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Abstract

Magnetic Resonance Imaging (MRI) is now a widely used modality for providing multimodal, high-quality soft tissue contrast
images with good spatiotemporal resolution but without subjecting patients to ionizing radiation. In addition to its diagnostic
potential, its future theranostic value lies in its ability to provide MRI-guided robot intervention with combined structural
and functional mapping, as well as integrated instrument localization, target recognition, and in situ, in vivo monitoring
of the therapeutic efficacy. Areas of current applications include neurosurgery, breast biopsy, cardiovascular intervention,
prostate biopsy and radiotherapy. Emerging applications in targeted drug delivery and MRI-guided chemoembolization are
also being pursued. Whilst promising progress has been made in recent years, there are still significant basic science research
and engineering challenges. This paper provides a comprehensive review of the current state-of-the-art in MRI-guided robot
intervention and allied technologies in actuation, sensing, new materials, interventional instruments, and interactive/real-time
MRI. Potential future research directions and new clinical developments are also discussed.

Highlights

e Analysis of the current and emerging MRI-guided robot intervention systems for different clinical specialties.

e Critical review of allied technologies including actuation, sensing, new materials, interventional instruments, and interac-
tive/real-time MRI.

e Future road map of new research directions and engineering approaches for expanding the future clinical applications of
MRI-guided robotic systems.
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Introduction

Imaging techniques, whether being used for preopera-
tive planning, intraoperative guidance, or post-operative
assessment, are playing increasingly important roles in
modern surgery. Techniques such as Computed Tomogra-
phy (CT), ultrasound, and X-ray fluoroscopy are routinely
used in general surgical workflows, providing detailed
anatomical information to ensure surgical accuracy, con-
sistency, and repeatability [1]. These techniques, however,
are limited due to either ionizing radiation or intrinsic spa-
tiotemporal resolution. Their ability to assess functional
information is also restricted. MRI, on the other hand, is a
versatile imaging modality that circumvents many of these
drawbacks [2]. In addition to excellent morphological
details and tissue contrast that can be fine-tuned through
tailored pulse sequence design, it provides detailed func-
tional information, including quantitative flow measure-
ment, micro-circulation, susceptibility mapping, perfu-
sion, diffusion, tissue strain, strain rate, and elastography.
It can also present molecular information and metabolite
markers, such as choline-containing molecules (Cho), cre-
atine (Cr), phosphocreatine (PCr), and N-acetyl aspartate
(NAA), for assessing, for example, the central nervous
system.

Parallel advances have also been made in MR hardware
to allow for integrated diagnosis and therapy. Improvements
in hardware design particularly through novel coil arrays
combined with fast reconstruction techniques have made
real-time MRI possible. New magnet and gradient coils are
continuingly reshaping the outlook of emerging MRI sys-
tems towards large bore or open access systems. These have
paved the way for integrating real-time MRI with robotics
for MRI-guided surgery. Early attempts have included neu-
rosurgery, prostate biopsy, breast biopsy, and cardiovascular
intervention [3], and new advances are expected to be made
in areas such as targeted drug delivery and MRI-guided
chemoembolization. The purpose of this paper is to pro-
vide a comprehensive review of the current state-of-the-art
in MRI-guided surgical robotics and allied technologies in
actuation, sensing, new materials, interventional instru-
ments, and interactive/real-time MRI, as well as to outline
the existing challenges and future research directions.

Current state-of-the-art in MRI-guided robot
intervention systems

The prospect of integrating robotics with MRI has been
anticipated in the early years of MRI-guided interven-
tion systems. Whilst MRI provides rich morphological
and function information and is free from ionizing radia-
tion, conventional solenoid magnet designs have made
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access to the patient during intervention difficult. The use
of remotely controlled robot actuation has clear advan-
tages. However, electromagnetic compatibility with the
MR environment poses significant challenges. Consider-
ing the safety of devices used in the MR environment,
the American Society for Testing and Materials (ASTM)
F2503 classified interventional systems working in the
MR environment into three categories [4]: MR Safe, MR
Conditional, and MR Unsafe. MR Safe means an item
that poses no known hazards resulting from exposure
to any MR environment. MR safe instruments consist
of materials that are non-conductive, non-metallic, and
non-magnetic. The term “MR Conditional” is different
from “MR Compatible” which is an obsolete definition
that was first defined in 1997 in the FDA draft guidance
document. MR Conditional refers to an item that has been
demonstrated to be safe in the MR environment under
specified conditions, including the static magnetic field,
the time-varying gradient magnetic fields, and the radiof-
requency fields. Finally, MR Unsafe refers to instruments
or systems that are deemed to be unsafe to be used in the
MR environment.

In recent years, a plethora of MR conditional/safe robots
have been developed for brain [5], breast [6], prostate [7],
artery [8], liver [9], spinal cord [10], and oral [11] interven-
tions. Figure 1 provides an overview of the existing MRI-
guided surgical robot systems for different clinical scenarios.
To make the comparison of the existing technologies mean-
ingful, we have focused on features including Degrees-of-
Freedom (DoF), accuracy, Remote Center of Motion (RCM),
integrated instruments sensing, and the ability to provide
interactive/real-time MRI during procedures. Firstly, the
accuracy and DoF of MRI-guided surgical robots are the
most critical performance for clinical intervention. Preci-
sion surgery needs to ensure minimal access to trauma and
iatrogenic injury, which are particularly important for neuro-
intervention and tissue biopsy. Secondly, the intrinsic DoF
of the robot during surgery affects the dexterous operation
of the robot. MRI-guided surgical robots need to operate
in restricted MRI environment and the end effector needs
to avoid critical structures, e.g., important cranial nerves
and blood vessels for Deep Brain Stimulation (DBS). More
DoFs are needed if the robot is to be used for MRI-guided
endoluminal intervention, in order to follow narrow, tortu-
ous pathways.

In Fig. 1, we summarized the currently published MRI-
guided surgical robot systems from a total of 95 independent
studies and commercial products with eight different cat-
egories, including brain, breast, prostate, artery, liver, spi-
nal cord, MRI-guided Focused Ultrasound (MRgFUS), and
others (see Supplementary Information -1). These systems
have all been completed with system design, integration,
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Fig.1 A detailed analysis of the currently developed MRI-guided robot intervention systems in different clinical specialties. Twenty more
advanced surgical robot systems are highlighted as individual icons, which are distributed by DoF (horizontal axis) and accuracy (vertical axis).
The proportion of the number of MRI-guided robot intervention systems, based on 95 independent systems, in eight clinical specialties are
shown on two sides of the figure. Out of the systems developed about 24% are for prostate surgery, mostly for biopsy [7, 12-15]; 14% are for
brain surgery, typical applications including tumor removal [16], Laser Interstitial Thermo Therapy (LITT) [17], stereotaxic and microsurgery
[5], DBS [18]; 14% for breast surgery, including biopsy [6, 19]; 9% for artery intervention, including Percutaneous Coronary Intervention (PCI)
[8, 20, 21], electrophysiology [22], Transcatheter Aortic Valve Replacement (TAVR) [23]; 7% for liver surgery, application including laser abla-
tion [9]; 5% for MRgFUS [24] and 4% for spinal cord surgery, including cannula alignment [10] and cellular therapeutics [25]

and validation in actual MR environments. Their applica-
tion status may be at phantom (minimum requirement),
ex vivo, cadaver, in vivo, or clinical validation with regu-
latory approval. For the same series of systems, we have
only shown the most advanced version and the origin of the
technical development can be found in relevant technical
references. For example, we selected MINIR-II [16] for the
MINIR series, which can be dated back to 2008 when the
first result was published [26].

Figure 1 also shows the distribution of these 95 systems
under the chosen eight categories. By excluding systems
that have only conducted laboratory phantom experiments,
twenty more advanced surgical robot systems are high-
lighted as individual icons in Fig. 1. These systems cover
eight clinical specialties, including brain, artery, breast,
prostate, liver, spinal cord, MRgFUS and others. For each
robot, further information is provided regarding the country
of origin, development team, and capabilities in terms of
RCM, instrument sensing, and interactive MRI. RCM is a
commonly used feature in robotics for adjusting the pose
of the instruments passing through a fixed point in space,
as determined, for example, by an incision point or a trocar
in minimally invasive surgery. Instrument sensing mainly
includes electrophysiological, temperature, force (direct con-
tact force, torsional force), position, shape, and attitude sens-
ing [27, 28]. Interactive perception and user feedback of the

robot during operation are important for clinical deployment
and integration with standard surgical workflows. Tactile
or force sensing is important for providing perceptual feed-
back when instrument is interacting with different tissue or
penetrating through different organs. Temperature sensing is
important for controlling ablation power and mitigating the
risk of overheating due to, for example, RF heating particu-
larly for pulse sequences with high SAR (Specific Absorp-
tion Rate). Position sensing is important for closed-loop
control for accurate targeting and motion adaptation during
operation. For managing tortuous pathways and negotiat-
ing complex deformable or moving structures, optical-based
3D shape sensing is particularly useful for real-time instru-
ment tracking and control. Other sensing modalities, such as
vision and MR-based techniques, are used extensively, either
independently or in combination.

From this survey, it has been found that in general, the
accuracy and DoF of existing MRI-guided surgical robots
for the brain are relatively high (mostly DoF > 5, accu-
racy < 1.5 mm) [5, 16, 18]. Although the NeuroBlate sys-
tem is two DoF (translation and rotation) system, it requires
a modified Navigus device to control the orientation of the
system [17]. The accuracy of the currently used MRI-guided
surgical robots for the prostate, on the other hand, is rela-
tively low (accuracy >2.5 mm) [7, 12—15], but the clinical
experiments are relatively abundant (5 systems have already

@ Springer



4 Page 4 of 41

Med-X (2023) 1:4

undergone clinical validation and two have already gained
FDA clearance). We will analyze in detail the key features
involved in these systems later in this paper.

Key considerations of MR conditional/safe robots

Conventional areas of research in robotics include actuation,
sensing, and control. For MRI-guided robotic intervention
systems, the selection/ development of new materials, instru-
ment design and imaging sequence development are also of
particular importance. Additionally, it is necessary to strike
a balance between operational performance and clinical
requirements when addressing the need for accurate navi-
gation and targeting. Key considerations of MR conditional/
safe robots include:

e Actuation and sensing — The core aspects of a robot are
actuation and sensing. MRI-guided surgical robot systems
need to rely on high precision sensing and stable actua-
tion to achieve optimal performance with due considera-
tion of MR safe/conditional operation conditions. This
is an area that has attracted extensive research efforts in
recent years [29, 30]. This review will discuss the basic
principles of actuation and sensing in developing MRI-
guided surgical robot systems and typical embodiments
are also provided.

e Materials — The choice of materials dictates if the sys-
tem is MR-safe or conditional. The ASTM Committee
has a clear definition of medical devices in the MR envi-
ronment [4]. Hitherto, limited studies have been carried
out on MR conditional/safe materials [31]. In this paper,
MR-conditional/safe materials are evaluated with a criti-
cal comparison of their relative performance and opera-
tional merit.

e Instrument design — A wide range of interventional
devices or instruments have been developed and they are
used for tissue ablation, DBS, biopsy, and catheteriza-
tion. Some of these instruments have been successfully
integrated with robotic systems and this review will pro-
vide a detailed analysis of typical interventional devices
in use and some for the emerging platforms that are in
development.

e Interactive/real-time MRI — To leverage the intrinsic
advantages of MRI including superior soft-tissue con-
trast, simultaneous structural/functional mapping, meta-
bolic profiling, and multi-plane imaging without ionizing
radiation, MRI-guided robot intervention has the unique
advantage of providing integrated diagnosis, therapy and
post-operative assessment. The ability to provide interac-
tive or real-time MRI is essential for providing closed-
loop control or visual servoing for accurate targeting.
This review will provide a detailed overview of existing
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as well as emerging MRI sequence designs and hardware
improvements for rapid MRI.

Review organization and literature survey

The rest of this paper is to be organized as follows. In
Sect. 2, we will first introduce actuation (Sect. 2.1) and sens-
ing (Sect. 2.2), which are the foundation of an MR condi-
tional robot. This is to be followed by MR conditional or safe
materials used for robot components in Sect. 3. Existing and
emerging interventional devices for MRI-guided interven-
tion are presented in Sect. 4 and we subsequently discuss
in Sect. 5 hardware development and new pulse sequence
designs for interactive/real-time MRI. In Sect. 6, we will
illustrate in detail eight exemplar surgical robot systems for
different clinical specialties. Lastly, we will discuss the chal-
lenges and future outlook of MRI-guided surgical robots.

This review is based on a comprehensive literature
search (up to January 2023) using databases including Pub-
Med, Science Direct, Scopus, Web of Science, Bing, and
patent databases (e.g., Espacenet). The keywords used are
in line with previous work [3, 29, 30, 32-36] for consist-
ency, which covers five main categories: (a) robot system
(mr/mri/magnetic resonance (imaging), guide, conditional/
compatible/safe, robot, intervention/surgery), (b) actuation
(mr/mri/magnetic resonance (imaging), conditional/com-
patible/safe, actuator/actuation/motor), (c) sensing (mr/
mri/magnetic resonance (imaging), conditional/compat-
ible/safe, sensing/sensor), (d) material (mr/mri/magnetic
resonance (imaging), conditional/compatible/safe, bioma-
terial, metal/Ti alloy/Zr alloy/Cu alloy/ceramic/polymer,
biocompatibility, magnetic susceptibility) (e) instrument
(mr/mri/magnetic resonance (imaging), conditional/com-
patible/safe, electrode/catheter/ablation/interventional
device/ablation/LITT/cryoablation/micro wave ablation/
deep brain stimulation/biopsy/catheterization/guidewire/
neurosurgery/injection) (f) MRI (mr/mri/magnetic reso-
nance (imaging), real-time/intraoperative MRI-guided,
intervention/surgery.

Actuation and sensing
Actuation

Traditional electric motors compose of permanent magnets
and metals that are not MR safe. Furthermore, the electric
motor can interfere with the reception of the imaging signals
and affect field homogeneity of the region of interest (ROI),
causing artifacts, distortion, signal loss or adding noise. In
addition, the RF signal from MR imaging can generate eddy
currents, affecting the performance of the electric motor.
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Therefore, the main challenges of MR conditional actuators
include material selection (metal, non-metallic, paramag-
netic, etc.), working principle (pneumatic, hydraulic, elec-
tronic control, mechanical transmission), and signal shield-
ing (RF signal, high strength magnetic field).

To address the above problems, four main strategies
can be used: 1) replacing the metal parts with nonmetal
components, e.g., using pneumatic [37] or hydraulic [38]
actuation; 2) introducing non-metallic, remote cable/shaft
driven mechanism (e.g., Kevlar cables) [39] for actuation;
3) adopting non-magnetic materials incorporating active
shape deformation (e.g., elastomer-based soft actuators
[11], shape memory alloy (SMA)-based actuators [40]);
4) leveraging the magnetic field of the scanner, e.g., using
gradient magnetic field to actuate ferromagnetic bodies
[41]. It is also possible to use the magnetic field generated
by the superconducting magnet of the MRI itself to drive
the servomotor [42]. Figure 2 summarizes the current MR
conditional/safe actuators and hybrid actuators based on
the above strategies. Table 1 shows the performance dif-
ferences of presented actuators.

Pneumatic actuation

Pneumatic actuators are generally MR safe and they can use
stable gas sources widely available in hospitals. The remote
control can be realized by placing the actuator controller
outside the scanner room. Airflow can be transmitted to the
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actuator through the tubes. The structure and material of the
actuator can be modified for MR compatibility. A large num-
ber of MR conditional pneumatic motors have been devel-
oped [29], mainly following cylinder-based, gear-based, and
blade-based designs.

a) Cylinder-based

This type of pneumatic actuator is similar to the conven-
tional pneumatic actuator. The differences are in the usage
of MR compatible materials, combined with MR condi-
tional angle sensor, position sensor, or the way of step
cycle action for realizing the rotation and linear move-
ment of the motor. Pyrex® glass cylinder was used for
Airport® with low friction and MR compatibility [62].
Yang et al. [52] developed a 1-DoF MR conditional pneu-
matically actuated robot for needle insertion. The system
is pneumatically actuated using modified bidirectional
cylinders (AC-13270-3, Airpot Corp., Norwalk, CT,
USA). By using the optical encoder and the sliding-mode
control strategy, the system has a position error of less
than 1 mm. Melzer et al. [50] developed INNOMOTION
for percutaneous interventions actuated by the pneumatic
cylinder combined with a high-precision optical encoder.
Chen et al. [51] developed a high-torque pneumatic step-
per motor by using LEGO® pneumatic cylinders, cranks,
and shafts. With a planetary gearbox, the step size is 3.6°,
and the maximum output torque is 800 mNm.

b) Gear-based

Pneumatic
Hydraulic

Soft actuation

Fig.2 Typical MR conditional/safe actuation methods for MRI-guided robotic intervention. Eight working principles include pneumatic (cylin-
der-based, gear-based, blade-based), hydraulic, soft actuators, piezoelectric, MR powered, SMA/P, optical, and cable. By combining these work-
ing principles, hybrid actuation schemes are also being pursued. These include: hydraulic/pneumatic [43], hydraulic/cable [44], piezoelectric/
cable [39], MR powered/optical [45], pneumatic/soft actuators [46], and hydraulic/soft actuators [11]
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Gears or rack steps are commonly used designs for the
pneumatic actuator. Because the step actuators do not
require closed-loop control, it is of great interest for their
use in the MR environment. Stoianovici et al. [37] devel-
oped the first gear-based pneumatic stepper motor. This
motor was integrated into a custom fiber optical encoder
and utilized in MRI-guided surgical systems [7]. Groen-
huis et al. [47] developed a serial of stepper motors for
linear or rotational motion with forces up to 330 N, tor-
ques up to 3.7 Nm, and a stepping frequency up to 320
Hz. The dimensions ranged from 25 to 80 mm, and the
actuator was free of backlash and with power up to 26W.
Farimani et al. [49] developed PneuAct-I and PneuAct-
II, which had a scotch yoke mechanism to convert the
linear motion into the rotation and a reduction drive for
the desired function. The whole motor was 3D printed
without any seals or bearings.

¢) Blade-based

For blade-based pneumatic actuators, the gas acts on the
rotor (blade) to rotate the shaft directly. This method can
produce a large torque, but it needs exhausting air con-
stantly and its energy efficiency is often limited. Because
of continuous actuation, the motor relies on sensors to
achieve closed-loop control. Chen et al. [53] developed
a blade-based motor with a customized fiber-optical
encoder that provided powerful and accurate actuation.
It had two air inlets for motion and direction control and
three outlets separated at 120°. Liang et al. [54] used a
curtate hypocycloid rotor to achieve the step rotation.
When the airflow blows to the side of the rotor, the rotor
can be stabilized in a specific position because the special
structure cooperates with the chamber.

Hydraulic actuators

Although both liquid actuation and pneumatic actuation are
in similar driving modes, the transmission response time
of liquid actuation is longer than that of gas drive due to
viscous resistance. Thus, most pneumatic actuators for
high-speed switching are not suitable for using liquid as an
alternative medium. Although the liquid has high viscous
resistance and low transmission response time, it can be
used for high precision operation due to its incompressibil-
ity. The device of equivalent motion can be set at the master
and slave sides to realize a master—slave motion design. By
establishing the elastic model in the transmission process
and detecting the liquid pressure of the pipeline, more accu-
rate position control can be achieved.

In previous work, Dong et al. [38], for example, devel-
oped a high-performance continuous hydraulic motor with
fast response (rise time <40 ms), precise open-loop con-
trol of position (average error of 0.64°), and high output
torque (0.49 Nm) using 10-m long hydraulic pipelines.

@ Springer

Rolling-diaphragm-sealing was used for low friction piston
movement and three cylinders were used for smooth rotary
motion. Simonelli et al. [55] developed a double-acting dia-
phragm actuator with dual-piston heads. The experiment
showed that the linear actuator exhibited less than 0.2 mm
hysteresis (across 25 mm stroke length), and with high stift-
ness (10 kN/m), low transmission dead zone (3 N), and high
accuracy (0.5 mm).

Soft actuators

Soft materials are often made of silicone, polydimethylsi-
loxane (PDMS), and other MR safe materials. Therefore,
most of the current designs of soft robots are either MR safe
or conditional [63]. Comber et al. [46] developed a bellow-
based pneumatic actuator with helical and toroid-shaped bel-
lows. It could provide rotation and translation because of the
contraction and expansion of the bellow. A sliding mode
controller with a substep control strategy was used for high
accuracy control. The step size was 0.5 mm and 0.5° with
steady-state errors of 0.013 mm and 0.018°. Pfeil et al. [56]
designed a multi-material 3D print linear actuator based on
the inchworm principle. Simplified modeling was introduced
for this type of actuator synthesis. By using multi-material
3D printing, the actuator was integrated with rigid and flex-
ible materials with good needle drive performance (a veloc-
ity of 0.34 mm/s with a 2 N load). Fang et al. [11] developed
a hydraulic soft actuator with two segments—one segment
was used for active bending and the other one was used for
fine distal laser manipulating. Each segment comprised three
elastomeric chambers actuated by fluidic inflation/deflation.
A learning-based model was trained for high accuracy path-
following ablation tasks (accuracy 0.2 mm).

Piezoelectric actuators

Piezoelectric actuators represent a mature MR conditional
solution. They are favorable for MR conditional use due to
their compact size. Piezoelectric motors rely on the geomet-
ric change of piezoelectric material to create motion under
specific electric fields. It can be generally classified into two
categories with harmonic or nonharmonic driving signals.
Harmonic motors typically operate with high-voltage sinu-
soidal drive waveforms, whereas nonharmonic motors often
have contact pads that push against a sliding surface using
several lower-voltage arbitrary waveforms. A special piezo-
worm actuator is also designed to combine multiple piezo
stacks, achieving both linear and rotating motion. Piezoelec-
tric motors have the advantage of accuracy, reliability and
self-locking capability. None of the existing off-the-shelf
piezo motors is defined as MR-safe, specially designed
shielding and signal control may be needed to ensure the
actuator is safe for use in the MR environment. Research
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results indicated that less than three piezo actuators in the
MR environment are acceptable. But the multi-DoF robots
with these motors showed a significant signal to noise ratio
(SNR) loss. Most of these motors are not specially designed
for use in MR environments as most of them contain some
metallic parts. Commercially available piezoelectric motors
can cause up to 40%—80% SNR loss during synchronous
robot motion. Some effort has been directed to replacing
[57] and modifying them to minimize the electrical and
magnetic artifacts.

MR powered actuation

MR scanners can magnetize and induce motion with ferro-
magnetic particles. This principle was used in [64] to induce
a ferromagnetic spherical ball embedded in nonmetallic
chassis and gears. MR scanner and nonmetallic chassis acted
as a stator, and the rotor was a lever arm holding the ferro-
magnetic spherical ball. The magnetic field of the scanner
generated forces in the ferromagnetic ball, and thus continu-
ous rotor motion can be created. This MR powered actuator
with open-loop control can generate a force of 0.76 N [64].
With further development, the MR image of the actuator
was used for closed-loop control [65]. The motor had higher
torque, velocity, and output force (9.4N), but significant
latencies can be observed. Hofstetter et al. [42] developed an
MR conditional electromagnetic servomotor combining the
electromagnetic motor concept with a non-magnetic optical
encoder to achieve closed-loop control. A maximum linear
force of 585N was achieved to insert a large-diameter biopsy
instrument in tissue during simultaneous MRI.

SMA/P actuators

A shape-memory alloy (SMA) /polymer (SMP) actuator
consists of an alloy/polymer that can retain its preset shape
when heated. SMA/P actuators are popular for their bio-
inspired working principle that mimics human muscles. It
has the advantage of high output power density and is usu-
ally designed for robotic joint motion. Kalmar et al. [66]
proposed an SMA wire actuator for short stroke length. A
detailed study of the relationship between the stroke and
temperature was performed [40], allowing the robot to be
controlled with simple Pulse Width Modulation (PWM)
signal. The maximum accuracy of 5.5 degrees with a mean
displacement error of 0.69 mm was reported. The SNR loss
of 10% was observed in a 3 T MRI scanner environment. To
overcome the slow response time of SMA/P actuators, com-
pact air/water cooling systems are designed as an integrated
part of the actuator. Experiments have shown that SMA/P
actuators cooled with water can double the speed compared
to their counterparts cooled with air.

Optical, cable, and other actuation methods

An optically powered, miniaturized (2.5 % 2.5 x 3.0 mm?)
actuator was proposed by Mutlu et al. [45]. It worked with
the principle of Lorentz force. The magnetic field of the MRI
scanner generated force/torque in a current-carrying coil.
The photovoltaic cell embedded in the coil can generate a
current from a wireless optical source. This initial wireless
and modular actuator design can generate a unidirectional
motion with a torque output of 100—200 uNm. An actua-
tion power source outside the MRI room or gantry with
traditional motors and transferring torque to the robot by a
cable mechanism can also be used. They have the advantage
of being flexible [61] and allowing long [67] range torque
transmission. The latency and friction loss were key issues
for this type of actuation. A long-range mechanism with low
friction, high torque transfer, and small latency can be useful
for MR conditional robots with complex motion capability.

Sensing

Thus far, extensive progress has been made in sensing for
MRI-guided robot control and among which optical fiber-
based methods are particularly useful [22, 68—70]. Optical-
based sensors are used in application scenarios such as shape
sensing and force/torque sensing. MR-based sensors repre-
sent an alternative approach and they are mainly used for
target localization and direct temperature sensing. In Fig. 3,
optical-based and MR-based sensors are summarized based
on their sensing strategies. This subsection will focus on
sensing principles based on these two sensing principles and
their key characteristics and application areas are summa-
rized in Table 2.

Optical based sensing

Light can propagate in different media such as air, water,
fiber, and glass. Transmission of light in an optical fiber
can be easily connected to a signal interrogator to derive a
variety of optical information (wavelength, phase, frequency,
and intensity. What’s more, optical fibers are naturally MR
safe because they are typically made of silica with a poly-
mer coating. Furthermore, optical fibers can transmit sig-
nals for long distances with good stability. This is desired
for transmitting signals between the MR scanner room and
the control room. For this reason, many optical fiber-based
sensors have been designed for MRI-guided surgical robot
systems [82]. What’s more, with the photoelectric effect,
electrons can be ejected from the surface of the metal when
light shines on a metal. Propagating light in the air enables
vision-based sensing for the MRI-guided surgical robot [83].
Based on this, sensing strategies such as fiber Bragg grating

@ Springer
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Mostly used in photoelectric encoders
Need a shielding of signals

Periodic change of the refractive index
Wavelength modulation
High resolution, high cost

,/\\ o‘-oe\

Rely on voltage or current measurement
Reflective and transmissive

Simple design, low cost,

and easy signal interpretation

Optical

Visual servoing -based
Position-based and image-based control
High accuracy

ectric

Sensing

Small susceptibility artifacts
The possibility to tailor visibility

Low magnetic conductivity
Easily register CT and MR images
Fiducial markers

Active and semiactive tracking

High accuracy

Can adapt spatial orientation,

spatial resolution, and image contrast

Clearly identify
Bright and consistent image
Fiducial markers

Fig.3 Typical MR conditional/safe sensing methods. 1) Optical-based: FBG (for shape [71], force/torque [68], actuation [72] and temperature
[69] sensing), intensity (for force/torque [73, 74] and actuation [75] sensing), photoelectric [42] (for actuation sensing), and vision [11] (for posi-
tion sensing); 2) MR-based (for localization): active/semiactive coil [22, 76], passive metal [77], passive liquid [78], and passive nanoparticle

(791

(FBG), intensity, photoelectric, and vision can be used and
they are illustrated in Fig. 3.

a) FBG based Sensors

The working principle of an FBG sensor is based on the
radiation reflection of Bragg grating [82]. When an FBG
fiber optic is interrogated with polychromatic radiation,
a specific range of wavelengths is reflected by the FBG.
The wavelength of the reflected wave will change as the
strain of the gratings changes. Multiple sensing applica-
tions can be realized by using this principle, such as shape
sensing, force sensing, torque sensing, actuation sensing,
and temperature sensing.

1) FBG-based shape sensing: By using a multicore fiber
with FBG distributed along the fiber, the shape of the
fiber geometry can be precisely detected in a thin cross-
sectional size. Jickle et al. [71] used a piecewise constant
curvature model to reconstruct the shape of the fiber. Its
use for endovascular intervention showed an average and
maximal error of 1.13 mm and 2.11 mm, respectively.
This type of shape sensing fiber is MR safe, and it could
be easily integrated into many MR conditional endo-
vascular interventional instruments [22]. 2) FBG-based
force sensing: A typical method for force sensing is to
integrate multiple FBG fibers on the instrument. Fibers
undergo strain when the device changes shape due to an
external force. By using the static model between the
external force and the strain of the FBG’s position, the
external force can be obtained. Elayaperumal et al. [80]
integrated three fibers on the needle’s inner stylet, 120°
apart in the needle cross-section for tip force detection
with a calibration error of 0.001 N. 3) FBG-based torque
sensing: By arranging the FBG fibers on the instrument
in different directions, it is possible to detect torque

@ Springer

according to the static relationship. Monfaredi et al. [68]
developed a structurally inherent decoupled sensor for
force and torque measurement with temperature com-
pensation. The force and torque sensing range of it were
-20 to 20 N with 0.1 N resolution and -200 to 200 Nmm
with 1 Nmm resolution. 4) FBG-based actuation sensing:
Typical actuation sensing is via linear and rotary sens-
ing. By using bespoke mechanical structures, the linear
motion or rotation could be converted into the strain of
FBG sensors. Huang et al. [72] developed an MR safe
absolute rotary encoder based on eccentric sheave and
FBG sensors with a high resolution of 0.1°. The eccentric
sheave transformed the rotation of the shaft to the bend-
ing deflection of the beam, on which the FBG sensors are
integrated. 5) FBG-based temperature sensing: Changes
in temperature can result in small deformation of the opti-
cal fiber. Such small changes in strain can be obtained via
wavelength changes of the reflected wave in the FBG fiber
sensors. Saccomandi et al. [69] used 12 FBG sensors to
monitor heating and cooling effect during LITT.

b) Intensity based sensors

The intensity of light can be measured and modulated for
intensity sensing. There are many ways (reflective, two
or more fibers light coupling, and macro bending) [70]
to change the intensity of light passing through the fiber.
And these principles could be used in force, torque, and
actuation sensing of MRI-guided surgical robot systems.
1) Intensity-based force sensing: Some sensitive struc-
tures can vary the position and orientation of the inte-
grated reflector when a force is applied to this structure.
The intensity of the light would change because of the
shift of the reflector. Polygerinos et al. [73] designed a
force sensor consisting of three single optical fibers and
a reflector that was allowed to move freely in all direc-
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tions by mounting it on a sensitive structure (flexure). The
sensing range was 0.5 N, and the accuracy was 0.03 N. 2)
Intensity-based torque sensing: Similar to the principle of
force sensing, the deformation of the sensitive structure
has a defined static relationship with the external torque.
Gassert et al. [74] developed a series of force/torque sen-
sors with different materials and fabrication processes.
Both the optical and mechanical parts of these sensors
had a linear response to the measured directions but were
immune to transverse forces and torques. The MR safe
sensor was made of polyoxymethylene (POM) and can
detect torque ranging from -5 Nm to+ 5 Nm. 3) Intensity-
based actuation sensing: Analogous to the conventional
photoelectric encoders, a rotating disk that contains a
unique pattern can be used to unambiguously reference
the angular position of the disk. The optical power from
the broadband light source is dispersed over the pattern
of the disk and portions of the light spectrum are reflected
through the system. Micronor Inc. used this method to
develop MR safe encoders for MR environments [75].

¢) Photoelectric sensors

When light shines on a metal, electrons can be ejected from
the surface of the metal in a phenomenon known as the pho-
toelectric effect. This method has been widely used in photo-
electric encoders. Because this type of encoder would produce
a current on the metal components when it is working, it is
MR conditional and may affect the imaging quality of MRI.
Therefore, the key point of this type of sensor is the shielding
of signals both inside and outside the sensor, ensuring that
the external RF signal does not affect the sensor’s function
and that the signal generated inside does not affect the MR
Hofstetter et al. [42] developed an MR conditional electro-
magnetic servomotor with a photoelectric rotary encoder.
The encoder and the motor rotor were housed in a continuous
copper shield, and the power and control signal were transmit-
ted by a double-shielded Cat7 ethernet cable with traps. The
maximum SNR loss was only 1.5% in all tested scenarios.
d) Vision sensors

Visual servo control is a common control strategy in
robotics. Since conventional cameras are not MR condi-
tional, proper shielding measures and component replace-
ment are required. A commercial MR conditional camera
(MRC systems GmbH, Heidelberg, Germany) has been
developed for motion tracking for marker-based optical
tracking. Another commonly used vision camera is the
MR conditional fiberscope which can be used in a narrow
environment. Fang et al. [11] used a fiberscope to moni-
tor the laser spot footprint and provide closed-loop guid-
ance for laser beam steering control. Control of the laser
spot on the mucosa along the prescribed trajectory was
achieved through machine learning-based visual servo
control. Accurate laser spot steering was achieved with a
mean tracking error of < 3 pixels (~0.2 mm).

@ Springer

MR based sensing

Direct MR based sensing can be broadly classified into
active/semiactive [22, 76] and passive [77, 78, 84] sensing
modalities. In the magnetic field, protons absorbing energy
at a specific frequency will reemit energy in the form of
magnetic waveforms at the same frequency [85]. When
clusters of local waveforms pass through the closed loop
coil and change magnetic flux, the coil circuit resonates and
then transmits amplified signals. This creates a high imaging
contrast, thus allowing the active tracking of MRI-guided
surgical robot systems. However, the magnetic field inho-
mogeneity greatly affects the imaging quality, which may
cause some image artifacts. Artifacts can be used as markers
for the positioning of the robot if the shape size of the arti-
fact is determined and the artifact does not affect the overall
image quality. Therefore, MR visible passive markers, such
as metal, nanoparticles, and liquid capsules, could be used
for localization in the image coordinate system. This subsec-
tion will highlight the current localization strategies based
on direct MR based sensing, as shown in Fig. 3.

a) Passive sensing

A passive marker consists of an encapsulated volume
of material that can be used to provide good contrast in
the acquired imaging slices. The received MR signal is
amplified by the passive markers to enhance the imaging
contrast. The passive tracking method is efficient and flex-
ible in identifying the location of the device. However, its
main disadvantage is being scanner and material depend-
ent. 1) Metal: Some non-magnetic metals with low mag-
netic conductivity could be used in MR environment. Au
is widely used in prostate cancer as a marker [86]. Gold
Anchor (Naslund Medical AB, Huddinge, Sweden) is a
good fiducial marker intended to reduce the risk of marker
migration. Alipour et al. [77] proposed passive coil mark-
ers consisting of two metal traces in the shape of a square
with upper and lower traces connected to each other. The
resonant coil enabled precise and rapid visibility at low
background flip angles (6—18°). Such markers can also be
used in MRI-guided surgical robots by combining them
with interventional instruments or other components of the
robot. 2) Nanoparticle: Thus far, magnetic nanoparticles
have been used for diverse applications, including mag-
netic biosensing, magnetic imaging, magnetic separation,
drug and gene delivery, and hyperthermia therapy etc. [84].
They can be easily detected by MRI. Hence combining
magnetic nanoparticles with interventional instruments or
MRI-guided surgical robot is an important direction to pur-
sue. Nijsink et al. [79] integrated iron(IL, IIT) oxide (Fe;O,)
nanoparticles on a guidewire for identification. The results
showed that marker visibility was sufficient and a large
range of artifact sizes can be generated. 3) Liquid capsule:
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The liquid capsule could clearly identify areas of interest
in MRI with a bright and consistent image. Because the
position of those liquid capsules in the robot’s coordinate
system is known, so the robot’s coordinate system to the
MRI coordinate system needs to be registered by detecting
the markers on an MR image. There are many commercial-
ized liquid capsules that can be used for localization in
MRI. [81]. Stoianovici et al. [78] used MRI imaging liquid
capsules (Beekley Corp., Bristol, CT) for the registration
of the robot. Because simple thresholding did not always
provide robust automatic detection due to noise from
other sources, four cylindrical MR-visible markers were
arranged into the link of the RCM module. The experiment
showed that the MRI-guided targeting accuracy and preci-
sion in vitro were 1.71 mm and 0.51 mm.

b) Active/semiactive sensing

Active tracking refers to the principle of an active element
attached to the device transmitting a signal from within
the body and the imaging modality that receives these
signals. Active tracking sensors are typically composed
of several loops of current-carrying wire, capacitors, and
peripheral electronic components [87]. 1) Active: An
active marker is a micro-coil receiver that provides an
MR signal to a dedicated channel of the MRI system. The
MR system could activate the small coils by RF pulse and
then selectively pick up resonating signals around these
coils. Dong et al. [22] developed a shape tracking system

that integrated a multicore FBG fiber and active track-
ing coils with a standard cardiac catheter. The feedback
control performance was tested by autonomous targeting
and path following based on these two sensing strategies.
2) Semiactive: A semiactive marker serves as a resonant
microcircuit, inductively coupled to a receiver coil of the
MRI system. Eggers et al. [76] proposed a robust localiza-
tion method of parallel resonant coils. This method cir-
cumvents most of the drawbacks usually associated with
image-based tracking, such as low temporal resolution.

Materials
Material requirements

Challenges in developing MRI-guided robots mainly arise
from the MR characteristics of materials used for robot
components (e.g., actuators, positioning sensors, bearings,
and other hardware) and intervention devices (e.g., guide
wires, needles) that would cause MRI artifacts, heat gen-
eration, loss of positioning accuracy in MR environment
[34]. Figure 4 illustrates the microstructures of four potential
MR safe/conditional materials, including metal, bulk metal-
lic glass, polymer, and ceramic. Table 3, summarizes their
physical, mechanical, and electromagnetic properties given
in the literature.

B-Ti a//Oy

Fig.4 Commonly used MR conditional/safe materials. Metals such as Au-Pt [97], f-Ti [98] and Zr—Nb [99] alloys can combine mechanical
property and MRI compatibility by microstructure design and control; Bulk metallic glasses (BMGs) such as Ti-BMG in amorphous structure
exhibits relatively low magnetic susceptibility [32, 100]; Polymers such as PTFE [101] and PEEK [102] do not generate MRI artifacts due to
their inherent diamagnetism, and polymer matrix composites (i.e., carbon-fiber-reinforced polymer composite) exhibit synergetic effect combin-
ing MRI compatibility of polymer with the stiffness and strength of carbon fibers [103]; Ceramics such as zirconia generate negligible suscepti-

bility artifacts and can use as needle tip [104, 105]
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Requirements of MR conditional/safe materials

MRI artifacts are generally attributable to susceptibility-
related artifacts and electromagnetic induction-related arti-
facts [36]. Since metals are conductive, electromagnetic
induction-related artifacts of metallic devices are unavoid-
able but can be reduced by optimization of the metal’s elec-
trical conductivity or the shape of metallic implants. The
selection of materials with low susceptibility is a practical
solution for improving the MR safety of devices. A concept
for the design of materials with low magnetic susceptibil-
ity has been developed [36]. This can be achieved via: (i)
alloying paramagnetic metal with diamagnetic metal; (ii)
precipitation of a diamagnetic or low magnetic susceptibility
phase in a paramagnetic matrix phase; and (iii) formation of
composite of paramagnetic metal and diamagnetic material.

Considerations should also be taken to avoid RF-induced
heating in electrically conductive instruments in strong elec-
tromagnetic fields. RF-induced heating not only depends
on the geometric configuration and arrangement relative to
the RF transmit coils and the parameter settings of the MR
sequence but also on the device properties, such as electrical
conductivity and permittivity [106]. Preferably, diamagnetic
materials such as ceramics and polymers should be used to
avoid inductive heating.

Apart from electromagnetic characteristics, suitable mate-
rials should also exhibit advantages in aspects of mechanical
properties, corrosion resistance, processability, as well as
biocompatibility for the components that come in direct con-
tact with patient’s tissue. For instance, in designing an ideal
MR conditional microwave needle for MRI-guided inter-
ventional microwave ablation, the consideration for material
selection is on the comprehensive performance of mechani-
cal properties (including rigidity, toughness, and puncture
force), needle artifact configuration, needle visibility, and
ablation performance under a strong magnetic field [104].

Dependence of microstructure on magnetic susceptibility

Magnetic susceptibility is a quantitative measure of a materi-
al’s tendency to interact with and distort an applied magnetic
field. The magnetic susceptibility of crystalline alloys is
largely dependent on the chemical concentration and phase
constitution, as well as the dependency roughly follows
Wiedemann’s additivity law [107]. For instance, in Zr-Nb
alloy, the phase composition evolves with decreasing Nb
content as follows: p—p+w— pf+w+a — o phase. And
their magnetic susceptibility (X z.xp,) is expressed as [108]:

X7Zr-Nb = V[} © Xp + Vo:’ * Xe T Vm' Xo

where X, X o» Xo and Vg, Vi, V,, are the magnetic sus-
ceptibility and volume fraction of P, o, and ® phases,

@ Springer

respectively. The magnetic susceptibility x, of each phase
is in the sequence: X 5> X o> X» Suggesting that the mate-
rial composed of single @ phase exhibits the lowest x, [108,
109]. As reported by Nomura et al. [99], as-cast binary
Zr-(3-9)Nb (wt.%) alloy containing large amounts of ®
phase showed a minimum magnetic susceptibility. Tuning
Nb content yields the formation of § and o’ phases, which
gives rise to an increase of . A similar tendency also exists
in binary Zr-Mo alloy [109, 110] and Cu-Sn (1.5<Sn<7.0
at.%) alloy [111]. Noble Ag-Pd and Au-Pt alloys exhibit
nonlinear dependence of , on alloy composition through-
out the entire composition range [32].

It is worth noting that the optimal microstructure
should balance its effect on magnetic susceptibility and
on mechanical properties as well. The o phase, on the one
hand, decreases the x,. On the other hand, the increased
content of o phase formed thermally in a needle-like shape,
makes the material prone to brittle fracture. After appropri-
ate annealing treatment, Zr-(14-20)Nb(wt.%) alloys consist-
ing of mainly B phase with a small amount of lenticular
® phase exhibit low magnetic susceptibility, low Young’s
modulus and enhanced elongation [108]. Therefore, mag-
netic compatibility can be tailored by microstructure control.
The effect of microstructure on mechanical reliability should
also be taken into consideration according to the application
requirements of medical devices under MRI.

Material selection
Stainless steel

In MR environment, stainless steels heavily distort MRI
images and lead to significant MRI artifacts due to their
ferromagnetic and electromagnetic characteristics. The inter-
ventional probes and instruments made of stainless steel may
cause the loss of positioning accuracy or RF-heating during
surgical operations and, therefore, are undesirable for MRI-
guided interventional procedures. Patients with stainless-
steel implants such as dental braces and coronary stents [88]
should be avoided exposure to an MR environment. It is nec-
essary to develop suitable MR conditional materials satisfy-
ing all requirements of no toxicity, high corrosion resistance,
and high electric conductivity for biomedical applications.

Ti-based alloys

Ti and Ti-based alloys have been widely used for medi-
cal applications due to their excellent combination of low
density, good corrosion resistance, high mechanical perfor-
mance, and good biocompatibility. Joint replacements, sur-
gical screws, bone plates, pacemakers and puncture needles
made from Ti-based alloys and NiTi shape memory alloys
are commercially available [112]. In terms of its use under
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MRI, pure Ti and Ti-6Al-4 V alloy, with volume magnetic
susceptibilities of 182 ppm and 179 ppm, respectively, cause
large MRI artifacts. B-Ti alloys, alloying Ti with low sus-
ceptibility elements such as Zr, Mo and Sn, are expected to
display reduced artifacts. f-metastable Ti-Zr based alloys
have been designed to exhibit very low magnetic suscepti-
bility where @ phase was formed. In addition, - metastable
Ti-Zr-based alloys can exhibit functional properties [113,
114], such as shape memory effect and superelasticity. These
alloys can be used for guide wires, orthodontic arch wires,
endodontic reamers, and files. Furthermore, Mariana et al.
[91] designed novel MR conditional glassy Ti-Zr—Nb-Hf-Si
alloys with weak paramagnetic nature (ultralow magnetic
susceptibility of ~50 ppm) and superior radiopacity (high
X-ray attenuation coefficients). For satisfying performance
in both mechanical properties and MR safety, the BMG
materials are of interest especially for making interventional
devices with minimized MRI artifacts [32, 115].

Zr-based alloys

Zr and Ti are elements in VI B group, which have similar
physical and chemical properties. Compared with Ti, Zr has
a lower magnetic susceptibility and cytotoxicity, and a high
corrosion resistance due to passive oxide formation on its
surface. Unalloyed Zr is not mechanically reliable to serve
as structural materials. Alloying is effective in improving the
mechanical strength and can further decrease the magnetic
susceptibility of alloys. Zhou et al. [116] surveyed system-
atically in Zr-1X alloys (X=Ti, Nb, Mo, Cu, Au, Pd, Ag,
Ru, Hf, and Bi) and found good performance in strength,
ductility, in vitro cytocompatibility, and magnetic suscepti-
bility for Zr-1Ru alloy. It is a potential candidate material for
MR conditional medical devices. Zr-3Mo and Zr-9Nb alloys
show low magnetic susceptibilities but poor formability and
machinability. This is because the presence of w phase is
contributable to the minimization of magnetic susceptibility
but limited to their tensile strength and ductility.

Au-based alloy

Au is a diamagnetic metallic element with high biocom-
patibility, high mechanical performance and high corrosion
resistance. Kodama et al. [117] reported that, by alloying
diamagnetic Au with paramagnetic Pt, Au-35Pt alloy showed
a volume magnetic susceptibility of -8.8 ppm. This value is
very close to that of body tissue (-11 ~-7 ppm), which makes
the alloy almost free from MR imaging artifacts. However,
the single-phase Au-35Pt alloy exhibits poor machinability
with low ductility. Ryusuke et al. [97] developed dual-phase
Au-30Pt and Au-33Pt alloys. They not only are free from
magnetic susceptibility artifacts, but also have improved
workability for producing various implantable medical

@ Springer

devices. For example, it can be used to make embolic coils
treating intracranial aneurysms or intracranial electrodes.
Most importantly, there is no difficulties in performing
examinations using MRI for patients with implants made of
dual-phase Au-Pt alloys.

Polymers and ceramics

To reduce susceptibility-related artifacts, attempts have
been made to replace metallic materials with polymers and
ceramics. Polymers (such as polytetrafluoroethylene (PTFE),
polyetheretherketone (PEEK), polyoxymethylene (POM),
and acrylonitrile butadiene styrene (ABS)), polymer matrix
composites (such as glass fiber or carbon fiber reinforced
polymers) and ceramics (such as alumina, zirconia) gener-
ally exhibit low susceptibility and present small artifacts. MR
conditional puncture needles and guide wires in glass-fiber-
reinforced plastics are commercially available. Hempel et al.
[118] constructed the main frame of the MRI-guided surgical
robot using fiber-reinforced epoxy and PEEK. To develop
an MRI-guided robot for prostate interventions, Stoianovici
et al. [119, 120] used nonmagnetic and dielectric materials
such as plastics, ceramics, and elastomers to ensure the sys-
tem is MR safe. Nevertheless, for the polymers used within or
close to the imaging zone of the MR system, MR artifact test-
ing should be performed. On the one hand, polymers contain
hydrogen protons which can generate MR signals to disturb
the image and degrade the image quality. On the other hand,
polymers can also contain dotting with ferromagnetic debris
from manufacturing, causing significant artifacts.

Although polymers and ceramics are likely to more
friendly to MR conditional devices, there is still a need
for metallic materials. This is because metals are conduc-
tive, have unique mechanical property, and is visible in
radiographs. The optimal structural design of compo-
nents is to combine the advantages of metals, polymers,
and ceramics. Huang et al. [104] proposed an MR condi-
tional needle consisting of a zirconia tip and TA18 (Ti-
3Al1-2.5V, at.%) titanium alloy tube coated with Teflon,
which provides good mechanical properties, reliable MRI
visibility for positioning and monitoring, and insignifi-
cant RF-induced heating.

Mechanical properties and fabrication
considerations

Formability and machinability

Formability and machinability depend on both material
properties (i.e., chemical composition, microstructure, hard-
ness, tensile strength and thermal conductivity) and machin-
ing process parameters (i.e., the rigidity of tool, and cutting
parameters such as feed, speed and cutting force). Generally



Med-X (2023) 1:4

Page 19 of 41 4

speaking, hardness decreases machinability due to the high-
power consumption and tool wear. Ceramics are hard to
machine due to their brittleness and high hardness. Met-
als and some polymers with high strength, such as PEEK,
are usually for conventional machining. Other polymers,
such as Delrin and ABS, can be precisely cut by a water jet
cutter. The polymer matrix composites reinforced by glass
fiber or carbon fiber have intermediate mechanical proper-
ties between metals and polymers but have poor machining
properties due to fibers.

Anisotropy of magnetic and mechanical properties
for alloys and components

The crystallographic texture is commonly developed in
materials and significantly affects the physical, mechani-
cal, and electromagnetic properties of materials. Zhang
et al. [121] found a clear crystallographic anisotropy of the
superelasticity and mechanical responses in 3-Ti2448 single
crystals oriented in < 100> p < 110> B and< 111> B Due to
macroscopically well-organized materials with anisotropic
electron configurations, an orientation-dependent magneti-
zation or magnetic susceptibility anisotropy is the intrinsic
nature characteristic [122]. For materials with anisotropic
microstructure, the orientation of the fibers can affect the
imaging performance. Therefore, knowledge of orientation-
dependent behavior is highly desirable in order to optimize
the performances of tools and devices.

Fonda component design based on additive manufacturing

Additive Manufacturing (AM) is attracting extensive atten-
tion for robot construction. Different from conventional
manufacturing processes such as casting, forging, and pow-
der metallurgy, AM fabricates components by melting and
reconsolidating raw materials layer by layer as designed,
with no need for tooling and machining. This prevents the
wastage of workpiece materials and saves the consumption
of machining resources. Another advantage over conven-
tional manufacturing routes is the neatly unlimited design
flexibility, which provides opportunities to select and com-
bine the properties of different materials to fabricate com-
plex components with high performances. However, due to
excessively fast consolidation, it is tricky to optimize AM
parameters to control the microstructural uniformity and the
distribution of residual stress, which are essential to quanti-
fying the performance of devices obtained from AM. Over-
all, AM will be an efficient technique for fabricating medi-
cal devices with complex geometries and specific function
requirements, such as soft actuators and robots that can be
used in MRI-guided interventions [123].

Interventional instruments

Intervention is a commonly practiced procedure for both diag-
nosis and treatment. Many MRI-guided robots can carry out
a variety of intervention procedures such as ablation, neu-
romodulation, biopsy, catheterization, etc. For interventional
instruments, MR safety is crucial. In addition, the interven-
tional instruments should be easy to be integrated into the
MRI-guided robotic system. Since accurate intervention
requires either image or marker guidance, MR conditional
guidewires and markers are also included in this review. In
addition, commercially available interventional devices and
guidance components and non-commercial devices that are
developed in research labs are also discussed. Figure 5 sum-
marizes typical interventional instruments that can be used for
MRI-guided robots according to five categories: ablation, neu-
romodulation, biopsy, catheterization, and others. This section
also includes corresponding application scenarios and poten-
tial applications of MRI-guided robots as shown in Table 4.

Ablation

LITT is a minimally invasive treatment modality that uses the
laser for thermal ablation [149]. It has been used in treating
diseases such as tumors [150] and necrosis. With the devel-
opment of MRI, LITT has been used in various MRI-guided
therapies, especially for treating unresectable glioblastoma
[151]. For MRI-guided LITT, laser probes are used for inter-
vention. Precise positioning of the laser probe is crucial for
treatment. Early work using the NEUROGATE® system used
an interventional 0.5 Tesla MRI (Signa SP, GE, USA) for LITT
guide (Dornier GmbH, Germering, Germany) with the sheath
(Somatex GmbH, Rietzneuendorf, Germany) [133]. Till now,
two MR conditional LITT systems are FDA-approved: Neu-
roblate ® (Monteris Medical, Inc., Plymouth, MN, USA) [17]
and Visualase ® (BioTex, Inc.; Houston, TX, USA) [134].
Different to LITT, MRgFUS uses focused ultrasound for
thermal ablation [152]. ExAblate system (InSightec, Haifa,
Israel) is FDA-approved for both 1.5 T and 3 T MR scanners
[135]. It has been used to treat brain, body, and prostate. For
example, the ExAblate Neuro 4000 system has a hemispheric
transducer that is closely applied to the patient’s skull via
a stereotactic frame. The transducer has 1024 phased array
ultrasound elements that can be individually controlled to
allow for energy and phase selection [135]. Similar to LITT,
another focused ultrasound application is interstitial MRI-
guided focused ultrasound (iMRgFUS). It uses sonic waves
to create an area of thermal energy that can destroy the target
tissue. iMRgFUS is inserted through a cannula similar to
LITT [126] and commercial transducers such as ACOUSTx
applicators (Acoustic Medsystems, Savoy, Illinoi).

@ Springer
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(_Neuromodulation )

Medtronic
Percept™ electrode
For deep brain stimulation

Graphene electrode
Made with graphene fiber

ClearPoint®
MRI-guided electrode implant system

( catheterization )

Catheter
A thin tube inserted

(_ Biopsy )

DynaTRIM® needle
For prostate biopsy

Bard® Ghiatas™ Beaded
Breast Localization Wire
Made with graphene fiber

Hologic® biopsy markers
Localization marker for breast biopsy

(_ Injection )

Injection needle
For injection and drug

for treatment

(_ Ablation

delivery

)

Guidewire

Facilitate navigation through
arteries and/or avoid
unwanted side branches

for ablation

——— LITT probe

Uses laser for thermal ablation

FUS probe

Cryoablation probe
Uses compressed cryogen

Uses focused ultrasound for

thermal ablation

Fig.5 Typical interventional instruments can be used for MRI-guided robots. Ablation: cryoablation probe [124, 125]; LITT probe [17]; FUS
probe [126]. Neuromodulation: conventional electrodes; instruments for electrode implant [127]; electrode made of graphene [128]. Biopsy:
biopsy needles [129]; biopsy markers; localization wire. Catheterization: catheter [130]; guidewire [131]. Others: injection needle [132]

Cryoablation uses a thin, wand-like needle called a cryo-
probe to be placed directly into the target tissue. A com-
pressed cryogen (argon gas or liquid nitrogen) is pumped
into the cryoprobe to damage or destroy the tissue to create
ablation lesions. Then the tissue is allowed to thaw. The
freezing and thawing process is repeated several times. MRI-
guided Cryoablation has been used for neurological [124],
prostate [125], and cardiac [137] diseases. Commercial cry-
oablation systems include VISUAL ICE™ MRI from Boston
Scientific [124, 125] and Medtronic CryoCath [137].

Radio Frequency (RF) ablation is operated at a frequency
of approximately 500 kHz, interfering with MR imaging.

@ Springer

However, microwaves between 915 MHz and 2.45 GHz
do not affect MR imaging and are expected to provide an
equivalent or greater efficacy than RF ablation [139]. In
contrast to RF ablation, microwave ablation is independ-
ent of increasing tissue impedance that enables higher tem-
perature and larger ablation zones in a shorter time with a
single probe [138]. Based on a 0.5 T scanner (Signa, GE
Healthcare, USA) and a microwave ablation system, real-
time MR image guidance was used for liver tumor ablation
[139]. Other MRI-guided microwave ablations include liver
tumor treatment in a 1.5 T scanner and the development of
novel ablation devices [104, 138].
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Neuromodulation

Neuromodulation includes stimulation of the spinal cord,
peripheral nerve, deep brain, vagal nerve, and sacral nerve.
Readers are referred to a comprehensive review and guide-
lines of MR conditional devices for neuromodulation [153].
Here we briefly discussed the MR conditional devices for
brain surgery and DBS. Typical neurosurgery procedures
usually involve the fixation of the head for accurate imag-
ing and positioning. Traditionally, a stereotactic frame is
used but not MR conditional. The DORO LUCENT® iMRI
Cranial Stabilization System MAQUET is MR conditional
and suitable for intraoperative Magnetic Resonance Imaging
(iMRI) [143]. This is especially important for positioning
the head inside the head coil. A shunt is to place a tube
in the brain to drain cerebrospinal fluid and redirects it to
another location in the body where it can be reabsorbed.
Shunt procedures can relieve intracranial pressure caused by
hydrocephalus. Commercial MR conditional shunt devices
include Medtronic StrataMR™ II valves and Ares™ antibi-
otic-impregnated catheters.

DBS is a treatment of neurological and psychiatric dis-
orders by implanting electrodes into certain brain regions
[154]. The electrodes generate electrical impulses for the
modulation of neural networks and the precise placement of
the electrodes is crucial for optimal treatment performance.
MRI-guided DBS has become at the forefront of DBS prac-
tice and research [141]. The ClearPoint system is the first
MRI-guided DBS [155]. It can achieve a projected radial
error of < 0.5 mm, which is defined as the scalar distance
between the intended target and the actual DBS lead location
[156]. The intervention process includes using a ceramic
stylet to reach the target during intervention scans [141].
Then, the MR conditional electrode is placed at the target.
The same device sets were also used for catheter placement
and drug delivery [127]. For MR conditional electrode
probes, commercially available products include Medtronic
Percept™ PC and Medtronic 3389 [157] for both 1.5 and 3
T scanners. New probes were also developed for different
application scenarios. For example, graphene fiber showed
to have superior MR compatibility in a 9.4 T preclinical
scanner [128].

Biopsy

Biopsy is one of the most common interventional methods in
clinical practice. MRI-guided biopsy has been used in breast
[158] and prostate [159]. Besides biopsy, the intervention
process to obtain a small piece of tissue sample is similar
to that of placing radiative seeds or markers in the brachy-
therapy. Wire localization has been the standard procedure

for breast biopsy for preoperative localization before the sur-
gical removal of cancerous tissue. With this method, a wire
is placed in the breast percutaneously, with the distal wire
segment positioned adjacent to the abnormality. The MR
conditional wire facilitates MR image guidance of the wire
positioning, and there are many commercial products such
as Ghiatas™ Beaded Breast Localization Wire. A variety
of MR conditional markers are also available for surgical
guidance such as Mammotome® and Hologic® markers. For
in-gantry MRI-guided biopsy of prostate, the FDA-approved
system is DynaTRIM (Invivo, Gainesville, F1, USA) [160].

Catheterization

Endovascular intervention, or catheterization, is the primary
method to treat cardiovascular disease. The intervention is to
manipulate guidewires and catheters within the vasculature
to reach certain blood vessels [28]. Before placing catheters,
guidewires are used to navigate through the vasculature to
reach the targeted vessel. Typical MR conditional guidewires
include EmeryGlide™ (Nano4imaging, Diisseldorf, Ger-
many) [131] and EPflex (Dettingen an der Erms, Germany)
[147, 161]. A typical commercial MR conditional catheter
is Terumo (Terumo Europe E.V., Leuven, Belgium) [162].
Besides endovascular intervention, MR conditional catheter
was also developed for stroke treatment [130]. In addition,
many MR conditional devices were also developed. Typi-
cal examples include injection [132]. One typical example
is using MR image for guiding lumbosacral periarticular
injection using an open 1.0 T MRI system with vertical field
orientation (Panorama HFO; Philips, Best, the Netherlands).
The MR conditional needle used is a 20-G Chiba-type needle
(SOMATEX, Teltow, Germany and Cook, Bloomington, IN).

Interactive/real-time MRI

Interactive or real-time image guidance is a critical compo-
nent for MRI-guided robots. Under the paradigm of MRI
guided intervention, surgical planning, robot control, and
feedback evaluation are all closely related to MR imaging.
The increasing demand for high spatiotemporal resolution
imaging, especially interactive/real-time imaging, is becom-
ing crucial for improving the performance of MRI-guided
robots. Here we first discuss key considerations for MR imag-
ing including efficient k-space coverage, parallel imaging,
and reconstruction techniques, followed by intraoperative
guidance and visualization requirements. Figure 6 summa-
rizes the application of these techniques in different clinical
specialties. Table 5 detailes the characteristic of different
intraoperative MRI sequences in robot-assisted surgery.

@ Springer
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Fig.6 Typical MRI sequences for pre- and intra-operative image guidance. MRI can provide anatomical (e.g., T1W, T2W, fat-suppressed, and
MRA), functional (e.g., BOLD-fMRI), metabolic (e.g., MRSI), and dynamic (e.g., cardiac cine and dynamic contrast-enhanced imaging) infor-
mation. Typical clinical applications include brain (e.g., anatomy, function, and metabolism), cardiovascular (e.g., heart, carotid, and systemic
arterial system), various organs (e.g., abdomen, breast, and prostate), and musculoskeletal (e.g., spine, knee, and ankle) imaging [163-166]

Considerations for MR imaging

As mentioned earlier, MRI is intrinsically a multimodal
imaging method that can provide anatomical, functional,
and metabolic information. Typical anatomical imag-
ing methods include T1-Weighted (T1W), T2-Weighted
(T2W), MR Angiography (MRA), Quantitative Suscep-
tibility Mapping (QSM), and Diffusion Tensor Imaging
(DTI). Typical functional imaging methods include Blood
Oxygen Level-Dependent functional MRI (BOLD-fMRI),
MR Thermometry (MRT), and MR FElastography (MRE).
Metabolic imaging methods include MR Spectroscopic
Imaging (MRSI) and, more recently, Spectroscopic Imaging
by exploiting spatiospectral CorrElation (SPICE) [164, 179].
When selecting specific imaging sequences, spatial resolu-
tion, temporal resolution, SNR, artifacts, and reconstruction
speed are primary considerations [180]. For preoperative
diagnosis and planning, spatial resolution and SNR have
a higher priority than temporal resolution. Conversely, for
intraoperative MRI, temporal resolution and latency time
have a higher priority than spatial resolution. Although the
requirement for spatial resolution is not as high as that for
diagnosis or planning purposes, it has to be higher or at least
comparable to the precision achievable by the surgical robot
and/or the precision required for a particular type of inter-
vention. For example, in DBS surgery, a spatial resolution
of ~1 mm and a temporal resolution of ~ 1 s are acceptable
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before approaching the target nucleus. If the target nuclei
are smaller than 1 mm, a spatial resolution of <1 mm is
desired when approaching the target for fine positioning. At
this stage, the spatial resolution outweighs temporal resolu-
tion, allowing the surgeon to sacrifice scan time for better
positioning. However, for brain tumor biopsy, if the size of
the tumor is > 10 mm, a spatial resolution of 1 ~2 mm and a
temporal resolution of ~ 1 s are sufficient.

In robot-assisted surgery, MR imaging can be performed
before, during, and after the surgery for planning, guid-
ance, and evaluation. Preoperative MRI is usually carried
out for diagnosis, lesion localization, and surgical planning.
A typical workflow for robotic-assisted treatment planning
includes [168, 181-183]: 1) embedding an MR visible fidu-
cial marker/frame in the robot; 2) 2D/3D MR imaging of the
subject and the robot with a high spatial resolution [11, 173];
3) registering the CAD model of the robot and a rendering
of the robot’s reachable workspace to the 3D anatomical MR
images; 4) trajectory planning [184]. Anatomical TIW and
T2W imaging are mostly used for preoperative MRI [11,
173]. In MRI-guided robotic systems with intraoperative
MRI, synchronous imaging (“interactive/real-time MRI”)
is performed along with remote-controlled intervention.
Anatomical imaging [22, 44, 167] and thermometry imag-
ing [11, 172, 173] are used for intraoperative MRI. Dur-
ing the treatment, fast imaging is desired, thus 2D imaging
using sequences such as GRE [17, 22, 169], FLASH [19],
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Table 5 Intraoperative MRI in robot-assisted surgery

Surgery MR modal- Subject MR scanner 2D/3D Sequence Spatial resolu- Temporal  Interactive  Refs

ity (Inc.) imaging TR/TE (ms) tion (mm?®) resolution ~ MRI
()

Cardiac Anatomy Phantom 1.5T(GE) 2D 3.9/1.168 Thickness 30 0.2 Yes Dong (2022)
interven- (GRE) mm [22]
tion

Neurosur- Anatomy Cadaver 3T 2D 12/1.72 14x1.4x4 1.5 Yes Cheng (2021)
gery [167]

Lower back  Anatomy Phantom 1.5T (Sie- 2D 189.94/1.67 2x2x5 0.68 Yes Li (2020)
pain injec- mens) [168]
tions

Needle Anatomy Phantom 3T (Sie- 2D 5.88/3.17 24x2.4%5 1.3 Yes Mikaiel
placement mens) (GRE) (2020) [169]

Neurosur- Anatomy Phantom 1.5T(GE) 2D 68/2.8 0.98x0.98 17.4 Yes Guo (2018)
gery (FSPGR) mm? [44)

Breast Anatomy In vivo 3 T (Sie- 2D 4.1/1.5 1.56x1.56x3 0.4 Yes Yang (2014)
biopsy Animal mens) (FLASH) [19]

(Pig)

Prostate Anatomy Phantom 3T 2D 2/1 FOV 240 mm 04 Yes Su (2011)
brachy- (Philips) (SE-EPI) Thickness 5 [170]
therapy mm

Transrectal ~ Anatomy Human 3 T (Sie- 2D 8.94/2.3 1.56x1.56x5 0.9 Yes Yakar (2011)
prostate mens) (bSSFP) [171]
biopsy

Transper- Anatomy Human 15T 3D 5.7/2.8 1.3x1.3x10 5.2 Yes Bosch (2010)
ineal (Philips) (2 slices) (bSSFP) [13]
prostate
interven-
tion

Transoral Thermom-  Cadaver 3T 3D 15/5 0.48x0.48%x2 20 Yes Fang (2021)
laser etry (Philips) (14 slices)  (FSE) [11]
microsur-
gery

Transrectal Thermom- In vivo 1.5T(GE) 2D 80/25.5 2.34%x2.34%x2 1 Yes Giannakou
prostate etry Animal (EPI) (2021) [172]
cancer (Rabbit)
therapy

Neuro- Thermom-  Animal 3T 2D 39/15 1.39x1.39x7 2.78 Yes Patel (2020)
ablation etry (Swine) (Philips) (FFE-EPI) [173]

Neuro- Thermom-  Human 1.5T (Sie- 3D 81/19.1 2X2X5 7.8 Yes Sloan (2013)
ablation etry mens) (3 slices) (GRE) [17]

FOV Field of View

Interactive MRI: simultaneous MR scanning and robotic surgery within the MR bore

Sequence: GRE GRadient Echo, FIESTA Fast Imaging Employing STeady-state Acquisition, FSPGR Fast SPoiled Gradient-Recalled echo;
FLASH Fast Low Angle SHot, EPI Echo-Planar Imaging, SE-EPI Spin-Echo EPI, bSSFP balanced Steady-State Free Procession, FSE Fast

Spin Echo, FFE-EPI Fast Field Echo EPI

EPI[170, 172], and bSSFP [13, 171] are commonly applied.
In scenarios where 3D imaging is required, multi-slice 2D
imaging is employed [11, 13, 17]. Postoperative imaging is
typically carried out to evaluate surgical outcomes. Since
there is no requirement for temporal resolution, conventional
sequences can be used. For example, Yakar et al.used a T2W
true fast imaging with steady-state precession sequence in
the axial direction after a transrectal prostate biopsy surgery
to measure the biopsy depth [171].

Efficient k-space coverage

Conventional MR imaging takes a relatively longer
time than CT or X-ray because the image acquisition in
k-space is done in a step-by-step Cartesian sampling man-
ner. This line-by-line sampling requires signal excitation
and acquisition for each Cartesian line. Therefore, Echo
Planar Imaging (EPI) accelerates imaging by acquiring
multiple Cartesian lines with a single excitation [185].
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Acquisition of k-space using non-Cartesian trajectories,
such as spiral and radial sampling, can also accelerate
imaging. These sampling techniques are becoming popular
for real-time MRI due to their motion robustness and toler-
ance to undersampling [180]. Early fast imaging methods
for intervention also used data-sharing schemes such as
keyhole and sliding-window methods [186]. The afore-
mentioned non-Cartesian sampling scheme combined with
advanced reconstruction methods can achieve high accel-
eration rates [187, 188]. All of these sampling schemes are
suitable for both 2D and 3D imaging. For example, radial
or spiral can be easily extended to 3D stack-of-stars or 3D
stack-of-spiral by adding phase encoding steps along the
kz direction [189]. In addition, 3D kooshball patterns have
also been developed to provide isotropic FOV and spatial
resolution [190].

Parallel imaging and coil arrays

Parallel imaging with coil arrays is one of the earliest
explored methods for fast MR imaging. Multiple coils
that can simultaneously receive signals from the imaging
target reduce the burden of full k-space acquisition. By
skipping k-space lines, partially sampled k-space reduces
the image acquisition time. Coil sensitivity informa-
tion helps provide the information for image recovery
[191]. Two primary parallel imaging methods have been
developed: SENSitivity Encoding(SENSE) [192] and
GeneRalized Autocalibrating Partially Parallel Acquisi-
tions (GRAPPA) [193]. SENSE reconstructs images in
the image domain while GRAPPA does so in the Fourier
domain. Both SENSE and GRAPPA are available with
modern vendor-supplied reconstruction platforms. Many
reconstruction algorithms have been developed based on
extensions, combinations, and modifications of SENSE
and GRAPPA. For example, SPIRIiT (iTerative Self-
consistent Parallel Imaging Reconstruction) [194] and
its eigenvector-based implementation (ESPIRIT) [195]
combine key features of SENSE and GRAPPA. SPIRIT is
a coil-by-coil autocalibration method based on GRAPPA
and its reconstruction is formulated as an inverse problem
like SENSE. ESPIRIT uses an eigenvector decomposition
to compute coil sensitivity maps for a generalized SENSE
reconstruction. The implementation of parallel imaging
in non-Cartesian sampling is also explored [196]. Coil
selection [197] and array compression [198] are also used
to accelerate reconstruction.

Advanced reconstruction techniques

Parallel imaging typically provides 2—4 times the acceleration
rates [180]. By itself, it is not sufficient for interactive/real-time
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MRI-guided robotic intervention. Many fast reconstruction
techniques based on undersampled K-space data have been
developed to achieve high-fold acceleration. Early methods
include constrained reconstruction [199], Generalized Series
(GS) model [200, 201], and k-t methods such as UNFOLD
[202] and k-t BLAST/SENSE [203]. Since the introduction
of Compressed Sensing (CS) by Lustig et al. [204], CS-based
methods have become popular in the past decade [205]. Com-
bined with k-t methods, k-t FOCUSS [206], Golden-angle
Radial Sparse Parallel MRI (GRASP) [207] were proposed
for dynamic MRI. Liang et al. have proposed Partially Sepa-
rable Functions (PSF) for spatiotemporal imaging [208] and
high-dimensional imaging [209]. With joint partial separability
and sparsity constraints, k-t Sparse and Low Rank Approach
(k-t SLR) and similar works [210] have been proposed for
dynamic MRI [211]. Using a low-rank plus sparse decom-
position scheme, k-t Robust Principal Component Analysis
(k-t RPCA) [212] and L+ S methods [213] were applied to
dynamic imaging and extended to temperature imaging [214].
He et al. developed a low-rank and framelet-based sparsity
decomposition algorithm for brain interventional MRI [215].
Notably, a non-linear inverse reconstruction (NLINV) method
has been used for real-time cardiovascular MRI-guided endo-
myocardial biopsies [216].

Recently, the use of deep learning for fast MRI has
attracted extensive interest [217-221]. Deep learning-based
methods can be roughly classified into two types: data-
driven end-to-end methods (e.g., AUTOMAP [222], U-Net
[187], RNN [223], and DAGAN [224]) and physics-based
unrolling methods (e.g., DCCNN [225], ADMM-CSNet
[226], ISTA-Net [227], SLR-Net [228], and L + S-Net
[229]). Data-driven methods can reconstruct images rap-
idly and have been used for real-time MRI. For example,
Zufiria et al.proposed a feature-based convolutional neural
network for the reconstruction of interventional MRI [230].
Jaubert et al.developed a deep artifact suppression using
recurrent U-Nets for real-time cardiac MRI [187]. A similar
deep learning-based reconstruction with radial sampling has
also been proposed for real-time MRI-guided radiotherapy
[231]. Compared to data-driven methods, physics-based
unrolling methods have better generalizability and interpret-
ability. For example, an unrolled variational network with
an undersampled spiral k-space trajectory was also used for
real-time cardiac MRI reconstruction [188]. Recently, many
novel deep learning techniques, such as self-supervised
learning [232], unsupervised learning [233], transformers
[234], and diffusion models [235], have also been applied
to accelerate MR imaging.

For interactive/real-time MRI-guided robotic interven-
tion, low-latency reconstruction is of great importance. The
iterative reconstruction algorithms mentioned above, such as
CS-based methods, are usually computationally expensive.
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The deep learning-based methods, especially unrolled net-
works based on the physical model, can achieve a recon-
struction time of milliseconds. Future endeavors in this field
are expected to produce more improved deep learning-based
algorithms for on-line reconstruction. In addition, with the
development of more advanced deep learning hardware
architectures and improved Graphics Processing Units
(GPU) [236, 237], faster implementation of the algorithm
are expected to further increase the speed. Combination of
physics-driven deep-learning algorithm, combined with
large-scale parallel processing are expected for improved
MRI-guided surgery.

Intraoperative guidance and visualization

Segmentation of preoperative MR images is necessary to
localize the target tissue for treatment planning. Deep learn-
ing-based segmentation algorithms have become state-of-
the-art [238]. Several open-source 3D segmentation software
tools can be used, e.g., for pelvic surgery planning [239].
A Graphic User Interface (GUI) is usually developed for
treatment planning and visualization. For example, Tavak-
kolmoghaddam et al. developed a surgical planning toolkit
for an MR conditional stereotactic neurosurgery robot [240].
This toolkit streamlines the current surgical workflow by
rendering and overlaying the robot’s reachable workspace
on the MRI image. It also helps identify the optimal entry

point by segmenting the cranial burr hole volume and locat-
ing its center. For intraoperative guidance, dynamic shape
instantiation has been developed [241, 242]. These methods
use limited planar views of the imaging data combined with
statistical shape information to provide real-time 3D recon-
struction, thus further improving the performance of intraop-
erative guidance. In addition, automatic target segmentation
and localization during surgery could aid in the closed-loop
control of MRI-guided robots. Deep learning-based auto-
matic needle segmentation and tracking have been applied
to MRI-guided prostate biopsy [243] and percutaneous inter-
ventions [244]. A mechatronic system was also proposed to
enable real-time control of MRI-guided instruments in the
presence of respiration-induced target motion [245].

MRI-guided robot intervention systems

In this section, we provide further details on some of the
exemplar MRI-guided surgical robots being developed or
used in different clinical specialties, as shown in Fig. 7
and Table 6. From a detailed analysis of the functionality
of these systems, new insights can be derived in terms of
meeting the clinical demands for early and precision inter-
vention, as well as the emerging technological challenges to
be addressed in developing systems with higher DoFs and
operational accuracy.

Table 6 Exemplar MRI-guided robotic systems and their actuation schemes, accuracy and the development state that they are in

Surgical Scenario  Actuation Application Accuracy Mechanism  Status”  Ref
Brain SMA/Tendon  Tumor removal 1.33% 6-DoF P Wang (2018) [16]
Piezo LITT Submillimeter 2-DoF F Sloan (2013) [17, 174]
Piezo Stereotaxic and microsurgery ~ Submillimeter 8-DoF F Lang (2011) [5, 175]
Piezo DBS 1.45+0.66 mm  8-DoF P Li (2021) [18]
Prostate Piezo Biopsy 4 mm 4-DoF H Patel (2019) [12, 176]
Pneumatic Biopsy 2.55 mm 6-DoF F Stoianovici (2017) [7, 177]
Pneumatic Brachytherapy and biopsy NA 5-DoF H Bosch (2010) [13]
Pneumatic Biopsy 5.7 mm 5-DoF F Bomers (2017) [14, 178]
Piezo Biopsy 2.4 mm 4-DoF A Moreira (2021) [15]
Artery Pneumatic PCI 3.1 mm 4-DoF A Dagnino (2022) [8]
Hydraulic Electrophysiology 1.53 mm 3-DoF P Dong (2022) [22]
Pneumatic TAVR 1.14+0.33 mm  8-DoF A Chan (2016) [23]
Piezo PCI 0.1 mm 7+6° 3-DoF A Tavallaei (2016) [20]
Breast Piezo Biopsy 2.5 mm 3-DoF H Pfleiderer (2005) [6]
Piezo Biopsy 10 mm 6-DoF A Yang (2014) [19]
Spinal cord Piezo Cannula alignment 2.57+1.09 mm  4-DoF P Li (2022) [10]
Pneumatic Cellular therapeutics 0.48 mm 2-DoF P Squires (2021) [25]
Liver Pneumatic Laser ablation 2.5 mm 4-DoF H Franco (2016) [9]
Oral Hydraulic Laser ablation 0.2 mm 5-DoF P Fang (2021) [11]
MRgFUS Piezo MRgFUS NA 4-DoF P Antoniou (2022) [24]

*P Phantom study/Ex vivo/Cadaver, A Animal study, # Human study, F FDA clearance
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Fig. 7 Exemplar MRI-guided robotic systems for various clinical applications, showing example systems for: neuroArm for brain surgery devel-
oped by University of Calgary [246]; MrBot for prostate biopsy developed by Johns Hopkins University [7]; Imperial College London’s system
for artery intervention [8]; ROBITOM II for breast surgery developed by Friedrich Schiller University Jena [6]; The University of Hong Kong’s
system for transoral surgery [11]; Johns Hopkins University’s system for spinal cord treatment [10]; Imperial College London’s system for liver
ablation [9] and Cyprus University of Technology’s system for MRgFUS [24]

&

a) Brain

MRI-guided robots are used in a variety of brain surgery
procedures, including electrode implantation, laser and
radiation surgery, thermal ablation, and biopsy. MRI is
particularly suitable for neurosurgery as it provides clear
contrast for soft tissues. The neuroArm robot, one of the
most prominent MRI-guided robots, has a piezo actuated
due arm configuration for stereotaxic and microsurgery
[246]. The integrated sensing system provides effective
visual and haptic feedback, which can be adapted to dif-
ferent clinical scenarios. NeuroArm also provides motion
scaling and Z lock features to ensure straight-line motion
toward the target even if the operator motion deviates
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from the path. In the first 35 clinical studies, the system
achieved a speed of 200 mm/and 1 mm position accuracy
with a payload of 500 g.

b) Prostate

Prostate intervention is one of the focused research
areas in MRI-guided robotics. The current gold stand-
ard approach for prostate biopsy is transrectal ultrasound
(TRUS) guidance, which doesn’t always provide clear
enough tissue visualization. MRI guided robots have
the advantage of enabling automatic targeting by using
high contrast images. MrBot claims to be the first FDA-
approved MR-safe robot for prostate biopsy [7]. It has
a 6-DoF hybrid tracking system where 5-DoF is based
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on a parallel positioning structure and another 1-DoF
for needle insertion actuated by a pneumatic motor [37].
Optical fibers are used for position feedback and marker
registration. Clinical experiments on five patients show
an average of 30 min completion time and a targeting
accuracy of 2.55 mm.

c¢) Artery

For endovascular intervention, MR-conditional guide-
wires and catheters are used. The Hamlyn Centre for
Robotic Surgery at Imperial College London, UK, devel-
oped an advanced teleoperated robotic system that pro-
vides an intuitive user interface [8]. The patient-side robot
uses guide wheels capable of manipulating conventional
catheters and guidewires in standard MR environment.
Its manipulator is pneumatically actuated and manufac-
tured with polymer materials. Hence the interference for
MR imaging is negligible. A small scale surgical study
showed a 100% success rate of precisely accessing five
target arteries [8].

d) Breast

Mammography X-ray remains the de facto standard for
breast cancer detection despite its technical drawbacks.
In meeting the clinical demand of precision surgery, MRI
robots are showing promises of enabling simultaneous
imaging and intervention. Several iterations of ROBITOM
prototypes have been developed. ROBITOM Il is equipped
with a dedicated double breast coil and a high-speed trocar
setting unit [247]. Four patients with MR-detectable breast
lesions underwent biopsy procedures. Specimens were
harvested with a coaxial technique by using a 14-G core
needle biopsy gun under 1.5 T whole body scanner [6].

e) Oral

Transoral laser microsurgery is a solution for treating
early-stage glottic cancers. The utilization of highly
localized laser beams enables precise tissue incision
with minimal thermal spread to the surrounding healthy
tissues. The advantage of using MR imaging for laser
microsurgery is the thermal distribution during incision
can be monitored simultaneously. Fang et al. [11] pro-
posed an MRI-guided soft robotic manipulator for MRI-
guided transoral laser microsurgery. A small 12X 100 mm
robotic system was designed to adapt to a curved oral
cavity. The two soft segments, each composed of three
elastomer chambers, could be individually adjusted by
microvolume (<0.004 mL) valves. The hydraulic power
was transmitted by leader—follower units. A data-driven
learning method was used to implement path-following
ablation tasks. A mean error of 0.2 mm was achieved.

f) Spinal cord

Low back pain is a common problem in adults, which
can be caused by arthritis, structural problems and disk
injuries, as well as strain/injury to muscles or tendons in
the back. Pain relief can be achieved through medication,

physical therapy and rest. For interventional treatment,
image-guided therapeutic facet joint steroid injection is
a common procedure. Li et al. [10] from Johns Hopkins
University developed an MR conditional body-mounted
robot to allow interventional radiologists to position and
manipulate the spinal surgery needle. The 6-DoF robot
was composed of a 4-DoF needle alignment module and
a 2-DoF remotely actuated needle insertion module. The
system circumvented the need to move the patient in and
out of the scanner during a procedure. A dedicated clini-
cal workflow was proposed for robot-assisted lower back
pain injections under real-time MRI guidance. A phantom
study demonstrated a mean absolute tip position error of
1.50 +0.68 mm and needle angular error of 1.56 +0.93°.
g) Liver

Percutaneous laser ablation utilizes a water-cooled end
effector to deliver thermal energy generated by a high-
power laser source directly to the liver lesion, allowing
the treatment of otherwise inoperable liver tumors. Manu-
ally placing the catheter can be time consuming, requiring
comprehensive training. MRI-guided robotic procedure is
time efficient and provides in situ, in vivo thermal moni-
toring. Franco et al. proposed a 4-DoF (PPRR) robot for
liver ablation [9]. Two pneumatic actuators were arranged
in parallel, and two others were arranged in series to make
a multi-modal serial-parallel manipulator. Consecutive
actuation of actuators enabled translation, while addi-
tional actuators resulted in rotation. A novel time-delay
control scheme was also proposed without the need of
position or force feedback for pneumatic control. The tar-
geting error was less than 5 mm, and an SNR loss under
5% was reported. Human studies showed the robot could
save surgical time by up to 30 min for each lesion.

h) MRgFUS

The non-invasive nature of Focused Ultrasound (FUS)
therapy, augmented with increased accuracy robotic
guidance, presents promising clinical potential. Anto-
niou et al. [24] developed a robotic system for MRgFUS
therapy of tumors in the breast, bone, thyroid, and abdo-
men. A special C-shaped structure was designed to be
attached to the table of conventional MRI systems. Four
motion stages were fixed to the C-arm. Each stage was
dedicated to positioning a 2.75 MHz spherically focused
transducer relative to a patient in the supine position. MR
compatibility and RF heating safety were evaluated using
agar-based phantoms showing no significant SNR losses.

Discussion and future outlook
Compared to general surgical robots, the development of

MRI-guided systems is still in its infancy. Whilst the con-
cept itself has been proposed for many years, its engineering
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development and clinical adoption remain slow. With
increasing drive for early intervention and precision surgery,
underpinned by recent advances in MR hardware and fast
imaging techniques, this trend is likely to be changed. There
are already national initiatives in developing new generation,
integrated theranostic systems based on MRI guidance and
the pace of new development in this area is likely to accel-
erate in the next 5-10 years. Before we see rapid uptake of
these systems clinically, the following research and engi-
neering challenges need to be addressed.

Actuation and sensing

Physical separation between the MR scanner and control
room (>6 m) poses a challenge for remote actuation of
the MRI-guided surgical robots. The distance can lead to
low control frequency (usually < 20 Hz) for the pneumatic,
hydraulic, and cable-driven motors due to hysteresis. The
physical separation also poses challenges to minimizing the
size of the mechanical transmission. For consideration of MR
safety, components made of nonmetallic materials are used.
Although these components can be 3D printed, they suffer
from relatively weak mechanical properties. If piezoelectric
actuation is used for high-precision control, it may cause a
high SNR loss. Due to the limited size of the MR bore (usu-
ally <70 cm), the allowable size of the robot and actuators is
also limited. The size limitation could further compromise its
mechanical performance. Distance between the actuator and
the controller also poses challenges for sensing. As we further
miniaturize the size of the robot and interventional devices,
their integration with sensors can be difficult. In addition,
signal shielding is usually required, which adds additional
constraints. Future developments in MR-safe actuation and
sensing include: 1) direct actuation methods with short
transmission link and compact designs; 2) novel mechanical
designs based on new materials and fabrication schemes; 3)
self-shielding materials and embodiment schemes; 4) multi
actuation methods and hybrid actuation designs; 5) smart
materials with integrated sensing, actuation and localization.

Materials

The main challenges of material selections for MRI-
guided Robots include: 1) A lack of database and reference
designs for research and development of MR conditional
materials. Thus far, no mature material system has been
used commercially. 2) Limited knowledge of the design
processes. The dependence of microstructure on electro-
magnetic properties has not been systematically investi-
gated in the literature. It is difficult to optimize the mag-
netic susceptibility and MRI artifacts by microstructure
control through ad hoc processing and heat treatments.
3) Balance between electromagnetic and mechanical
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properties. The electromagnetic and mechanical prop-
erties are significantly dependent on the microstructure
(phase composition and distribution, texture, grain size,
etc.). The optimal microstructure for the electromagnetic
property would compromise the mechanical performance.
For instance, the increase of ® phase can minimize the
magnetic susceptibility but cause a brittle fracture in
Zr-Nb alloys. 4) Formability and machinability. Adequate
sharpening combined with sufficient elasticity is challeng-
ing. For instance, surface control and machining of shape
thin-wall needles with small diameters for interventional
devices are difficult to carry out, especially in ceramics
and plastics, due to their poor stiffness and hardness.

Future developments of materials for MRI-guided
Robots include: 1) Microstructure control—it is neces-
sary to systematically build the relationship between
microstructure and electromagnetic performance in dif-
ferent material systems and to balance the electromag-
netic and mechanical properties, as well as the biocom-
patibility. 2) Explore the composite structure containing
metals, polymer and/or ceramic. Metals, such as p Ti-
Zr-based alloys composed of biocompatible alloying
elements, have high mechanical performance and good
machinability with the main drawback of MR compat-
ibility, whereas ceramics or polymers can complete the
requirement. 3) Improvement of fabrication method—
apart from conventional fabrication methods, additive
manufacturing is a reliable alternative technique to fab-
ricate components in complex geometries and with a high
possibility of producing functionally graded or multi-
material components.

Interventional instrument

Among the many ablation procedures, RF is the most com-
monly used technique in current clinical practice. However,
RF cannot be accurately focused and it can create excessive
and irregular heating of the superficial tissues. Microwaves
provide improved performance than RF but are associated
with significant temperature gradients, which may result in
adverse consequences. It also has a significant loss of tissue
penetration at frequencies above 1000 MHz. HIFU also has
restricted thermal penetration [151]. LITT is usually used for
treating lesions with a relatively small size. Most reported
LITT studies on gliomas comprised lesions of < 10 cm® (~a
radius of 1.33 cm). Treatment of larger neoplasms using
LITT carries a high risk of brain edema [151]. iMRgFUS
can treat relatively large target volume, but existing studies
showed that the predicted lesion size for postmortem sec-
tions generally did not correlate with imaging and surgical
planning [126]. Similar problems also exist for cryoabla-
tion [125]. The precise control of the treatment volume still
needs to be tackled.
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General challenges for the intervention instruments
include: 1) Limited understanding of in vivo deflection
mechanisms. Almost all interventional devices cannot be
actively controlled for directing the tips or probes. This lim-
its the application scenarios and flexibility of the devices,
e.g., in cardiac intervention [248]. 2) MR image artifacts—
the artifacts produced by the interventional devices vary.
Although efforts have been taken to reduce device-specific
artifacts [104], this remains a challenge. 3) RF-induced
heating—during MR imaging, RF waves with a frequency
between several tens to several hundreds of MHz are sent
to the scanner. The intervention device, as well as the sur-
rounding tissue, can be heated up. Although commercial
devices were tested for the heating effect [249], RF heat-
ing still poses a great challenge to the development of new
devices and procedures. In addition, since interventional
procedures are carried out in an MR scanner, all instrumen-
tations that go with the interventional devices must be MR
conditional. This could bring additional costs to the surgical
procedure.

Future development of MR-safe or MR-conditional inter-
ventional devices include: 1) flexible and interchangeable
devices for MRI-guided robots. The devices have to be able
to fit a variety of different robot platforms for installation
and detachment. 2) Improved compatibility with the MR
imaging system. MR image guidance requires coordinate
transformation between the image and robot coordinates.
Therefore, interventional devices need to be easily fitted to
the robot operating system. 3) Improved combability with
the MR coils and operating space—this is especially impor-
tant for neurosurgery since the head coil usually has limited
space. 4) Integration of the actuator and sensors—smart
devices that are embedded with actuation and sensing func-
tions can greatly improve the consistency and accuracy of
the surgical operation. 5) Multi-functionality—so far, most
interventional devices have only one-single function. For
example, the catheter guidewire may also be used as a guide
for biopsy or LITT, thus facilitating more flexibility and
integration during MRI-guided intervention.

Interactive/real-time MRI

Many advanced MRI techniques have been developed over
the past decades. However, only limited methods have been
integrated into MRI guided robots. The challenges of MRI
for robotic surgery include: 1) Limited MRI modalities
used in interactive guidance. New MR imaging modalities
such as DTI [250], QSM [251], BOLD-fMRI [252], MRE
[253], and MRSI [254] have been used in conventional sur-
gery, but only a few MR modalities (mainly anatomical and
thermometry imaging methods) are used in MRI guided
intervention. Limited information may affect the outcome
of robotic surgery. 2) Low spatiotemporal resolution of

interactive/real-time MRI. Interactive/real-time MRI with
low spatiotemporal resolution and SNR is available in some
MRI guided robotic systems. To further improve the accu-
racy of treatment, 2D/3D intraoperative imaging with high
spatiotemporal resolution and SNR of MRI is the prereq-
uisite of future MRI-guided intervention robot systems. 3)
Motion and instrument-induced MRI artifacts. MRI artifacts
induced by the patient’s motion and metallic instruments and
implants could infer the images. Although optimized or spe-
cialized sequences could help to reduce the artifacts [255],
this problem still needs a general and efficient solution.

Future directions for MRI in robotic intervention
include: 1) Rich, multimodal preoperative information
for the surgery—more imaging pulse sequences (e.g.,
anatomical, functional, and metabolic) or multimodal
imaging techniques (e.g., MR fingerprinting (MRF))
could be added to the preoperative protocols to provide
adequate information for robotic surgery. 2) Artificial
Intelligence (Al)-assisted MRI. Machine learning and
deep learning-enabled MRI technologies have shown
promising applications to image reconstruction, segmen-
tation, and categorization. Steady progress is expected
in improving the spatiotemporal resolution and SNR of
interactive/real-time MRI. In addition to image recon-
struction, Al-based methods can facilitate real-time inter-
ventional imaging and processing including feature rec-
ognition and tracking, on-line quantitative evaluation and
treatment response assessment, as well as autonomous
interventional navigation. These could help improve the
overall autonomous level of the MRI-guided robots [256].
3) Application of low-field (< 0.5 T) and ultra-low-field
(<0.1 T) MRI [257-259]. The low-field MRI systems
have natural advantages for MRI-guided intervention due
to their more relaxed requirement and tolerance for MR
compatibility of surgical tools in terms of image distor-
tion and artifacts. In addition, the low cost and high port-
ability of the low-field MRI could enable a wider appli-
cation of MRI-guided surgical robots in wider clinical
scenarios, even for out-patient screening and minimally
invasive intervention.

MRI-guided surgical robots

Most of the MRI-guided robotic systems thus far are for
surgical procedures of prostate, brain, breast, and artery.
Based on the 95 independent systems, 24% of them were
for prostate surgery, 14% for brain surgery, 14% for breast
surgery, 9% for artery, 7% for liver surgery, 5% for MRg-
FUS, 4% for spinal cord surgery and 23% for others.
Recently, robot for oral intervention was also proposed.
Although MRI-guided robotic systems are hot topics for
research, only a handful of robots were in the process of
clinical translation.
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The main challenges in translation to clinical surgery
include: 1) Gap between interventional needs and system
development—there is a mismatch between the develop-
ment of fully MR-safe mechatronics and clinical considera-
tion of viable surgical workflows. These features could be
missing teleoperated control, poor user interface design,
lack of perceptual (e.g., haptic or tactile feedback) and MR
conditional, high-performance actuators. 2) Efficiency of
operation—since MRI can be more expensive as compared
to other imaging modalities, minimizing the time of the pro-
cedure in the MRI room is critical for the realization of this
technology. 3) Interactive feedback—most of the aforemen-
tioned robotic surgeries are based on 2D imaging. A major
challenge remains for 3D real-time imaging, which is cru-
cial for visual feedback. The image-guided haptic guidance
is limited to 2D imaging, whereas the use of 3D real-time
guidance is promising for the effectiveness, precision, and
safety of surgery. 4) System miniaturization and cost reduc-
tion—while some hospitals have specialized interventional
MRI suites, there is a major benefit to developing robots that
are capable of operating in existing MRI scanners. Thus,
there is a commercial benefit in building compact, appli-
cation specific, MRI scanner fitted robotic systems. There
could be great benefits to having robots that can be readily
and quickly deployed to standard diagnostic MRI scanners
without compromising hospital workflows. Future directions
of developing robotic systems include: 1) Ease of integration
with the clinical scanner for imaging and guidance. 2) Safe
and effective actuation and sensing approach incorporated
into the system design. 3) Application of high-quality real-
time imaging for precision, safe, effective surgeries. 4) Full
integration of robot design with MR scanners with more
open access, and ideally mobile system without the need
of specialized shielding and can be deployed to standard
operating theatres.

Operating room for robot-assisted surgeries

Clinically, an ideal, futuristic operating room needs to inte-
grate advanced imaging technologies, robotic systems, and
supporting equipment all in one. This can provide a platform
to support both research and development of new minimal
intervention procedures aimed at precision intervention and
personalized treatments. An exemplar integrated operating
suite is the Advanced Multimodality Image Guided Oper-
ating Suite (AMIGO), which includes three rooms with a
3 Tesla MRI room, an operating room (OR), and a PET/
CT room. It provides different imaging modalities before,
during, and after surgery and has successfully promoted a
variety of new surgeries. To integrate a robotic system with
a future operating room, it is necessary to consider not only
multimodal imaging technologies like the AMIGO system
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but also robot specific operating constraints, as well as the
mobility, portability, and ergonomics considerations.

Mobile or portable, OR-compatible robotic systems

An operating room should be capable of accommodating the
robotic system and its affiliated units, ensuring easy mobility
and portable operation. For instance, a pneumatic or hydrau-
lic actuation unit is used for MR-safe operation, but they
carry long and tortuous transmission tubes connected to the
robotic system. It can interfere with robotic movement or
increases the payload of the robotic system. An integrated
and embodied design of pneumatic or hydraulic transmis-
sion lines fully integrated with the operating room. Hence,
a fundamental re-consideration of function integration is
necessary at the beginning of infrastructure construction.

Multimodal imaging systems

Multimodal imaging is essential for precision intervention.
They have already been integrated with platforms such as
AMIGO. Future multimodal imaging systems need to provide
cross-scale imaging information from macro to micro-levels
(e.g. microcells and cellular information). They are particularly
useful for assessing both system level and local level impact
of the applied therapeutic procedures. Information concerning
microcirculation, compound composition, energy metabolism,
and oxygen content are all relevant. There is a real-opportunity
in integrating MR-safe continuum robot integrated with bipho-
tonic probes and focused energy delivery methods.

Integrated OR-compatible life-supporting equipment

For effective MRI-guided intraoperative robotic surgery,
MR-safe/conditional life-supporting equipment is essential
to guarantee life maintenance during the surgery. It includes
MR-safe/conditional vital sign monitoring devices, anesthe-
sia respirator, syringe pump and power injectors. All equip-
ment needs to work intraoperatively to continuously provide
life support without interfering with the imaging and robot
operation processes. In this regard, effective shielding and
stringent EMC constraints are essential.

Test and regulations

Functional tests and performance tests are essential for MRI-
guided robotic system development, including compatibility,
distortion, safety, SNR, DoF, payload capability, absolute
positioning accuracy, and repeated positioning accuracy.
Table 7 outlines the key consideration of different standards
that need to be followed in developing MRI-guided surgical
robot systems.
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Table 7 Test requirement and regulation standards to be followed for developing MRI-guided robotic systems

Items Index Standard No Standard Name
Functional test ~ Safety ASTM F2503 Standard Practice for Marking Medical Devices and Other Items
for Safety in the Magnetic Resonance Environment
ASTM F2213 Standard Test Method for Measurement of Magnetically Induced
Torque on Medical Devices in the Magnetic Resonance Envi-
ronment
ASTM F2182 Standard Test Method for Measurement of Radio Frequency

ISO/TS 10,974

Performance test SNR NEMA Standards Pub-
lication MS 1-2008
(R2014)

Absolute positioning accuracy ASTM F2052
Repeated positioning accuracy ASTM F2052

Induced Heating On or Near Passive Implants During Magnetic
Resonance Imaging

Assessment of the Safety of Magnetic Resonance Imaging for
Patients with an Active Implantable Medical Device

Determination of Signal-to-Noise Ratio in Diagnostic Magnetic
Resonance Imaging

Standard Test Method for Measurement
Standard Test Method for Measurement

Human study Clinical diagnostic F2978-20 Standards Guide to Optimize Scan Sequences for Clinical Diag-
nostic Evaluation of Metal-on-Metal Hip Arthroplasty Devices
using Magnetic Resonance Imaging

Conclusions Technology Commission of Shanghai Municipality (21DZ1100300)

MRI-guided robot intervention is a promising technique that
has broad application values because of its safety, versatil-
ity, and true theranostic potential. Technically, significant
achievements have been made in areas such as actuation,
sensing, new materials, interventional instruments, and
interactive/real-time MRI. By combining novel sensor and
actuator designs with advanced MRI sequences, new clinical
breakthroughs are expected. New developments in MR-safe
or conditional materials would encompass microstructure
control, exploring the composite structure containing metals,
polymer, and ceramic, and improving fabrication methods.
Future development of MR conditional interventional instru-
ments includes flexible and interchangeable instruments,
improved compatibility with the MRI system itself and the
robot, and multi-functional operation. For interactive/real-
time MRI, leveraging rich preoperative information with
Al-assisted reconstruction, image processing, and artifact
suppression represents exciting future research directions.
These technologies will require close collaboration among
different disciplines. All these would contribute to our future
pursuit of accurate, safe, multifunctional, and patient-spe-
cific therapies for the general population.
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