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SUMMARY

Magnetic Resonance Imaging (MRI) is a powerful diagnostic tool that offers advanced
visualization of human tissue, increasingly used to guide medical procedures such as biop-
sies and interventions. Nevertheless, navigation in the MRI environment remains challeng-
ing due to material, actuator, and sensor restrictions as well as scan time and cost of use.
This work presents methods for ensuring high precision robotic positioning in MRI for use
in emerging applications through three distinct aims. In the rst aim, an MRI-analogous
test bench implementing Position Sensitive Devices (PSDs) is established to measure the
positioning performance of a previously developed MRI compatible robot, circumventing
limitations of MRI resolution and scan time, validating the capability of MRI guided robot
navigation methods. In the second aim, the validated high-precision navigation method is
leveraged to enable the application of multi-image Super Resolution (SR) algorithms to
construct enhanced resolution in-plane MRI slices, leading to improved positioning preci-
sion exceeding the limits of the native MRI resolution. In the third aim, a data-driven gain
estimation control method is established to compensate for resistive forces and improve
open-loop positioning accuracy when the robot end-effector navigates through a complex
uid medium. A novel acousto-optic sensor is integrated into the system to measure im-
pacts of radio-frequency waves on temperature and e- eld distribution around medical im-
plants in MRI. Improved open-loop control reduces the number of MRI scans needed for
high accuracy positioning, reducing experiment and procedure time, allowing for naviga-
tion to larger number of points and expanded data collection within a set time frame.These
developments enable the assessment of medical implant safety in MRI through high ac-
curacy positioning needed to properly understand dissipation of temperature and e- eld

around conductive structures.
» Chapter 1 will describe the motivations and background for this work.

» Chapter 2 will detail the evaluation of an MRI guided 4 DOF needle guide positioning

XV



robot for medical applications

» Chapter 3 will discuss the application of super resolution image algorithms for high

precision MRI guided positioning.

» Chapter 4 will discuss the establishment of a data-based control method for robotic

navigation through a gel phantom for safety assessment of medical implants

» Chapter 5 will conclude the document and propose future work to enhance and extend

the reported results.
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CHAPTER 1
INTRODUCTION

1.1 Aims

The goal of the research presented in this thesis is to develop methods to ensure high pre-
cision robotic navigation in the Magnetic Resonance Imaging (MRI) setting. MRI is a
powerful diagnostic tool that offers advanced visualization of human tissue without use of
ionizing radiation. These advantages have directed the increasing use of MRI to guide med-
ical procedures such as biopsies and interventions. Interest in improving the safety, speed,
and ef cacy of MRI guided procedures has motivated the development of robotic systems
capable of assisting with procedures in the MRI environment. Nevertheless, robotic naviga-
tion in the MRI environment remains challenging due to material, size, actuator, and sensor
restrictions as well as scan time and cost of use. Strong electromagnetic elds around the
MRI scanner restrict selection of actuators and sensors, limiting the positioning capabilities
and accuracy of robotic systems relative to traditional solutions. High positioning accuracy
is required to ensure ef cacy and safety of certain procedures. This work advances the ca-

pabilities of robotic positioning inside of MRI through three distinct aims delineated below.

1.1.1 Aim 1 - Evaluationof RoboticPositioningAccuracyfor MRI applications

The rstaim of this work is the establishment of a benchtop experimental setup to overcome
the limitations of MRI resolution and scan time to measure the positioning capability of

visual navigation methods speci cally designed for the MRI environment. The test-bench
integrates two cameras emulating the collection of coronal view MRI slices enabling 4
Degree of Freedom (4DOF) positioning of a previously developed robotic system. Position

Sensitive Devices (PSD)s are employed to evaluate that the robotic visual navigation is



capable of precision higher than the MRI resolution. Contribution of this aim is evaluation
of 4 DOF positioning accuracy of a speci ¢ MRI compatible robot applicable to multiple

MRI applications. Technical developments of this aim have been published in [1][2][3][4].

1.1.2 Aim 2 - High PrecisionMRI GuidedPositioningin MRI environment

The second aim of this work is to enable a visual navigation system that exceeds the resolu-
tion of the MRI scanner. High open-loop positioning precision of a parallel-plane needle-
orientation mechanism is leveraged to enable generation of enhanced resolution images
through use of multi-image Super Resolution (SR) algorithms. Computational Analysis is
carried out to validate stationary object tracking through improved robot location knowl-
edge. Demonstration of improved accuracy positioning was validated through experimental
methods developed in aim 1. Primary contribution of this work is a method for closed-loop
positioning inside of the MRI scanner with greater accuracy than the MRI resolution. Tech-

nical developments of this aim have been published in [1][3].

1.1.3 Aim 3 - Data-basedControl for Robotic Navigationin Gel Phantomfor safety

assessmerf medicalimplants

The nal aim of this work is to develop a data-based control methodology in MRI where
the robot is interacting with a non-Newtonian gel phantom. Data-based characterization of
actuator behavior when the robot end-effector navigates through the complex medium will
be conducted to compensate for resistive forces. Improving open-loop positioning accuracy
in the gel phantom reduces the number of scans needed for high accuracy positioning,
enabling repeated positioning of an acousto-optic sensor inside the phantom to evaluate the
Radiofrequency (RF) induced heating of electrically conducting structures such as medical
implants. Primary contribution of this aim is a high accuracy data-based control method
that compensates for uid resistive forces and enabling improved understanding of RF

induced heating. Technical developments of this aim have been published in [5].



CHAPTER 2
AIM 1: EVALUATION OF ROBOTIC POSITIONING ACCURACY FOR MRI
APPLICATIONS

2.1 Introduction

Recent research developments have indicated the potential use of injected stem cells for
treatment or mitigation of amyotrophic lateral sclerosis (ALS) and other diseases that affect
the spinal cord [6, 7, 8]. It is critical that the cellular material is delivered directly to the
site, with minimal targeting error, as cells injected into white matter are likely ineffective
[9]. Two options to achieve this accuracy have been used, 1) open surgery, in which the
spinal cord and injection site are visually located by the surgeon, and 2) manual Magnetic
Resonance Imaging (MRI) based needle positioning [7, 6]. The manual needle positioning
method involves an iterative procedure in which the subject is imaged in the MRI scanner
along with an adjustable frame. Correct targeting of the injection site requires multiple
images, with the subject removed from the scanner each time so that the needle guide can
be re-positioned, increasing procedure time to around 6 hours [8].

MRI based injection is preferable to open surgery, because of the ability to locate injec-
tion sites accurately and in a minimally invasive manner [8]. However, MRI compatibility
places additional constraints on the design of needle positioning robots, particularly in
the choice of actuators. Piezoelectric and pneumatic actuators are the two most common
choices.

Pneumatic actuators have the signi cant advantage of large ranges of motion and sim-
ple MRI compatibility, however relatively long transmission lines are necessary and this
produces complications with remote sensing and control [10]. Piezoelectric motors are ca-

pable of providing high accuracy, but often must be used with a cable drive system because



of reported concerns with image artefacts[11][12]. Remote placement of actuators, even if
cable lengths are relatively short, produces additional accuracy and rigidity concerns.Many
MRI based needle positioning systems exist, with applications to biopsy as well as injec-
tion of therapeutics. Broadly speaking, previously developed systems can be grouped into
passive manual frames and active automated positioning systems. Manually adjustable
frames have been used with a degree of success to perform intraspinal injections [8]. The
system reportedly was fabricated by modifying an existing frame for neurosurgery (Clear-
Point SmartFrame, MRI Interventions). While the protocol used to perform intraspinal
injections in a porcine model animal was effective, it was extremely time intensive, with
pre-operative planning and injection taking 2.5 hours of the total 6 hour procedure [8].

The authors are aware of only a single automated needle positioning system targeting
the spinal cord as the injection site [13] although a wide range of needle positioning MR
robots have been developed [11, 14, 15, 16, 17, 18, 19]. Monfaredi discussed a large
number of MR compatible robots, primarily for prostate, brain, and breast interventions
[18]. The best accuracy of the reviewed robots was 23 um, however, this system has only
3 degrees of freedom(DOF), insuf cient for spinal cord applications [20]. In addition,
concerns have been raised about the Signal-to-Noise Ratio (SNR) reduction caused by the
actuators when they are located close to the region of interest[12]. A reported parallel plane
positioning mechanism utilizing piezoelectric ultrasonic motors demonstrated promising
results, but was limited by the necessity of a cable driven actuation system, resulting in
hysteresis [11].

One important bene t of a robotic needle guide in comparison with manual systems
is the potential for signi cant reductions in injection procedure times. For example, in a
previous study utilizing manual needle positioning total procedure times were around 4
hours, with trajectory planning and needle insertion taking 2.5 hours [8]. A similar study in
humans where surgery to expose the spinal cord was used required a minimum of 3 hours

per procedure [6]. In contrast, the prior robotic positioning study required only 10 minutes



for each positioning update with a total procedure time of about 70 minutes [13].

To achieve MRI guided intraspinal injection, the previous research of the authors has
developed a direct drive parallel plane piezoelectric needle positioning robot named the
Automated Spinal Precision Injection Needle positioning robot (AutoSPINe) [21][3]. The
proposed MRI visual feedback schematic is shown in Figure 3.1. The ability to accurately
position and orient the needle by using an automated device within the MRI scanner would
have clear clinical bene ts. The MRI modality enables simultaneous visualization of both
internal anatomical structures as well as contrasting landmarks ( ducials) placed on a robot.
Robotic needle positioning in an MRI setting, when compared to manual methods, can

potentially lead to signi cant reductions in the total injection procedure time.

2.2 Robot Design

To achieve both a large range of motion and high degree-of-freedom (DOF) positioning,
serial-link mechanisms with a rotary actuator placed at each of the revolute joints are widely
used. However, this type of serial chain structure in general tends to lose rigidity and accu-
mulate joint-level positioning errors towards the end-point, resulting in large mechanisms.
Backlash and play in gears to drive revolute joints are common issues [22]. Cable-driven
mechanisms [23] can place actuators on a base structure and make the link mechanism
lighter and more compact, but exibility of cables limits end-point positioning precision.

In this work, a direct-drive parallel plane mechanisntRf) was adopted as shown
in RobotLabelleda [24]. Each plane is a planar x-y positioning mechanism, positioning
a ball joint at the center of the stage, driven by orthogonally located linear piezoelectric
actuators (PIEZO LEGS, Micromo, Clearwater FL, USA) as shown in RobotLabelledb.
The upper and lower ball joints can move independently, controlling 4 DOF of the needle
guide. The fth DOF, i.e., needle depth, is controlled by the surgeon inserting the needle
into the cannula. The sixth DOF, i.e., needle rotation, is controlled by the surgeon as well,

but the needle angle is irrelevant for this procedure. Because the actual distance between



Figure 2.1: The AutoSPINe Robot. a) CAD drawing of the direct-drive parallel plane
mechanism, b) X-Y linear stage driven by linear piezoelectric actuators. The bottom x-y
stage is functionally identical to the upper stage.

the ball joints is dependent on the orientation, the cannula is xed in the lower joint, while
the upper joint allows the cannula to slide through the center of the ball joint. MRI viability
of this robot was veri ed and reported in [24].

Forward kinematics is presented to represent the needle guide position in the absolute

coordinate frame using bal jointgositions in the planar coordinate frames xed to individ-

X
ual x-y stages. Letpst = ﬁ t E be the ball position of the top x-y stage with respect
Yt
2 3

. : . . . Xp
to the coordinate frame xed to it as shown in kinematics. Similarity°pat = 2 %

5 3 Yb

t
be the ball position of the bottom x-y stage. De nifiggr = 2 et % and®Pgg =

1
2 3

b
9 Pes % , homogeneous transformatidiPgr = °T;'Pgr and®Pgg = °T,'Pgg pro-
1

P
vides the ball positions with respect to the base coordinate frapevhere®T, and®T,
are homogeneous transformation matrices. Note that without the loss of generality, the

P P L . :
x-y planes of , and | can be assumed parallel to each other to simplify the kinematic



Figure 2.2: AutoSPINe kinematics.

representation.

2.2.1 Measurementf ducial markersandneedlepositioning

Imaging of two ducial markers attached to the needle guide enables detection of the 4-
DOF position and orientation. The spherical exterior of the ducial markers makes their
outer diameter appear as circles in the MRI regardless of their orientation image slice.
Running a circle detection algorithm on an image slice with the ducial marker visible
returns the location of the ducial marker in the image. The 4-DOF position and orientation
can then be calculated from the location of the two markers. Measurem@R¢ @fand

°P:,. determines the line along with the needle guide. The intersection between this line
and each of the x-y planes Igft andP , determines the ball joint position. In Figure 2.1a,

ducials are placed next to the ball joint, which requires the transformation from the guide



Figure 2.3: a) Robotic guide positioning device and b) positioning mechanism

rod to the ducial to be known. Note that for the benchtop experiments, the ball joints
themselves are used as the ducial markers, which are concentric with the center of the
needle trajectory.

The image Jacobian is a critical component for effective control of the parallel plane
robot, as visual servoing provides the important advantage of not being beholden to mod-
eling error, as kinematics based control methods are. The image Jacobian relates small

displacements of the actuators to motion of the ducials

@C

J:@M

(2.1)

where C is the 4 DOF con guration of the robot ducal markers in the image (cam-
era) space, an¥l represents the 4 actuator (motor) positions in the robot sgace,

[Cxt Cyt Cxb Cyb]™, M =[My Myt My, Myp]™. Because the ducials are rigidly mounted

to the needle guide, this Jacobian matrix also relates the actuator positions to the needle

orientation. From planeDia and (Equation 2.1), the mapping between the robot space and



Figure 2.4: Top plane positioning variables, a) shows the robot positioning parameters, b)
shows the image plane in red and positioning variables measured via image

image space is contained within the image Jacobian, so the relative orientation of the two
planes is immaterial to the positioning protocol.

Use of image Jacobians allow for the control and kinematics to solely be done in the
global frame de ned by the imaging modality. In general, image-guided needle positioning

is performed in an iterative fashion as illustrated in Figure 2.5.



Figure 2.5: MRI guided needle positioning system diagram, linear motor operation diagram
adapted from the manufacturer(Micromo, Clearwater FL, USA).

Figure 2.6: Surgical freedom simulation results with robot and vertebrae model, an example
needle path is shown in green
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2.3 Virtual Reality for Target Trajectory Selection

Selection of target trajectories is a challenging part of the injection procedure. In particular
the small size of the target and complex occlusion by the vertebrae makes the selection of
target orientation a challenging task. This task is normally performed via a combination of
2 dimensional views and 3 dimensional projections, as shown in Figure 2.7. A picture of the
imaging interface is shown in Figure 2.8. Although it is possible for experienced clinicians
to select suitable trajectories in this manner, it is dif cult, and must take place while the
subject and robot are in the scanner, taking up a signi cant amount of the overall procedure
time. For this reason, a virtual reality interface was developed to aid in visualization of
the scan data, robot con guration identi cation and target trajectory selection. The system
developed is shown in Figure 2.9.

The VR system developed as part of this work is integrated into the existing MRI guided
robotic device work ow. After an initial image is taken in the scanner, the image (in DI-
COM format) is then loaded into the VR interface (Unity 3D, Oculus Quest device). Im-
mediately after loading, the image is rendered and the user can begin to interact with the
image. For this project, each material type is given an adjustable minimum and maxi-
mum intensity, roughly mirroring the Houns eld units (HU) of a CT scan. The render then
uses these thresholds and the materials selected by the user to determine which sections
of the volume are rendered. Secondly, a linear coloration transfer function is used to ap-
proximately color code each material type based on the aforementioned threshold values.
Additionally, to aid in the viewing process, the user is able to “crop' the volume via a set
of sliders which controls the minimum and maximum viewable ranges of the x, y, and z
coordinate axis. This can be used to easily view into the inside of a solid volume or a noisy
scan where the thresholds are insuf cient.

Finally, a 'DICOM mode' can be enabled which removes any material segmentation

and coloration displaying the DICOM model in the typical greyscale of MRI scans. This
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Figure 2.7: 2D planned needle trajectory with target, and current and target needle trajec-
tories shown

Figure 2.8: Control room showing scanner, animal model and 2D image views

12



Figure 2.9: The VR guided system reported in this work, A) The image guidance system
and B), the robot actuation scheme

mode used in tandem with the coordinate axis clipping can allow one to easily grasp the
model and provide a 1:1 mapping with the traditional images the user may be more attuned
to.

The VR image work ow is shown in Figure 2.10. In the VR environment, the virtual
vectors can be manipulated to reach a viable direction of the needle using the hand con-
trollers' grasping functionality. Two movable spheres are used to control the target needle
direction as shown in Figure 2.10D. The red sphere represents the origin of the vector that
should be placed to coincide with the target in the DICOM images. The green sphere will
then be adjusted to decide the direction of the vector. A blue line will move along with the
two spheres representing the desired needle direction. In addition, there will be two trans-
parent spheres in the VR environment representing two ducial spheres, and a greyscale

plane is attached to each of the ducials as shown inf Figure 2.10E.
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Figure 2.10: VR Image processing and procedural steps, A) DICOM data sampled for bone
material, B) Material choice and reference frame selection interface, C) Full DICOM image
of a gelatin phantom, D) Selected trajectory to the target, E) Detected robot con guration,
plane heights and target con guration, F) Program output to controller, current and targeted
robot ducial locations each in Cartesian form

These spheres are automatically placed at the detected ducial locations. Sphere detec-
tion uses a Hough transform to detect circles in three orthogonal planes. Since the ducial's
radius is known, the program will only detect a speci c radius of a speci c range (5-8 cm)
to increase ef ciency. Once circles are detected in all 3 planes at the same location in a 3D
model, the program will recognize this point as the ducial center point. From the height
of these centers, the robot planes are found. The positions of these spheres can also be ad-
justed freely by using the controllers' grabbing functionality. The blue cubes represent the
target ducial locations, which are the intersection points of the needle vector and the two
planes. This representation also gives a clear view of the differences between the desired
needle direction and the robot's ducial spheres. Once the model has been manipulated
to the desire of the user, the intersection points from Figure 2.10E are output as a set of
vectors, shown in Figure 2.10F.

A phantom was developed consisting of 10% gelatin and an ABS plastic vertebrae. The
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Figure 2.11: MRI phantom and contrasting ducials mounted to the needle guide below
each joint

phantom is shown in Figure 2.11 and Figure 2.7. The vertebrae model was 3D printed from
a modi ed version of the third and fourth lumbar vertebrae [25]. A spherical cavity lled
with vitamin E was placed in the location of the ventral horn of the spinal cord, creating a
MR contrasting target. The phantom was developed only for evaluation of the VR system,
its mechanical and MR properties don't correspond to actual human tissue properties.

To demonstrate the functionality of the developed system, an imaging experiment was
carried out with the spine phantom and robot in a 3T MRI scanner (Siemens Prisma). The
robot was rigidly mounted above the gelatin phantom as shown in Figure 2.11. A series
of images was taken with the eld of view set such that both the ducial markers and
phantom target were visible in the image eld. The goal of the experiments was to follow
the work ow in Figure 2.9A, with the captured images, needle path trajectories were to be
selected using both the new VR system and a standard planar interface.

A planned trajectory from the VR environment is shown in Figure 2.12. The target in

the phantom and blue line de ning the desired trajectory were planned by a user. The gray
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planes and spheres represent the current robot con guration, with the blue squares show-
ing the calculated target ducial locations. This trajectory was found by exploring the VR
environment and manipulating the target markers until the trajectory is not occluded by the
vertebral bones. The user is able to interact directly with the images in an immersive envi-
ronment, visualizing prospective trajectories as they are manually selected. The automated
detection of robot con guration provides an immediate and intuitive visual cue for the user

to mark the current robot trajectory, helping to increase spatial awareness.

Figure 2.12: VR planned needle trajectory with target, and current and target needle trajec-
tories shown

2.4 Benchtop experiments

2.4.1 Initial 2DOFevaluation

To conrm the ndings of our numerical analysis applied to robot control, a set of ex-
periments were designed to measure and compare the precision of needle positioning and
injection guided by regular images against guidance by SR reconstructed images. To mea-

sure the positioning precision with more delity than the images, a sharpened rod was
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pushed through the cannula to puncture a target mounted below the robot. A at sheet of
paper clamped between an acetal resin plate and an ABS plate was used as the target so the
punctures would be visible and the distance between punctures could be measured. The
AutoSPINe was attached rigidly on top of the target, as seen in Figure Figure 2.14c.

The bottom plane was kept stationary for the experiments to simplify the kinematics of
the robot to single plane motion in two axes. This adjustment allows for the replacement of
the two ducials with a red circle printed on a small piece of paper (HP Laserjet 4700dn,
600 dpi) mounted on the top plane. The printed ducial ensures that there is a clear, at
circle to be found in the images, shown in Figure Figure 2.14b. The benchtop (BT) ex-
periments were designed to be repeated in MRI with minimal adjustments, so an RGB
Camera (Intel Realsense) was mounted onto a tripod and placed over the robot, mimicking
the coronal view in MRI, as seen in Figure Figure 2.14a.

The camera used for the benchtop experiment has a native resolution oA8a@ix-
els. Spatial resolution was set at 1.5 pixels per mm by placing the camera at a height of 33
cm . The images were downscaled using interpolation to match the spatial resolution of the
MRI images which is 1 pixel per mm. The images were also cropped to match the FOV
of the MRI, 128 128 pixels. An image acquired from this procedure is shown in Figure
Figure 2.14b.

The target position is considered to be the position of the ducial markers when the rst
puncture in the trial is made. For the bicubic interpolation trial, each image was interpolated
to double the resolution and used for targeting and updates. The SR trial also follows the
same procedure but for each image taken, the SR image construction procedure described
in Section subsection 3.3.2 was followed to construct the SR image. An example of an
SR image acquired from the benchtop experiments is shown in Figure Figure 2.14d. 14
punctures were made in each trial to compare the positioning repeatability with the RGB
camera base resolution, SR method, and Bicubic Interpolation. Each puncture point from

the experiments is shown in Figure 2.16a. The distance of each point to the group means
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Figure 2.13: Snapshot from video demonstrating 4DOF robot motion
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were calculated using a stereo microscope (Model S6D, Leica, Wetzlar, Germany)

A two tailed F-test validates that the variances of the standard and SR groups are sta-
tistically different p < :05). The standard deviations were 0.33 mm and 0.18 mm for the
standard and SR targeting groups respectively, with the interpolation-based targeting group
producing a 0.23 mm standard deviation. The number of iterations and time needed for

each puncture, as well as the puncture precision are summarized in Table Table 2.2.

2.4.2 Dual CameraCalibration

For the benchtop evaluation system developed to measure 4DOF positioning accuracy, a
global coordinate frame was de ned by the use of a clear checkerboard which allows for
calibration of both cameras to the same coordinate frame despite facing opposite directions.
The lower camera images were ipped/mirrored along the z axis to ensure the coordinate

frame directions were aligned when performing the calibration.

2.4.3 4 DOF BenchtopExperiments

To measure the accuracy of robot positioning, the target position must be known and mea-
surable. The lack of high-resolution sensors compatible with MRI make it dif cult to
measure robot position on the micron scale in the MRI setting. However, improvements in
positioning accuracy due to the use of enhanced resolution images outside of MRI should
apply regardless of the image capturing method.

A benchtop experimental set-up as shown in FramePicture was developed to measure
the robot's full 4 DOF positioning capabilities by the use of two PSDs (Position Sensitive
Detectors, Model S2044, Hamamatsu Corp) positioned above and below the robot facing
each other. Fiducial markers were placed directly behind the center of each sensor to mark
the line formed between the two sensors as the target position. The robot was mounted
on an elevated platform with an RGB camera (Intel Realsense) mounted both above and

below the robot to grant visibility of both ball joints and both PSDs. The addition of a
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Figure 2.14: Benchtop experimental set up, b) shows base resolution image acquired from
experiment, while c) shows target mounted below AutoSPINe, and d) shows a Super Res-
olution image reconstructed from benchtop experiments.
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