SCIENCE ROBOTICS | FOCUS
MEDICAL ROBOTS

Beyond imaging: Macro- and microscale medical robots
actuated by clinical MRI scanners
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Magnetic resonance actuation has potential for use in medical therapies.

Fig. 1. Combining the imaging capability of MRI with magnetic resonance actuation offers great potential for medical robotics ranging from the micro- to the macroscale. [Credit: Dumitru Loghin, NanoRobotics
Laboratory, Polytechique Montréal]

increases of the level of volume magnetization of the object itself and the magnitude of
the applied magnetic gradient field. Any ferromagnetic body will reach saturation magnetization when exposed to the strong uniform
magnetic field (known as the B0 field) inside
a conventional clinical MRI bore. As such, unlike the use of external magnets or an assembly of electromagnetic coils alone that only
provide gradient fields resulting in fast decay
of the field strength over distance, the gradients generated by a scanner’s orthogonally
configured imaging coils when superimposed
on the B0 field result in maximum directional
displacement force anywhere within the bore
and, therefore, at any depth within the body
of a patient in a clinical MRI scanner.
The use of MR actuation to bring agents
typically labeled with superparamagnetic iron-
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oxide nanoparticles to a specific physiological target location is also generally referred
to as magnetic resonance targeting (MRT).
MRT can be done by applying pulsed magnetic gradients in the direction of the target
physiological site to direct systematically circulating agents (5) or by navigating such agents
along the shortest physiological routes; the
latter known initially as MRN typically describes non-systemic MRT where pulsed magnetic gradients are applied to steer MR-navigable
agents. Non-systemic MRN-based delivery
has several advantages, one being a reduction
of systemic exposure to potential toxic agents
and a higher therapeutic index. These advantages come with additional technical challenges.
One example is the optimal synchronization
of gradient reorientation after the transition of
each vessel bifurcation by the MR-navigable
agents. Gathering real-time positional MRI
information for closed-loop navigation control is feasible for millimeter-scale objects but
generally too slow for sub-millimeter agents
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Macro- and microrobots that can be actuated
by magnetic resonance imaging (MRI) have
been pursued over the past 10 years. MRI scan
ners have been used to provide tetherless
actuation for applications ranging from micro
scale therapeutic agents along predefined
trajectories in the vasculature and macroscale
magnetic components to implement systems
such as MRI-actuated motors and needle inserters. MR actuation also inspired the use of a
relatively new imaging modality known as
magnetic particle imaging (MPI) to actuate
magnetic devices (1) by exploiting the gradient between a region known as the field free
point (FFP) and the surrounding magnetic
sources. Because MPI exploits the nonlinear
magnetization response below the saturation
magnetization of tracers that occurs in the
FFP, the spatially selective MPI-based actuation of helical objects, as described by Rahmer
et al. (2) in this issue of Science Robotics, is
achieved by repositioning the FFP to create a
lower magnetization region where magnetic
torque actuation can occur.
The first in vivo proof of concept of MRIbased actuation was a miniature magnetic
bead that was successfully navigated along a
preprogrammed trajectory in the carotid artery of a living swine (3). This approach, dubbed
magnetic resonance navigation (MRN), was
used initially for validating the delivery of therapeutics at target locations in the liver of
animal models following navigation in the
hepatic artery (4). MRN is presently at the trans
lational phase, where medical protocols are
being developed using large animals before
potential use in humans. Combining MR actuation with MRI may allow real-time closedloop navigation with targeting assessment
as MRN-compatible agents appear hypo-
intense or dark on high-contrast soft-tissue
MR images (Fig. 1).
For MR actuation, the magnitude of the
induced force on an object increases with
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at detecting and targeting active cancer cells
(9), well beyond the capability of artificial
helical microstructures propelled by a lower
strength rotating magnetic field or chemically propelled agents.
The much higher induced force from a
clinical MRI scanner on larger ferromagnetic
objects can also be exploited. MRI-powered
and -controlled actuation have shown potential
for the development of a multitude of larger
robotic systems dedicated to various medical
interventions (10) and supported by multiple degrees of freedom made possible by the
three–independent coordinate–direction gradient inputs.
MR actuation is a powerful concept that
ranges from micro- to macroscale, yet it has
been used so far by only a few research groups.
Restricted access to clinical MRI scanners,
general lack of expertise in the robotic community to develop and implement MRI and
MR actuation sequences, and limited accessibility to protected source codes from the
MRI manufacturers are some of the obstacles that contribute to its relatively slow adoption in robotics. However, the results obtained
so far suggest that there are potential opportunities for researchers to develop novel MR
actuation systems and methods that will lead
to important advances in medical robotics.
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transiting at relatively high velocity in narrower vascular networks. Different solutions
have been investigated, including predictive
control and planning strategies (6) to compensate for the lack of real-time MR tracking
information, new and faster MRI sequences,
compressed sensing to reconstruct MR tracking information with fewer MRI samples, and
a new sequence allowing simultaneous MR
imaging and actuation during MRN (7).
A more recent approach, dipole field nav
igation (DFN) (8), eliminates the need for
switching gradients through successive static directional gradients along the navigational
path. For DFN, these gradients are generated by the dipole fields produced by large ferromagnetic cores adequately positioned in
the bore of the clinical MRI scanner. Although
DFN increased the magnitude of the directional gradients 10-fold compared with those
generated by clinical MRI coils during MRN,
real-time MRI is presently limited by the distorted B0 field created by the ferromagnetic
cores. Moving such cores farther away from
the region of interest using the MRI gradient
coils allows for MRI-based targeting assessment with the option to dynamically change
the positions of the gradients generated by
the ferromagnetic cores during DFN.
Limited MRI spatial resolution and gradients prevent MR-navigable agents from transit
ing through the microvascular networks and
physiological microenvironments required
to reach active cancer cells located deep in
tissues. Therefore, MR actuation is being investigated to transport computer-controlled
magneto-aerotactic bacteria, acting as self-
propelled natural nanorobots, closer to tumors. Such bacteria have been very effective
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Editor's Summary
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