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ABSTRACT

Purpose: Image guidance is crucial for percutaneous tumor ablations, enabling accurate
needle-like applicator placement into target tumors while avoiding tissues that are sensitive
to injury and/or correcting needle deflection. Although ultrasound (US) is widely used for
image guidance, magnetic resonance (MR) is preferable due to its superior soft tissue
contrast. The objective of this study was to develop and evaluate an MR and US multi-modal
image-guided navigation system with a needle manipulator to enable US-guided applicator

placement during MRI-guided percutaneous tumor ablation.

Methods: The MRI-compatible needle manipulator with US probe was installed adjacent to
a 3 Tesla MRI scanner patient table. Coordinate systems for the MR image, patient table,
manipulator, and US probe were all registered using an optical tracking sensor. The patient
was initially scanned in the MRI scanner bore for planning and then moved outside the bore
for treatment. Needle insertion was guided by real-time US imaging fused with the
reformatted static MR image to enhance soft tissue contrast. Feasibility, targeting accuracy,

and MR compatibility of the system were evaluated using a bovine liver and agar phantoms.

Results: Targeting error for 50 needle insertions was 1.6 + 0.6 mm (mean % standard
deviation). The experiment confirmed that fused MR and US images provided real-time

needle localization against static MR images with soft tissue contrast.

Conclusions: The proposed MR and US multi-modal image-guided navigation system using a
needle manipulator enabled accurate needle insertion by taking advantage of static MR and

real-time US images simultaneously. Real-time visualization helped determine needle depth,
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tissue monitoring surrounding the needle path, target organ shifts, and needle deviation

from the path.

Key words: medical robot, magnetic resonance imaging, image-guided therapy, liver

ablation
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1. INTRODUCTION

Percutaneous tumor ablations, such as ethanol injection, cryotherapy, laser interstitial
thermal therapy, radiofrequency ablation, and microwave coagulation therapy are widely
performed for patients who are not candidates for surgical resection'™3. Those procedures
are often performed under image guidance to place needle-like applicators into target
tumors accurately while avoiding tissues that may be sensitive to injury and/or correcting
needle deflections. Image guidance is particularly important when a target organ is moving
due to respiration. Although ultrasonography and computed tomography (CT) are
commonly employed, intra-procedural magnetic resonance imaging (MRI) has also been
investigated*® due to its superior soft tissue contrast. One technical challenge for intra-
procedural MRl is to allow the physician to interactively maneuver the needle under real-
time image guidance because conventional closed-bore MRI inhibits the physician from

accessing the treated area.

We previously developed a real-time MRI-guided navigation system®? dedicated for a
0.5 Tesla (T) vertical open-configuration MRI scanner (Signa SP/2, GE Healthcare,
Milwaukee, WI) °. This navigation system leveraged the unique scanner configuration,
allowing physicians to access the patient in the bore during scanning, and hence enabling
interactive planning and targeting using a handheld needle guide'®!!, This system was
subsequently successfully employed for microwave ablations of liver tumors in more than
300 clinical cases from 2000 to 20165812714, We recently developed an MRI-compatible
cooperative needle manipulator!® to replace the handheld needle guide, providing more
interactive and accurate targeting, and successfully clinically tested this system for 23

ablation cases®®. The study demonstrated that the physical assistance provided by the
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cooperative needle manipulator improved targeting interactivity under MRI guidance and
helped reduce trial-and-error attempts before reaching the target. However, the
manipulator is incompatible with conventional closed-bore MRI scanners because its
mechanical configuration and clinical workflow are highly dependent on the specific open-

configuration MRI scanner.

The goal of this study was to enable the physician to interactively maneuver a needle
under MRI guidance for percutaneous tumor ablation using a widely available closed-bore
MRI scanner. To achieve this, we developed a multi-modal image-guided navigation system
where needle placement occurs outside the MRI scanner under MRI-ultrasound (US) fusion
guidance combined with physical assistance provided by the needle manipulator. The
system adapted an “in/scan-out/adjust technique”!” where the patient was scanned in the
bore for planning and then moved out for needle placement and adjustment. The
manipulator was equipped with a US probe to provide real-time image feedback during
needle insertion. The navigation system could also visualize multiplanar reconstructed
(MPR) MR images with sections synchronized with the US image plane in real-time to help
localize the target lesion and surrounding anatomical structures. We evaluated MRI-
compatibility, targeting accuracy, and device setup duration for realistic clinical workflows,

and system and workflow feasibility were demonstrated for a bovine liver phantom.
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95  FIG. 1. Proposed navigation system based on simultaneous robotic and image guidance for

96 interactive needle path planning and accurate needle placement: (1) needle manipulator;

97  (2) ultrasound (US) probe; (3) US imaging scanner; (4) in-room monitors to display image

98 guidance; (5) closed-bore MRI scanner; markers #1, #2, and #3 were used for the optical

99 tracking sensor. A physician facing the needle manipulator across the patient table of the
100 MRl scanner can interactively select an optimal needle path with the manipulator while
101  observing the selected needle path candidate and surrounding structures (in this case for a
102  phantom). Then, the physician can insert the needle along the needle guide while observing
103  theinsertion in US images with synchronized MR image plane on the monitors in real time.
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FIG. 2. The proposed simultaneous robotic and image guidance system: Components (1)—(5)
are explained in Fig. 1. The system provides physician guidance in the scanner room with an
operator in the console room next to the scanner room. The phantom in this diagram
represents a patient’s abdomen.

2. MATERIALS AND METHODS

2.A. System overview

The developed navigation system comprised a needle manipulator with US probe, in-room
monitors, optical tracking sensor, and wide-bore 3 T MRI scanner (Magnetom Verio 3T,
Siemens Healthcare, Erlangen, Germany) (Figs. 1 and 2). The hardware components were all
placed in the scanner room and connected to robot and navigation consoles in the console
room through a radio frequency filtered penetration panel (Riken Electromagnetic
Compatibility Inc., Fukuoka, Japan) with waveguides. Customized image guidance software

was installed on the navigation console.

Ultrasound imaging scanner. A portable diagnostic US imaging scanner (Venue 40, GE
Healthcare) was integrated into the system to provide real-time image feedback during
needle insertion. Sector (3S-SC, GE Healthcare) or convex (4C-SC) probe can be selected
depending on the subject, and attached to the needle manipulator with 1.9 m cable. The US
imaging scanner frame was replaced with a non-ferromagnetic frame (aluminum) to

improve MRI safety.
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FIG. 3. Needle manipulator passive end effector: (a) overview, and (b)—(f) top views. The
installed ultrasound (US) probe could be rotated 180° around the needle guide positioned at
the intersection of the two passive gimbal rotational axes. The passive gimbal provided
sufficient space for the US probe to be rotated. White solid arrows represent needle guide
locations and dotted lines represent the US imaging plane.

Needle manipulator. The manipulator was a portable robotic arm comprising an end
effector with passive gimbal and three-axis active linear base stage mounted on a four-
wheel cart, where the linear base stage and cart were adapted from our previous works*>16,
The range of motion for the linear base stage driven by non-magnetic ultrasonic motors was
230, 185, and 150 mm (width, depth, and height, respectively). The end effector was fixed
to an L-shaped rigid arm mounted on the vertical axis of the linear base stage such that it
was positioned above the patient table. The end effector comprised a needle guide and
handgrip mounted on a two degrees of freedom (DOF) passive gimbal (Fig. 3). Each passive

joint on the gimbal had a nonmagnetic optical rotary encoder (Prototype, Oshima Prototype
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Engineering, Tokyo, Japan) to detect rotational angle. The needle path intersected the
crossing point of the two rotational axes. The needle guide included an unlock mechanism
with rotational collet to detach the inserted needle from the end effector. The US probe was
attached to the needle guide via a concentric cogwheel to facilitate adjusting the US scan
plane angle with respect to the needle path (Fig. 3). The US scan plane always coincided
with the needle insertion plane and the cogwheel could be rotated at 22.5° intervals. The US

probe could be detached from the needle guide.

The manipulator allowed a physician to tilt the needle guide freely via the handgrip*®
while the base stage automatically adjusted the needle guide position using virtual remote
center of motion (Virtual RCM) control® to maintain the preset distance between the
needle guide and target, and keep the needle directed at the target, as shown elsewhere®®.
The ultrasonic motors and encoders can be turned on or off at the robot console

workstation, which also sends device status to the navigation console.

Tracking sensor. An optical tracking sensor (a Polaris Spectra position sensor with Extended
Pyramid Volume (EPV) 2%, Northern Digital Inc., Ontario, Canada) was used to register the
MRI scanner, scanner patient table, and needle guide coordinate systems. Coordinate
registration was crucial, since the table and needle manipulator were not permanently fixed
to the MRI scanner. The tracking sensor was mounted on a 130 cm high four-wheeled cart.
Passive marker units for the sensor were attached to the MRI scanner housing (marker #1),
patient table (marker #2), and needle guide (marker #3) (Figs. 1 and 2) to provide locations
in the sensor coordinate system. The frame for marker #3 was the handgrip of the passive

end effector. The tracking sensor sends continuous data to the navigation console.
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In-room monitors. MRI-compatible in-room monitors (Prototype, Takashima Seisakusho,
Tokyo, Japan) displayed the image guidance graphical user interface (Fig. 4). The in-room
monitors were flat-panel displays arranged vertically. The upper monitor displayed planning
information, including three orthogonal MPR images perpendicular (transverse) and parallel
(in-plane-0 and in-plane-90) to the needle path and a virtual bird’s eye view of the three
MPR image planes with a model of the target in the patient. The lower monitor displayed
guidance information, including real-time US image, corresponding MPR image, and their
fusion. The planned needle path was superimposed on the US image so the physician could
monitor needle deviations from the planned path in real-time. Device status, including
Virtual RCM mode status (on or off) and motion limit alerts for the three axis active linear

base stage were also displayed.
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FIG. 4. Typical guiding images displayed on the (a)—(d) upper and (e)—(h) lower in-room
monitors: (a) in-plane-0 multiplanar reconstruction (MPR) parallel to the needle path),
where the vertical line represents the planned needle path, and its intersection with the
solid horizontal line represents the target location; (b) in-plane-90 MPR; (c) MPR
perpendicular to the needle path; (d) virtual bird's eye view; (e) corresponding MPR (in-
plane-90 image in this figure; (f) ultrasound (US) image plane fused with the in-plane-90
image; (g) US image plane, where the long solid line represents the planned needle path,
and the intersection with the short solid line represents the target location; (h) device
status, i.e., (left to right) virtual remote center of motion mode status and motion limit
alerts for the three axis active linear base stage.

Image guidance software. The image guidance software worked as an information hub for
the entire system and provided following features: importing images from the MRl and US
scanners, position and orientation of markers from the tracking sensor, and device status
from the robot console, and visualizing them effectively with the procedure plan on the in-
room monitors to navigate the procedure. Once the coordinate systems described above
(Tracking sensor) were registered, the software could generate MPR images from MR
images that were parallel and perpendicular to the US imaging plane. The software was
developed in-house in C++ (Visual Studio 2008, Microsoft Corp., Redmond, WA) and
installed on a navigation console workstation (Z800, 2.26 GHz dual quad-core Intel Xeon
E5520 Processors, 24 GB 1,333 MHz DDR3 ECC RAM, NVIDIA Quadro FX 3800, HP Inc., Palo
Alto, CA) with the Windows operating system (Windows 7 Professional 64-bit Service Pack 1,
Microsoft Corp.). Ultrasound images were captured continuously by an image signal
converter (DVI2USB 3.0, Epiphan Systems, Ottawa, Canada) and imported into the software
using a free open-source computer vision library (OpenCV 2.4.10, Intel Corporation, Santa

Clara, CA).
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Setup process Treatment process
Manipulator & i Phantom (patient)
Tracking sensor <10 min
setup scan

* + US scanner setup
Coordinate . - Activation of Virtual RCM control
system registration 6 min
7 : Needle path planning
- Preparation of image guidance
Phantom (patient) software
check-in + Needle guide motion along_the needle path

to contact US probe
+ Deactivation of Virtual RCM Control

Needle targeting

FIG. 5. Needle placement workflow using the proposed multi-modal image-guided
navigation system with needle manipulator. The setup process includes duration for each
phase, and tasks for the system operator in the console room are underlined.

2.B. Workflow

The workflow was designed based on our previous work® and included three phases in both
the setup and treatment processes, as shown in Fig. 5, including indicative setup component
durations. In the manipulator and tracking sensor setup phase, the manipulator was placed
next to the patient table without attaching the US probe. The actuator power supply cables
and the optical fiber cables of the encoders were connected to the robot console through
the waveguide on the penetration panel. A tracking sensor was located in the scanner room
such that all three markers were in the measurement volume. Registration with manipulator

calibration was performed by the operator, the registration transformation matrix was
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loaded into the image guidance software, and then a phantom (patient) was placed on the
table. The manipulator motor and encoder power supplies were turned off after setup

completed.

The planning image was acquired in the scan phase. The US probe was not present in
the MRI room during scanning to avoid electromagnetic (EM) interference with MRI. The
patient table was then moved to the manipulator workspace. Targets were identified
visually in the MR images on the scanner console, their coordinates were recorded, and the
planning image was loaded into the image guidance software. One of the target coordinates
was manually entered into the robot console, the motors and encoders were turned on, and

the US probe was attached to the end effector, requiring less than one minute.

The manipulator was used for both path planning and needle targeting phases (Fig. 6).
In the planning phase, the operator first set the preset distance on the image guidance
software and then Virtual RCM control was activated. The physician stood on the lateral side
of the patient table facing the manipulator and selected the optimal needle path by tilting
the passive gimbal while observing guidance images on the upper monitor (Fig. 4). The
needle guide was then moved along the selected needle path with the US probe making

contact with the phantom (patient) surface through a water-filled rubber bag.

Virtual RCM control was turned off during the targeting phase to avoid unexpected
actuation if the gimbal was accidentally rotated by contact with the phantom surface
(patient’s body). The physician then inserted the needle manually along the needle guide
while observing the guidance images on the lower monitor (Fig. 4). The operator managed

manipulator phase transitions on the robot console workstation, as shown in Fig. 5.
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FIG. 6. Needle manipulator end effector in the interactive needle path planning and
targeting phases: (a) end effector manipulation in the planning phase, solid arrows
represent rotational motions by the physician facing the manipulator and dotted arrows
represent translational directions of the needle manipulator three axis active linear base
stage; (b) needle guide motion along the needle path to place the ultrasound probe in
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contact with the water-filled rubber bag on the phantom; and (c) end effector in the
targeting phase, the physician inserts the needle along the needle guide.

2.C. Feasibility using a phantom

A mock procedure was performed with a phantom to qualitatively evaluate the proposed
navigation system and its workflow. The phantom was a 2.5 kg bovine liver submerged in
2% agar (010-15815 agar powder, Wako Pure Chemical Industries, Ltd., Osaka, Japan) mixed
with 0.25 mM Gd-DTPA in a plastic container, with small pieces of acrylic rods and tubes
distributed randomly as targets. A convex probe was used for US imaging. The scan phase
acquired a T1 weighted 3D image in the coronal plane with a Spine Matrix Coil using a 3D
fast acquisition low flip angle spoiled gradient echo sequence (TR/TE = 8.6/3.86 ms; flip
angle = 25°; acquisition matrix = 256x256; field of view (FOV) = 240x240 mm?; slice
thickness = 2.5 mm). The preset distance was set to 150 mm to avoid contact between the
needle guide and phantom surface during path planning. After path planning, the water-
filled rubber bag was placed on the phantom surface with the appropriate amount of gel
(Agquasonic 100 Ultrasound Transmission Gel, 250 ml, Parker Laboratories, Inc., Fairfield, NJ)
(Fig. 6). The needle guide was moved along the needle path until the US probe had sufficient
contact with the rubber bag, and then a 20 cm 14 gauge MRI-compatible needle (Invivo,
Gainesville, FL) with a beveled tip was used. We performed the feasibility study five times

and recorded the time required for each setup (Fig. 5).



268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

17

2.D. Assessment of needle placement accuracy

The targeting accuracy was assessed using an agar phantom made of 2% agar mixed with
0.25 mM Gd-DTPA in a plastic container. After scanning using the same imaging protocol
described above, we set the centroids of ten targets in the depth range 30-80 mm. We
designed five needle paths including a vertical path and four oblique paths for each target
by tilting the needle guide in a range of about + 25°. The preset distance was set to 150 mm.
The needle was inserted using the needle guide while rotating the needle about its axis to
avoid needle deviation from the planned path. After insertion, the needle was retracted
while suctioning the agar on the needle path with a syringe attached to the needle top to
ensure the needle path was visible on the confirmation MR image. We performed 50 needle
targeting exercises for all ten targets. After targeting was completed, a confirmation image

was acquired using the same protocol as the planning image.

The confirmation image was assessed using 3D Slicer software?! to measure the
distance between the needle path location and the target centroid orthogonal to the needle
path. In-plane distances for all paths were recorded as targeting errors and their average

and standard deviations were calculated.

2.E. Impact on MR images

We measured the signal to noise ratio (SNR) and distortion on MR images to assess the

proposed system impact. Six incremental system configurations were considered:

(1) Baseline: only the phantom and monitors were placed in the scanner room;
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(2) Manipulator in Place: the manipulator and tracking sensor were placed in the
scanner room but not connected to the robot console;

(3) Cable in Place: the cables were placed through the waveguide but not connected to
the console;

(4) Cable Connected: the manipulator and tracking sensor were connected to the robot
console;

(5) Manipulator Ready: the manipulator and tracking sensor were switched on; and

(6) System Ready: the US scanner was installed into the manipulator and connected to

the navigation console.

We scanned an agar phantom for these assessments using two MRI pulse sequences:
two-dimensional turbo spin echo (2D TSE) (TR/TE = 4,060/13 ms, acquisition matrix =
256x256; FOV = 150x150 mm?; slice thickness = 5 mm; number of slices = 16), and three-
dimensional gradient echo (3D GRE) (TR/TE = 60/8 ms; flip angle = 45°; acquisition matrix =
256%256; FOV = 150150 mm?, slice thickness = 5 mm; number of slices = 24). We used the
difference image method for SNR measurement?>23 and evaluated distortion by measuring

phantom diameter on the image for each configuration.

3. RESULTS

3.A. Feasibility

The mock procedure was completed successfully. Figure 7 shows highlighted screenshots
from the image guidance software displaying the needle. We visually confirmed that real-
time US images visualized the needle path plane including the target, needle on the planned

path, and surrounding soft tissue structures of the bovine liver. Alignment between the
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planning MR and US images was visually assessed by observing the superimposed target and
adjacent object outlines. Needle tip placement at the target was also confirmed on both
images. Average times for manipulator and tracking sensor setup, coordinate system

registration, and US scanner setup were 9.4 min, 5.7 min, and 51.4 s, respectively.

FIG. 7. Typical guiding image screenshots: (a) in-plane-90 planning MRI image, where the
solid vertical line represents the planned needle path, and its intersection with the solid
horizontal line represents the target location; (b) ultrasound (US) image plane fused with in-
plane-90 image; (c) US image plane with inserted needle, where the long solid line
represents the planned needle path, the intersection with the short solid line represents the
target location, and solid arrows indicate the inserted needle.

3.B. Needle placement accuracy

Targeting error over fifty trials was 1.6 £ 0.6 mm (mean # standard deviation), with
maximum and minimum errors of 3.1 and 0.6 mm, respectively. Maximum and minimum

needle path angles from the vertical line were 27.2° and -26.1°, respectively.
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3.C. Impact on MR images

Figure 8 shows SNR for each configuration. SNR for 3D GRE was 46.9 for configuration 6 (see
Section 2.E), which was the lowest SNR among all conditions; whereas SNR for 3D GRE was
82.5 for configuration 4, which was used for the planning image scan (Fig. 5). Distortion

changes could not be confirmed in either sequence.

120 -

—e— 3D Gradient Echo
----- o 2D Turbo Spin Echo

70

Signal to Noise Ratio
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50

40 1 | | 1 1 1
M @ @) @) () 6)
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FIG. 8. Signal to noise ratio (SNR) for the system configurations detailed in Section 2.E.
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4. DISCUSSION

We developed a multi-modal image-guided navigation system using a robotic needle
manipulator. Cooperative physician—device interaction with MRI guidance helped the
physician to follow the optimal needle path by fine tuning needle guide angles intuitively on
the MRI scanner patient table. The proposed system also provided real-time fusion images
on in-room displays after starting the needle targeting phase to help the physician confirm
safe and accurate needle insertion, enabling needle placement with sufficient accuracy for
liver tumor ablations®!. Coordinate registration was completed before the phantom

(patient) was placed on the table and hence did not disrupt treatment.

Several robotic assistance devices have been recently proposed for MRI-guided needle
insertion applications?#2°, including patient?®=28 and scanner table?%3° mounted robotic
devices. Although patient mounted devices can be easily set up due to their small
footprints, they must be placed at the correct incision site on the patient prior to the
procedure, which may require repeated scanning and adjustments, prolonging procedure
time since the patient must be moved in and out of the MRI scanner bore for each
adjustment. However, the proposed method does not require this repeated process
because the manipulator can adjust the entry point with translational DOFs in contrast with
patient mounted devices. One limitation for the current proposed system is that the US
probe was not specifically designed for use in MRI scanner rooms, and must be removed
from the scanner room while the patient is being MRI scanned to ensure optimal MRI SNR
(Fig. 8). However, clinical workflow disruption to attach or detach the US scanner was

minimal, requiring approximately one minute.
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Most MRI-guided needle insertion systems require confirmation MRI scan(s)3! to
determine insertion depth as the systems rely on low-resolution depth gauge?® or scale on
the inserted needle. However, the proposed system monitors needle insertion with real-
time US imaging, synchronized MPR images, and the fused image helps determine needle
depth, monitor tissues surrounding the needle path, and identify target organ shifts and

needle deviations in real time.

Fusion image guidance combining MRI or CT with US imaging has been used clinically®?,
including EM needle tracking for liver lesions33-3>. Conventional US and contrast enhanced
MRI image fusion improves liver lesion visibility, which would otherwise be invisible on
conventional US images3®. Image fusion using EM tracking requires plane and point
registration to align MR and US images based on either external fiducial markers or internal
anatomical landmarks. However, achieving acceptable accuracy matching these points or
planes requires considerable training and experience®’. Previous studies showed average
registration error3® of approximately 8 mm with best accuracy®® of 1.9 + 1.4 mm when US
images were obtained immediately after CT acquisition under anesthesia3?. The proposed
navigation system and workflow eliminated training and experience requirements to
achieve acceptable accuracy because MRI and US imaging coordinate systems are managed
throughout the procedure by a single tracking sensor and markers attached to imaging

scanners.

The proposed system leverages cooperative physician—device interaction to enable the
physician to adjust needle guide angles directly in the scanner room. This physical input is
more intuitive than control through a graphical user interface because the physician can

maneuver the needle guide directly, without being distracted by needing to keep the needle
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aligned with the target®°. Adjusting the needle guide contact surface to obtain better US

imaging is also very simple using the cogwheel.

Targeting error was equivalent to the authors’ previous study using an open-
configuration MRI scanner® even though the present system requires patient table motion
in the workflow. Thus, the proposed system would provide sufficient needle placement
accuracy for liver tumor ablation!!. Real-time needle location feedback through US and
fused images also allows the physician to immediately compensate for needle deviations,

which are more likely when operating in vivo.

The water-filled rubber bag between the US probe and phantom (patient) surface
ensures adequate contact between the probe and phantom surfaces, while allowing the
physician to freely access the entry point on the patient table outside the MRI scanner bore.
However, the rubber bag weight could risk potential surface (i.e., patient skin) deformation
in clinical environments. One potential solution to minimize surface deformation would be
to use commercially available sterile cover kits for the probe (CIV-Flex Covers, CIVCO
Medical Solutions, Coralville, IA), which covers the US probe with a soft and durable flexible
sheet for distortion-free imaging where the bottom part is filled with US transmission gel.
The sheet could be fixed in the proper position with a band. A US probe covered with such a
kit would enable adaptive contact between the probe and patient skin by deforming the

filled gel, while avoiding deformation due to gel weight.

This study was limited to phantoms, which, although useful to evaluate clinical
workflow feasibility, cannot incorporate several potentially confounding factors, such as

target organ shifts and physical interactions between the needle and actual tissue. Future
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animal studies will help assess system accuracy in the presence of those factors and

potentially highlight the proposed system’s advantages.

5. CONCLUSIONS

We developed an MRI and US multi-modal image-guided navigation system using a robotic
needle manipulator, and demonstrated accurate needle insertion and seamless phase

transitions were achievable with the proposed system.
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