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Abstract— The excellent imaging capabilities of MRI tech-
nology are standardizing this modality for a variety of inter-
ventional procedures. To assist radiologists, MRI compatible
robots relying on traditional actuation technologies are being
developed. Recently, a robot that is not only MRI compatible
but also MRI powered was introduced. This surgical robot is
imaged and actuated through interleaved MRI pulses, and can
be controlled to perform automated needle insertion. Using
the electromagnetic field generated by the MRI scanner, the
robot can exercise adequate forces to puncture tissue. Towards
the goal of automation, this paper reports results on tracking
and control of an MRI-powered robot tagged with a fiducial
marker. Tracking is achieved using non-selective RF pulses and
balanced gradient readouts. To suppress the signal received
from the tissue, spoiler gradients and background suppression
are introduced. Their effects on tracking are quantified and are
used to optimize the algorithm. Subsequently, a Kalman filter
is employed for robustness. The developed algorithm is used to
demonstrate position controlled needle insertion ex vivo.

I. INTRODUCTION

Computed tomography (CT), X-ray fluoroscopy and ultra-
sound are the most commonly used intraoperative imaging
modalities. CT and X-ray fluoroscopy offer high quality
images, but their ionizing radiation can be harmful to the
patient. On the other hand, ultrasound is safe but cannot
provide high resolution images. None of these issues are
present in MR imaging, which provides high-quality images
using non-ionizing radiation. The use of a surgical robot
inside an MRI scanner poses unique challenges, however,
because standard robot components can produce dangerous
forces and torques and degrade image quality.

A variety of promising surgical robots incorporating these
constraints have been developed [1]. Robots for assistance
in prostate brachytherapy were reported in [2], [3], while [4]
presented a meso-scale robot for neurosurgical interventions.
These robots rely on MRI-compatible components and com-
mon actuation techniques [5]. Alternatively, a recent trend
is the exploration of wirelessly generated forces to either
augment or replace mechanically transmitted forces. For ex-
ample, electromagnetic systems have been used to wirelessly
power intraocular microrobots [6], and MRI systems have
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Fig. 1. Illustration of the MRI-actuated robot. The image indicates the gear
system, the rack and the needle. The fiducial marker that is used for tracking
is attached on the rack. Through the rotation of the magnetic field gradients
of the MRI, motion is induced to the chrome-steel bead, and this motion
is transferred through a series of gears to the needle. The robot is MRI-
compatible, and thus invisible in the image. The illustration is composed of
a schematic of the device overlaid on its MRI scan.

been used for the propulsion of flagellated endoscopes [7]
and endovascular drug-carriers [8].

By combining wireless force generation and MRI compat-
ibility, we introduced the concept of MRI-powered robotic
actuators and reported our first results on an MRI-powered
robot in [9]. The current paper reports progress on device
tracking and control, together with an automated needle
insertion experiment in ex vivo tissue. Section II provides
brief details on the actuation methodology, and Sec. III intro-
duces the tracking algorithm and the effects of using spoiler
gradients and background suppression. Section IV discusses
the implementation of a Kalman filter and showcases its
benefits, and Sec. V demonstrates a needle-driving procedure
with MRI-tracking and powering. The paper concludes with
a discussion in Sec. VI

II. MRI-ACTUATED NEEDLE-INSERTION ROBOT

The actuator is comparable to an electric motor. It consists
of the stator, which comprises the MRI scanner and the
stationary components of the actuator, and a rotor, which
is the rotating portion of the actuator (see Fig. 1). The
rotor contains a ferrous sphere enclosed in a cavity which
is located at the maximum possible moment arm to pro-
vide maximum torque. Rotation of the rotor is generated
by applying magnetic gradients to generate a force F on
the ferromagnetic sphere. The actuator is placed near the
isocenter of the scanner so that the rotor’s plane of rotation
coincides with the X-Z plane of the scanner reference frame.
The maximum gradient of a clinical MRI is 40 mT/m, which
leads to small actuation forces (on the order of 10 mN for
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magnetic volumes of few mm?). This limitation is addressed
using a gear-train (125 : 1), together with a rack and pinion,
to provide linear motion and interventional-level forces [9].
An MRI-compatible biopsy needle is attached on the rack.

The actuator prototype has been constructed using LEGO
components [see Fig. 1(inlet)] because they offer a fast, easy,
and reliable way to build MRI-compatible mechanisms. All
components are plastic except for the biopsy needle, which is
made of (non-ferromagnetic) titanium (Chiba MReye, Cook
Medical), and the (ferromagnetic) chrome steel sphere. The
dimensions of this prototype are 10 x 6 x 6 cm. The force
capabilities of the prototypical device have been tested in
a clinical 1.5T GE scanner, where it was shown that the
rack can apply forces up to 1N, which allowed open-loop
puncture of a porcine heart [9].

III. FIDUCIAL MARKER TRACKING

For decreased complexity and to allow for a wireless and
untethered robotic mechanism, passive marker tracking is
considered. Typically, in passive tracking, paramagnetic par-
ticles used as fiducial markers are detected in reconstructed
MRI images [10], [11]. Tracking using the reconstructed
images does not allow a high throughput. For example,
as reported in [12], one of the fastest imaging sequences,
TrueFISP, can create an image not faster than every 0.4s.

High throughput is crucial when the generation of quick
actuation pulses is required. In research that utilizes the
MRI scanner for wireless actuation, tracking using single-
dimensional projections is considered and particles are lo-
calized using projections acquired in 3 axes. For example,
[8] uses magnetic-signature-selective RF pulses and gradient-
echo pulses to localize an untethered ferromagnetic particle.

When magnetic particles are involved, either as the robots
themselves or as part of a mechanism, gradient-echo pulses
are preferable since they do not contribute net motion. In our
tracking algorithm, the localization pulse sequence consists
of a non-selective radio-frequency (RF) pulse followed by
a balanced gradient-echo along each axis. The localization
sequence is interleaved with the sinusoidal-gradient pulse
sequence that powers the robot (see Fig. 2). The localization
pulse may follow one or more actuation pulses. The tracked
fiducial is an 8 mm-wide MR-SPOTS marker (Beekley Med-
ical, CT) that is attached to the rack of the robot.

In the absence of tissue, the marker creates a strong signal
in the single-dimensional spatially encoded projection, and
the peak of the signal is selected as its location [see Fig.
3(a)]. The peak can be detected using peak-finding, preferred
here, or correlation methods [8], [13]. The estimated position
may be affected by spatial quantization and noise.

In the presence of tissue, the marker’s relative signal
intensity is considerably less [see Fig. 3(b)]. It can only be
detected along the axis of motion of the needle, which is the
direction of interest. In the remaining directions, the tissue
and marker cannot be differentiated using single-dimensional
spatial encoding. In order to suppress the intensity of the
signal emanating from the tissue, we introduce spoiler and
rewinder gradients in the imaging pulse sequence (see Fig.
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Fig. 2. The tracking pulse sequence: the dashed-line indicates the spoiler
gradient that is used for suppressing the signal emitted from the tissue. The
localization gradient is repeated on each axis. Parameters: TE = 3 ms, TR
=7.5ms, o = 5°, field-of-view = 300 mm, bandwidth = 64 KHz, matrix
= 512 voxels, amplitude = 40 mT/m.
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Fig. 3. Different cases of signal detection: (a) In the absence of tissue, the
MR-SPOTS marker gives a high signal whose peak indicates its location. (b)
In the presence of tissue, the signal of the marker is shadowed by the signal
of the tissue. (c) Spoiler gradients suppress the tissue signal, but induce
noise in the overall signal as well. (d) Background suppression leads to
excellent marker signal intensity with a gaussian profile.

2). Spoilers dephase the magnetization, and the tissue, being
larger than the marker, gets its signal suppressed. Rewinders
act after the signal readout to rephase the spins that are
dephased by the spoiler. To estimate their effect of spoilers
on localization, a series experiments were performed.

In a 1.5T GE scanner, spoiler gradient amplitudes ranging
from 0% to 100% of the maximum gradient amplitude
(40 mT/m) were examined. A marker was placed in 5 known
positions separated by 20 mm, and its location was estimated
10 times. The emitted signal was transferred in real-time to
our image-processing and control workstation using RTHawk
[14]. The spatial signal resolution was calculated at 585 pm.

As Fig. 3(c) shows, the spoiler gradients indeed suppress
the tissue’s signal, but noisy peaks are introduced. Thus, it
is not possible to robustly localize the marker solely through
the use of spoilers.
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To tackle this problem, we introduce background sup-
pression. The single-dimensional tissue signal response can
be captured in the absence of the marker, in a procedure
preceding the introduction of the MRI-powered robot in the
scanner bore. Then, during the intervention, the tissue profile
is used in a background suppression algorithm to amplify the
signal received from the marker:

S
r_
S " B+e

(D

where S’ is the amplified signal, B is the calculated back-
ground, and € = 0.1 is a constant to avoid division by zero.
Figure 3(d) shows that this background suppression method
can result in low-noise gaussian looking profiles for the
marker. Standard background subtraction (i.e., S’ = |S— B|)
is inapplicable because the background varies during the
tracking cycle and S’ demonstrates false peaks.

The localization experiment reported previously was re-
peated to quantify the effect of background suppression
and spoilers in localization. A series of 10 tissue profiles
were used to extract a mean background signal at each
spoiler amplitude, and, in the tracking phase, the amplified
signal was used. Motivated by the gaussian profile of the
new marker signal, three peak detection algorithms were
examined: (a) simple peak detection using the maximum
signal value, (b) peak detection using the average value in a
window covering the 45% highest marker signal, and (c) the
mean value of a gaussian function fitted to the 45% highest
signal values. Methods (a), (b) showed very similar results,
and, so, only method (a) is reported (see Table I).

The experiments show that spoiler gradients are beneficial
for localization only at low amplitudes. For high amplitudes
(e.g., 20% in our experiments), they introduce noise to the
signal, and lead to the suppression of the marker signature
until it is no longer visible. Additionally, Table I shows
that even though simple peak detection using the maximal
signal values has high precision, its accuracy is limited and
leads to high mean localization errors. On the other hand,
gaussian fitting leads to accurate and precise estimates when
no spoilers are used, but should be avoided in the presence
of spoiler gradients. This surprising result can be explained
by considering that the noise introduced by spoiler gradients
makes the gaussian-fitting process numerically unstable.

Based on Table I, we decided to incorporate gaussian
fits in the tracking framework in order to achieve higher
accuracy without the need of calibration. Thus, we opted
for localization with background suppression, no spoiler
gradients, and gaussian fitting on the signal profile.

IV. KALMAN FILTERING

A Kalman filter is introduced to overcome the limitations
introduced by spatial signal resolution and tracking impreci-
sion and to create a more robust localization algorithm that
can be used for control. According to Sec. II, the velocity of
the rack is linearly dependent on the rotational frequency of
the gradient magnetic fields. This leads to a simple equation
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Fig. 4. Localization of the marker using Kalman filtering. The blue crossed
represent the outputs of the kalman filter, the red circles the marker positions
as estimated by the tracker, and the error bars the resolution of the system.

for the Kalman filter:

2k + (ux 0t) x f (2)

LTh41 3

Tr4+1
Ye+1 =

where k is the sample index, = [m] is the state variable
corresponding to the position, u = 250 um/(sHz) is the
velocity of the rack at 1 Hz, f [Hz] is the rotational frequency
of the gradients, dt [s] is the tracking interval, and y [m] is
the measured position. More information on the kinematics
of the robot and their validation are found in [9].

The Kalman filter requires an estimate of the measurement
noise and an estimate of the noise in the input variable f. We
can consider the spatial resolution (585 ;m) as measurement
noise. The input noise is dependent on the lag that the rotor
exhibits with respect to the angle of the electromagnetic field
gradients at the time of tracking. This lag is a function of the
load and friction, and it could vary between 15° — 90°, when
instability occurs [9]. To account for this lag, we assume an
input error of 10% at each tracking cycle.

The performance of the final algorithm is evaluated using
the mechanism of Fig. 1 and an actuation frequency of
1 Hz. Localization is performed every 5 actuation cycles. The
results are shown in Fig. 4, where it can be seen that the
introduction of the Kalman filter leads to better estimates of
the marker’s location.

V. EXPERIMENTAL BI0PSY PROCEDURE

To showcase a practical closed-loop example, we per-
formed a final experiment involving the insertion of an
MRI-compatible needle in chicken breast tissue using the
MRI-powered actuator. Figure 5(a) shows an MR image
acquired using gradient-echo imaging, wherein a 10 mm to-
be-traveled-distance is selected. The traversal of the distance
is monitored by the localization algorithm, which stops the
motion when the location is reached (see Fig. 5(b)).

VI. CONCLUSIONS AND FUTURE WORK

MRI enables wireless power transfer and control while
providing high resolution imaging. Tracking in high band-
widths, however, is challenging. We achieved this by using
passive markers to track the linear motion of a needle
mounted on an MRI-powered robot. We reported how gaus-
sian fitting, spoiler gradients, and background suppression
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TABLE I
LOCALIZATION WITH BACKGROUND SUPPRESSION (VALUES IN [MM]).

Spoiler and Rewinder Amplitude
Location 0.00 0.20 0.40 0.60 0.80 1.00 | Ground Truth
Method (a): Peak Detection Using the Maximum Signal Value

#1 | 207.42 £ 0.00 207.42 £ 0.00 196.48 + 35.86 206.74 £1.14 110.99 £ 38.86  101.12 + 38.88 207.0

#2 | 185.74 £ 0.00 183.64 + 0.85 186.33 + 1.06 92.26 + 48.32 112.94 4+ 46.25 96.97 + 34.43 187.0

#3 | 161.72 £ 0.00 162.80 + 2.51 163.09 + 0.58  156.93 £ 28.02 97.11 £ 22.72 111.33 + 37.60 167.0

#4 | 143.55 £ 0.00 143.55 + 0.00 140.62 + 0.00  130.86 £ 18.86 132.47 +20.12 128.61 + 22.42 147.0

#5 124.80 + 0.00 126.22 +1.18 125.98 + 0.00 125.54 + 1.09 125.24 + 1.90 111.62 + 18.42 127.0
Overall 2.42 + 0.00 2.44 £0.91 4.50 £ 7.50 24.53 + 19.49 51.25 + 25.97 57.07 + 30.35

Method (c): Peak Detection Using Gaussian Profile

#1 | 207.76 +£1.04  198.73 +29.02 127.98 4+ 42.55 127.15 + 88.96 152.98 + 71.79  123.47 £ 61.04 207.0

#2 | 185.30+0.36  127.64 + 43.16 122.46 + 49.65 108.08 + 84.69 142.29 4+ 76.08 92.87 + 85.99 187.0

#3 | 165.82+0.94 143.60 +15.96  137.70 £28.49  152.64 + 55.27 91.62 £+ 55.97  122.46 4+ 79.50 167.0

#4 | 145.85 %+ 3.51 141.89 £1.35 143.98 +5.89  152.25 £44.15  141.50 £ 33.47  118.41 £ 46.60 147.0

#5 | 125.20 +0.29 125.78 + 3.13 125.59 +2.39  124.51 £10.47  117.62 £44.59  132.47 £ 22.34 127.0
Overall 1.32 +1.22 19.47 £ 18.52 35.46 £ 25.79 36.17 + 56.71 37.80 £ 56.38 51.25 + 59.01
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