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Abstract. We present the proof-of-concept prototype of a prostate biopsy robot
to be used inside a conventional high-field MRI scanner. A three degree-of-
freedom (DOF) mechanical device translates and rotates inside the rectum and
enters a needle into the body, and steers the needle to a target point pre-selected
by the user. The device is guided by real-time images from the scanner. Net-
worked computers process the medical images and enable the clinician to con-
trol the motion of the mechanical device that is operated remotely from outside
the imager. The system is also applicable to localized prostate therapy and also
demonstrates potential in other intra-cavitary procedures.

I ntroduction

Prostate diseases represent a significant health problem in the United States. After
cardiac diseases and lung cancer, metastatic prostate cancer is the third leading cause
of death among the American men over fifty years, resulting in approximately 31,000
deaths annually. The definitive diagnostic method of prostate cancer is core needle
biopsy. Annually in the U.S., approximately 1 million prostate biopsies are performed
revealing around 200,000 new cases. Currently, transrectal ultrasound (TRUS) guided
needle biopsy is the gold standard for the diagnosis of prostate cancer [1] and con-
temporary intraprostatic delivery of therapeutics is also primarily performed under
TRUS guidance. This technique has been overwhelmingly popular due to its excel-
lent specificity, real-time nature, low cost, and apparent simplicity. At the same time,
however, TRUS-guided biopsy fails to correctly detect the presence of prostate cancer
in approximately 20% of cases [2,3]. Also importantly, the transrectal ultrasound
probe implies variable normal force on the prostate through the rectal wall, causing
dynamically changing deformation and dislocation of the prostate and surrounding
tissue during imaging and needle insertion, an issue that has to be eliminated in order
to achieve accurate and predictable needle placement. MRI imaging has a high sensi-
tivity for detecting prostate tumors [3,4]. Unfortunately, MR imaging aone, without
concurrent biopsy, suffers from low diagnostic specificity.  Therefore, our primary
objective was to develop a prostate biopsy system that couples superior imaging
quality with accurate delivery hardware, inside a conventiona MRI scanner. The
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challenge was three-fold: (1) Conventional high-field MRI scanners apply whole-
body magnets that surround the patient completely and do not allow access to the
patients during imaging. The workspace inside the magnet is extremely limited, so
conventional medical robots and mechanical linkages do not fit in the magnet. (2)
Due to the strong magnetic field, ferromagnetic materials and electronic devices are
not allowed to be in the magnet, which excludes the use of traditional electro-
mechanical robots and mechanical linkages. (3) A real-time in-scanner guidance
method is needed to operate the device.

Cormack, Tempany, Hata, D’ Amico, et a. at the Brigham and Women’s Hospital
in Boston [5,6] proposed to use open MRI configuration in order to overcome spatial
limitations of the scanner. This magnet configuration alows the physician to step
inside the magnet and access the patient. The Brigham group proved the ability of
MRI to detect cancer previously missed by TRUS biopsy and they performed success-
ful targeted biopsy and brachytherapy inside the open MRI scanner. While this ap-
proach has opened up a new chapter in managing prostate cancer, the open MRI scan-
ner limits its potentials. Compared to closed magnets, open magnets tend to have
lower signal-to-noise ratio, so the images aso tend to be of lower quality. The in-
curred cost and complexity of open MRI imaging are also substantial. The Brigham
group applies transperineal access in biopsy, which it is significantly more invasive
than the conventional transrectal approach.

Relevant work in robot assisted needle placement is aso found in the literature.
Recently, Fichtinger et a. [7] presented a 3-DOF remote center of motion robot for
transperineal prostate access, the kinematic concept of which is not applicable to
transrectal procedures. Rovetta et a. [8] applied an industrial robot to assist TRUS-
guided prostate biopsy with the use of a conventional end-shooting probe. The robot
mimicked manual handling of TRUS biopsy device in the patient’s rectum, in atele-
surgery scenario. This system did not gain popularity, because the benefits of telesur-
gery did not compensate for the added cost and complexity of the robot and many
problems of TRUS-guided free-hand biopsy still remained unaddressed. The
Brigham group, Chinzei, Hata et al. [9] reported a robotic assistant for transperineal
needle placement in open MRI. In this design, the MR-compatible motors are situated
outside the high field zone and two manipulator arms reach into the scanner. The
arms are encoded and tracked by a FlashPoint tracker simultaneously. Unfortunately,
these geometric and kinematic concepts are incompatible with our application. Cus-
tom designed robots for use inside conventional closed MRI have also been investi-
gated: Kaiser et a. [10] developed a system for breast biopsy and Masamune et al.
published another one for brain surgery [11]. The kinematics and design concepts of
these are also not applicable in transrectal prostate biopsy.

Multiple investigators, including our group at the Johns Hopkins University have
studied intra-operative CT and X-ray guidance of surgical robots using passive fidu-
cials attached to the interventional device. MRI imaging, however, is unique by of-
fering the opportunity to apply micro-coil antennas as active fiducials [12]. In this
scenario the signal processing software “listens’ to a prominently present “signature’
from the fiducial coils, alowing for true accurate real-time calculation of the coil
positions, then using the these positions as rigid body markers on the device.

Our approach to image-guided prostate biopsy differs from other all the above so-
lutions, in several aspects. Our objectives were to employ high resolution MRI imag-
ing inside a closed MRI scanner, maintain the safe transrectal access, while replacing
the manual technique with a remotely controlled needle insertion system, in order to
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maximize needle placement accuracy and also minimize dynamic tissue deformation.
We also developed real-time tracking and guidance for the device, using solely the
MRI scanner, without external tracking instruments.

M aterials and M ethods

Systems Design

The systems concept is shown in Figure 1. The device is secured to the table of the
scanner with an adjustable mount that alows for flexible initial positioning. The pa-
tient is positioned comfortably on the scanner’s couch in prone position with slightly
elevated pelvis and the deviceisintroduced to the rectum. A thin rigid sheath attached
around a tubular obturator makes contact with the rectum, while the obturator can
slide smoothly inside the sheath. The sheath prevents the obturator from causing me-
chanical distortion to the rectum wall and prostate while it is moving inside the rec-
tum. After a satisfac-
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processing tools, we
determine the spatia relationship between the device and the coordinate system of the
MRI scanner. The images are transferred to a computer that produces a 3D represen-
tation of the device superimposed on the anatomic images. The physician interacts
with the display and selects the target point for the needle. The computer calculates
the kinematic sequence to bring the needle to the selected target position. The device
realizes 3-DOF motion: translation of the end-effector inside the rectum, rotation of
the end-effector around the axis of trandlation, and the depth of needle insertion. The
order of trandation and rotation are interchangeable, but both must be completed
before the needle is inserted. The computer can aso simulate the sequence of motion
by moving a 3D model of the device, so that the physician could verify that the cal-
culated sequence of motion would indeed take the needle from its current position to
the pre-selected target position. The computer displays the three motion parameters to
the operator. In the current embodiment of the system, the motion stages are powered
manually, because motorized actuation was not considered to be a critical element in
our proof of feasibility prototype. While the actuation of the device isin progress, the
MRI scanner is collecting images in continuous mode and sends them immediately to
treatment monitoring computer. The computer processes the image data and

MRI Scanner
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Figure 1: Schematic view of the system
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visualizes the current
image, with the model
of the device superim-
posed in the scene,
allowing the physician
to monitor the motion of
the device toward its
target. The three pa
rameters of motion
(trandlation, rotation, in-
sertion depth) are recal-
culated in each imaging
cycle, enabling rea-time
dynamic control of the
device. When the mo-
tion is motorized, we will have achieved the ideal of “point-and-click” surgery, when
the surgeon points and clicks on a target in a computer screen, then arobot moves the
needle and inserts it into the target, under real-time imaging surveillance but without
manual intervention. An experimental setup with phantom is shown in Figure 2.

End-effector
{no sheath}

Vitamin-E
target capsules

Motion
stage

Insertion
stage

Scanner’s
magnet

Phantom Surface
jelly body coil

Scanner Sliding Snake
bed mount  mount

Figure 2: Experimental setup
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Description of the Device

The assembly of the
needle insertion de-
vice is shown in Fig-
ure 3. The device

Insertion
Stage

Positioning
Stage

consists of the fol-
lowing main compo-
nents: (1) end-effector
that is introduced into
the patient’s rectum,
(2) motion stage to
provide trandation
and rotation for the
end-effector, (3) in-
sertion stage to enter the needle into the prostate and retract it, (4) adjustable mount to
bring and secure device in optimal initial position, (5) actuation shafts for remote
operation from outside the scanner. In order to maintain material compatibility with
MRI, the device was manufactured entirely from plastic, except the antennas, the
needle, and two aluminum parts: the trigger of the biopsy needle and a dliding rail
under the universal mount, but these two are situated far away from the field of im-
aging and produce no measurable artifact.

The end-effector is composed of a tubular obturator that trandates and rotatesin a
thin rigid sheath. The sheath minimizes the deformation and displacement of the or-
gan during positioning of the probe and it maintains a stationary position in reference
to the organ of interest. The sheath also contains an MRI imaging loop antenna that
produces real-time anatomic images stationary with respect to the subject anatomy. A
small window is cut on the sheath through which the needle enters the body. A curved
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Figure 3: Solid surface view of the device coil
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guiding channel is formed inside an obturator for a flexible standard MRI-compatible
18G biopsy needle. The needle exits on the side of the obturator and enters into the
body through the rectum wall. Upon exiting the channel, the needle follows a straight
trajectory. The obturator also holds three registration coils as active fiducials provid-
ing the spatial position of the probe in the MRI coordinate system.

The positioning stage transforms rotation of two concentric shafts into translation and
rotation of a main shaft that serves as transmission to the end-effector. The concentric
shafts are actuated from outside the scanner. The needle insertion stage transforms
rotation of a knob into a well-defined insertion of the needle to a pre-determined tar-
get depth and actuates the shooting mechanism of abiopsy gun. In the current proto-
type, we adapted an 18G standard prostate biopsy needle (Daum GmbH, Schwerin,
Germany). The insertion stage can aso rotate the needle while it is being translated,
thus achieving straight needle path when the needle needs to come out in a steeper
angle from the end-effector.

Image Guidance

We apply computational image guidance, based on real-time collected MRI images.
In this scenario, fiducial markers in a known geometric distribution are rigidly incor-
porated with the end-effector. Images are acquired with the device and patient to-
gether in the fidd of
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lation and the third coail is located off-axis to encode rotation. (More coils could pro-
vide redundancy to increase accuracy, but would also leave less channel capacity for
anatomical imaging.) Figure 4 shows an early prototype of the tracking hardware.
Each of these coils produces a single spike in the MR signal. Unlike other imaging
modalities, MR gives us the ability to take direct, 1D projections. We acquire ten 1D
projections of these fiducials along different orientations. This yields an over-
determined linear system for the positions of the points, which we can then solve for
the coil locations. This yields enough information to define the scan plane. All to-
gether, the tracking sequence takes 50 ms, 5 msfor each 1D projection.

Figure 4: Dynamic Tracking Method



96 G. Fichtinger et a.

Calibration

The registration coils were fabricated manually, so the location of their signal centers
with respect to the end-effector cannot be not be known without prior calibration.
This information is constant for the entire lifetime of the device, assuming aways the
same image acquisition and processing parameters. We apply two tubes filled with
gadolinium solvent. The first tube is placed inside the end-effector, while the other
was attached around the needle. In a volumetric image of the device, the two tubes
fully define the end-effector, while we also have readings on the coil positions. We
repeat the calibration several times, in order to reduce the effects of measurement
errors by simple averaging.

Results

The mechanical components of the
device were analyzed separately, in
laboratory environment. The accu-
racies of the translational and rota-
tional mechanisms were found to
be 1/100 mm, while the accuracy
of the needle insertion stage is 0.1
mm. The computer software devel-
oped for calculation of targeting Zpd
sequence, inverse and forward JE s ——m— pmnie"{i}fge
kinematics was tested on synthetic | on the left placed
and real measurement and was over the black void)
found to be significantly more
accurate than the mechanical com- Figure 5: End-effector in live canine

ponents themselves. The appli-

cation and anatomical; feasibility of the end-effector was tested in vivo, when we
performed transrectal needle biopsy of the prostate in adog. Figure 5 shows the rec-
tal sheath (left) and an 18 G biopsy needle entered through this end-effector (right).
These experiments revealed that the combined system error has only one significant
component and that originates from signal processing. The premise of our registration
technique is that the readings on the positions of the fiducial coils define arigid trian-
gle at al times. We have performed extensive experiments that proved the feasibility
of this concept. We used a mechanical frame that allowed for controlled translations
and rotations of a board holding three fiducial coils in the same constellation as they
are built in the end-effector. The three coils aways define a triangle. We calculated
the difference between the expected and measured centroids of the triangle and the
difference between the expected and measured plane normal vectors of the triangle,
which were 0.41 mm and 1.1 degree, respectively. Experiments were directed toward
determining the effect of these errors on actual targeting accuracy. Total systemic
accuracy has been tested in phantoms (Figure 6). Needle placement was found to be
consistent throughout the field of imaging. The accuracy of needle placement was
determined visually and it was below 2 mm in al trials. We expect to achieve similar
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accuracy in in-vivo, however, B
effects of possible displace- End-effector
ment of the prostate during
insertion is an important factor
to be explored.

Conclusion Vitamin-E
; g capsules as
targets
gy Caa o
Figure 6: Needle hitting a target in phantom experiment

We successfully demonstrated
a proof-of-concept prototype
for in-MRI biopsy of the
prostate, under real-time image guidance, with remote actuation. We performed
phantom and initia in-vivo canine studies. Determination of the combined systemic
needle placement accuracy (considering errors from calibration, imaging, signal proc-
essing, target calculation, and mechanical actuation) is a work in progress. Our re-
sults so far justify the development of an advanced prototype suitable for human tri-
als.
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