Tubes are rotated and translated with respect to each other in order to produce
motion. Because of their unique features (large tool channel over outer diameter ratio with the
ability to navigate without touching the anatomical structures and able to deliver forces at the tip
suitable for surgical tissue interaction), these robots have been extensively studied in recent
years, with applications in cardiac surgery®® and neurosurgery. MRI compatibility of the Nitinol

and possibilities of MR-conditional actuation through piezoelectric actuation'"'*

yield promise
for future developments in neurosurgery.

Various surgeon-patient orientations in MR-conditional cranial neurosurgical robotics are shown
in Figure 7. With the expanding scope of currently used MR-conditional robots in epilepsy, brain
tumors and intracranial biopsy, the future of robotic technology looks extremely promising." " >
#.52.9 Having several thousand intracranial MRI guided robotic procedures done already, there

are emerging clinical trials, such as LAANTERN trial using NeuroBlate®”**

and Clearpoint’s
MR-guided putaminal delivery of AAV2 GDNF for a planned clinical trial in Parkinson’s
disease are also underway.” Clearpoint has already ventured into futuristic research on drug

delivery into brainstem and merging DBS with viral vector stem cell implantation, among other

innovative areas.
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Most recent developments have advanced the technical capacity of MRI robotics and
expanded their use cases. A significant development in the integration of these robots into the
OR paraphernalia, which has seen success in prostate and breast biopsy procedures, in addition
to highly precise applications in cranial and spinal neurosurgery.’®’"’* 888 These successes
provide the evidence for accelerated clinical testing, an increase in MRI surgical robotics in

development like the CoBra or Stormram, %%

and rapid addition to the literature as seen on
databases like PubMed. (Fig. 8)

Conclusion:

MR-conditional robots have the potential to provide the ergonomic comfortability for a
neurosurgeon operating within the MRI bore, avoiding crowding within the bore and adding
distal tool tip dexterity. Cranial robotics in the MRI bore can help executing specific tasks in a
limited operating field without restricting complex manipulation of hand-held tools, offering
added benefits such as tremor filtering, motion scaling and extreme precision. MRI enhances real
time visualization of in-situ anatomy with non-ionizing multiplanar imaging with excellent soft
tissue discrimination.

With several thousands of clinical cases operated using MRI-guided cranial robotics, and
ensuing clinical trials of the same, we will soon usher in an era of “curvilinear trajectory”
robotics enabling distal device tip dexterity to the surgical tools with real-time imaging as the
prudent next step in progress. Having MRI-safe or conditional equipment, specifically trained
personnel, the learning curve of the surgeon and capital budget can hamper the easy adaptation to
neurosurgical robotics in the MR bore. However, optimization of clinical use, availability of

cost-efficient robotic devices, and adequate training of neurosurgeons in this technology would

catapult easy integration of MR-guided and MR-powered robotics into cranial neurosurgery.
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Table 1.
Comparison of clinical and technical differences with usage of neurosurgical robots.
Hand-held robotic neurosurgery (co- Console-based robotic neurosurgery
manipulated) (tele-manipulated)

1 | Surgeon stays closer to the field; sterile; in | Far away in the console, unsterile; not in
direct control operating the end-effectors. direct control; more comfortable seating.

2 | In emergency, no time lost in scrubbing up. | Needs time to get scrubbed.

3 | Ergonomy: similar to existing surgical tools | Added features like internal articulations
and classic surgical training; easier learning | (“Endowrist”); hence learning curve is
process. steep with extra-human DOFs.

4 | Motion-scaling is less, not very precise. More motion-scaling®, precise.

5 | Difficult control of more than 2 arms. Can easily control more than 2 arms by

switching between them.

6 | Certain degree of haptic feedback. Haptic feedback currently in pre-human

experimental set up only.

7 | Less hardware and hence less operating and | Significantly more expensive, more
maintenance costs. hardware.

8 | Setting up time close to normal. Longer set up time in the OR.

9 | Easy to train surgical and anesthesia staff Surgical and anesthesia crew need
who are familiar with steps. training.

10 | Part of the apparatus is non-robotic**, True “master-slave system.”
hence not a true “master-slave system.”

11 | Standard incision sites and ports, Different preoperative planning.
uncompromised versatility***.

12 | Stabilization achieved by additional Offers stabilization as a part of the robotic
positioning devices; difficult to implement | set up itself; tremor-filtering++.
tremor filtering.

13 | Device does not occupy extra space in the Current machinery is bulky in dimension.
OR.

*For example, high motion scaling at console-based device means that a 2 cm movement of
joystick would result in 1 cm movement in the surgical site, hence technique would be more
accurate and precise.

**The handheld device can be moved in any direction, in a non-robotic pattern.

*#**Hand-held robotic surgery offers the familiar steps of non-robotic surgery, whereas in
console-based robotics, certain ranges of motion would be different than how the surgeon would
usually move his/her hands.

Table 1. Comparison of clinical and technical differences with the usage of neurosurgical robots.
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Figure 1: Types of MRI bore and Signs for MRI- safety
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Figure 1. Different types of MRI bores and Signs for MRI safety (FDA labeling criteria by

ASTM International).
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Figure 2. Comparison of surgical robot paradigms: traditional versus MR-conditional robots.
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a) Console-based robotic intervention, surgeon outside MR room MR Room Boundary
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*This configuration is not used due to overcrowding in MR room and the complexities of creating an MR-compatible console.

Figure 3. Comparison of Console based robotics (surgeon outside the MRI room) and hand-held

tool robotics (surgeon inside the MRI room) in neurosurgery.
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Figure 4. Components of MR-conditional robotic systems in an OR setting.
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Figure 5. MR-conditional versus MR-powered robotic systems in cranial neurosurgery.
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Figure 6: Surgeon - patient orientations in cranial
neurosurgical robotics
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Figure 6. Depiction of surgeon-patient orientations with cranial neurosurgical robotics in a

vertical-field open gantry MR scanner model.
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Figure 7. Clinical MR-conditional robots: NeuroArm (non-commercial), NeuroBlate, and

Clearpoint.
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Figure 8. PubMed search result quantities for relevant MRI bore robotics key phrases from 2000

—2022.



