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Abstract— This paper reports the design, development, and
magnetic resonance imaging (MRI) compatibility evaluation
of an actuated transrectal prostate robot for MRI-guided
intervention. The robot employs an actuated needle guide
with the goal of reducing interventional procedure times and
increasing needle placement accuracy. The design of the robot,
employing piezo-ceramic-motor actuated needle guide position-
ing and manual needle insertion, is reported. Results of a MRI
compatibility study show no reduction of MRI image signal-to-
noise-ratio (SNR) with the motors disabled and a 40% to 60%
reduction in SNR with the motors enabled. The addition of
radio-frequency (RF) shielding is shown to significantly reduce
image SNR degradation due to the presence of the robotic
device.

I. INTRODUCTION

This paper reports the design, development, and magnetic

resonance imaging (MRI) compatibility evaluation of an

actuated robot for MRI-guided transrectal prostate interven-

tion. The robot performs actuated needle alignment with

the goal of reducing interventional procedure times and

increasing needle placement accuracy. The robot employs

piezo-ceramic-motor actuated needle guide positioning and

manual needle insertion. This Section reviews the need for

MRI-guided prostate intervention, Section II reports the robot

design, Section III reports the results of an MRI compatibility

study, and Section IV summarizes the results of this study.

A. Prostate Cancer Diagnosis and Therapy

Prostate cancer is the most common cancer in men in the

United States. In 2009, an estimated 192,280 men will be

diagnosed with prostate cancer and 27,360 will die of this

disease [16]. Each year approximately 1.5 million prostate

biopsy procedures are performed. Recent projections by the

American Cancer Society predict that in 2015 there will be

over 450,000 new cases of prostate cancer diagnosed each

year, more than doubling the current incidence. This section

briefly reviews the current state-of-the-art in prostate cancer

diagnosis and therapy. The two commonly used methods for
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screening men for prostate cancer are the prostate-specific

antigen (PSA) blood test and the digital rectal exam (DRE).

The American Cancer Society recommends screening men,

beginning at age 50, yearly with PSA test and DRE.

Ultrasound-Guided Prostate Intervention: The definitive

diagnosis for prostate cancer is core needle biopsy pursuant

to either an elevated PSA level or a positive DRE. The

“Gold Standard” of guiding biopsy, as well as of most

local therapies, is transrectal ultrasound (TRUS) [26]. The

physician manually places a TRUS probe in the rectum of

the patient and, under ultrasound guidance, inserts a biopsy

needle through the wall of the rectum into the prostate

gland. The needle removes a half-cylinder of tissue, which

is examined pathologically to determine if cancer is present.

Several biopsy samples are taken from different areas of the

prostate. Usually six (hence “sextant biopsy”) to eighteen

cores are removed from upper, mid, and lower areas of the

left and right sides to obtain a representative sample of the

gland and determine the degree and extent of cancer.

TRUS-guided prostate biopsy is widely employed due to

its real-time nature, relative low cost, and ease of use. The

limitations of this and other current prostate biopsy methods,

however, are substantial. Using standard techniques, biopsy

of men with PSA values in the range of 4-10 ng/ml generally

result in a detection rate of 20% -30% [29], [36]. Numerous

studies have shown that TRUS-guided prostate biopsy fails

to detect cancer in at least 20% of patients with cancer

[24], [28], [37]. Other studies report that TRUS biopsies are

limited by low sensitivity of 60% with only 25% positive

predictive value [17], [35]. As a consequence, in more than

20% of cancers, at least two biopsy sessions are required to

diagnose the tumor — which mounts to more than 200,000

repeat biopsy cases annually in the United States. Despite

rapid advances in ultrasound imaging methods, TRUS imag-

ing is generally unable to differentiate between healthy tissue

and lesions in the prostate. In consequence, contemporary

TRUS-guided biopsy can not identify or target lesions, but

rather samples six or more representative locations in the

gland. Studies of the efficacy of 6 versus 12 biopsy samples

showed no significant difference in cancer detection [23],

[25]. This suggests that increase in the number of samples

does not solve the problem of prostate cancer detection, and

it suggests that improved biopsy targeting promises to be

advantageous.
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Fig. 1. CAD drawing of the actuated robot for prostate intervention, consisting of steerable needle channel, rectal sheath, push rod, rotation stage,
translation stage, flexible translation coupling, and motor box. Biopsy gun and outline of prostate are shown, indicating prone positioning in a transrectal
prostate biopsy procedure.

B. The Case for MRI-Guided Prostate Intervention

MRI possesses many of the capabilities that TRUS is

lacking. MRI is an attractive choice for image-guidance,

primarily due to its high sensitivity for detecting prostate

tumors [37], [39], high spatial resolution, excellent soft tissue

contrast, and multiplanar volumetric imaging capabilities.

Recent advances with phased array pelvic and endorectal

coils have dramatically enhanced the ability of MRI to

visualize prostate tissues [2], [27]. MRI can clearly visualize

the prostate and its substructure including the peripheral

zone (PZ). As the PZ is the most common site of origin

of prostate cancer, localizing and targeting PZ suspicious

lesions during prostate biopsy may increase cancer detection

rate. T2 weighted images can identify suspicious nodules in

the prostate, allowing targeted biopsy and local therapy.

Several novel MRI imaging methods are currently being

developed in an effort to improve the specificity of prostate

cancer detection and characterization. Novel MRI imaging

methods include MRI spectroscopy [22], [37], dynamic con-

trast enhancement MRI, T2 maps, and line-scan diffusion

tensor imaging [4], [38]. MRI can also visualize the distri-

bution and buildup of injected liquid agents in the prostate

[7], [33], and solid capsules [8], [33]. MRI can monitor the

progress of thermal therapies in real-time [5], [15].

In summary, MRI provides a promising image guidance

modality for prostate interventions. There is also an urgent

clinical need to investigate diagnostic capabilities of emerg-

ing MRI imaging techniques. MRI could potentially over-

come the shortcomings of ultrasound as the image guidance

modality for the diagnosis and local therapy for prostate

cancer.

C. Previously Reported MRI-Compatible Prostate Interven-

tion Systems

This section reviews MRI-compatible systems for prostate

intervention utilizing transrectal, transperineal, and transg-

luteal approach.

1) Transrectal Approach: In [7], [19]–[21], [32], [33]

the authors reported the development and clinical evaluation

of two generations of MRI-guided system for transrectal

prostate biopsies, therapy injection, and marker placements.

The system, called the APT-MRI, contains a single-loop

MRI endorectal imaging coil and employs active or passive

tracking for device localization. In vivo and in vitro accu-

racy results were reported. This clinical prototype has been

successfully used in over 40 patient procedures to date. In

[3] Beyersdorff and in [12] Engelhard report MRI-guided

transrectal needle biopsies in clinical studies with a system

(Invivo Germany GmbH, Schwerin, Germany) employing

manual alignment of a needle sleeve. Elhawary reported a

prototype robotic system using linear piezo-ceramic motors

for transrectal prostate biopsy [11].

2) Transperineal Approach: MRI-guided transperineal

prostate intervention has been demonstrated in clinical stud-

ies inside an open MRI scanner [9] and conventional closed

MRI scanner [31]. The surgical assistant robot reported

by Chinzei [6] was adapted to assist transperineal intra-

prostatic needle placement [10]. Tadakuma reported the use

of dielectric elastomer actuators (DEAs) in a pre-clinical pro-

totype MRI compatible robot for transperineal needle place-

ment in the prostate [34]. Stoianovici reported pre-clinical

phantom experiments with a pneumatically actuated device

for tranperineal brachytherapy seed placement [30]. In [13]

Fischer reported phantom experiments with a pneumatically

actuated robot with manual needle insertion. Goldenberg
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reported phantom targeting and MRI compatibility tests for

a robotic system employing ultrasonic actuators for closed

MRI scanners [14].

3) Transgluteal Approach: Zangos reported preliminary

clinical results with 25 patients using the transgluteal ap-

proach with an open configuration 0.2T MRI scanner [40],

with targeting based on prior diagnostic images acquired with

higher field strength MRI. In [41] Zangos reported usage of

the Innomotion pneumatic robot in a cadaver study at 1.5T

for transgluteal prostate needle placements.

D. The Need for an Actuated Transrectal MRI-Compatible

Prostate Intervention System

Existing MRI compatible manual biopsy needles and guns

are too large to be employed while the patient is within

the confined space of the MRI scanner bore. Hence, present

day MRI-guided biopsy procedures are performed with the

patient outside the scanner bore. Accordingly, all previously

reported clinical MRI compatible prostate intervention sys-

tems require the patient to be removed from the MRI scanner

during the interventional procedure – e.g. needle insertion,

biopsy, or gold marker placement. A fully actuated robot

could enable both imaging and interventional procedures

to be performed entirely inside the MRI scanner, without

removing the patient from the MRI scanner for interventional

procedures. Moreover, a fully actuated robot could simplify

and speed up the interventional procedure; allow for real-

time visualization of the needle insertion; enable detection

of prostate deformation, misalignment, and deflection of

the needle; and allow for on-the-spot corrections to needle

placements.

II. ROBOT DESIGN

This Section reports the design of a novel robot, for tran-

srectal prostate intervention with actuated needle alignment

and manual needle insertion. Combining actuated needle

alignment with manual needle insertion provides a much

quicker path to clinical trials and provides a significant step

towards the goal of a fully actuated robot. Automating the

degrees-of-freedom (DOF) for alignment of the needle might

lead to a faster, easier, and more accurate interventional

procedure, and might eliminate the learning curve necessary

to operate the robot, while maintaining direct physician

control for needle insertion.

Figure 1 shows a CAD drawing of the actuated prostate

robot. The robot employs similar manipulator mechanics

to the APT-MRI system reported in [19], [21]. The robot

employs the same three DOF in rotation of the rectal sheath,

needle angle change, and needle insertion. The robot uses

the same rectal sheath, steerable needle channel, and push

rod. The robot provides actuated rotation and needle angle

change for needle positioning. Needle insertion is performed

manually.

The robot consists of a rotation stage and a translation

stage with flexible coupling, integrated in a motor box. Non-

magnetic piezo-ceramic motors from the HR series piezo-

electric motors (Nanomotion Inc., Yokneam, Israel) were

Fig. 2. Photograph of the rotation stage for the actuated robot. Three pairs
of HR-1 Nanomotion motors rotate a ceramic ring placed on the rotation
shaft.

selected for actuation. Motors are placed 20 cm or more

away from the prostate to eliminate susceptibility artifacts

on the MRI images, caused by metallic motor components.

Nanomotion non-magnetic HR motors consist of one, two,

four, or eight linear piezo-ceramic elements stacked inside an

aluminum enclosure. Each element provides a dynamic stall

force of 4 N and exerts a pre-load of 18 N. The pre-load is

applied constantly and provides high break forces when the

motors are powered off. Maximum velocity for all HR series

motors is 250 mm/sec.

A. Rotation Stage

Figure 2 shows a photograph of the rotation stage for the

robot. Nanomotion motors can be mounted either radially or

axially to exert rotation of a ceramic drive ring. The rotation

axis for performing transrectal biopsy intervention is closely

aligned with the main axis of the MRI scanner bore. Radial

space is limited in an MRI scanner bore, while axial space is

ample. Hence, axial motor configuration was selected for the

rotation stage. Single-element motors (HR-1 motors) were

selected for the rotation stage, since HR-1 motors are best

suited for axial configuration in combination with a small

drive ring.

Each HR-1 motor exerts an axial pre-load of 18 N on the

ceramic drive shaft. Aligning the HR-1 motors in opposing

pairs limits the net force exerted on the ring and minimizes

deflection and bearing loads of the rotation stage. Three

pairs of HR-1 motors, with a combined dynamic stall force

of 24 N for the six motors, provide a designed maximum

torque of 1.08 Nm, when rotating a drive ring with center

diameter of 90 mm. The combination of three pairs of HR-

1 motors, spaced evenly in 120 degrees increments along

the circumference of a 90-mm-diameter drive ring, meets

the torque requirements and was selected for the robot. Full

ceramic ball bearings (VXB.com Ball Bearings, Anaheim,

CA) were selected for the rotation stage. Two angular contact

bearings are placed on either side of the ceramic ring and

are axially pre-loaded to eliminate play for optimal motor

performance.
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Fig. 3. Photograph of the translation stage for the actuated robot. A pair
of HR-4 Nanomotion motors pushes on ceramic drive strips and provides
linear motion of a drive shaft.

B. Translation Stage

Figure 3 shows a photograph of the translation stage

for the actuated robot using two Nanomotion HR-4 motors

with four motor elements each. Nanomotion motors are

intended for usage in combination with high precision, low

friction, crossed roller linear bearings for optimal motor

performance. An MRI compatible implementation of crossed

roller bearings is difficult to design and would be expensive.

Mechanical evaluation of a piezo-electric motor and linear-

bearing test assembly revealed that better motor performance

can be achieved when linear bearings are eliminated, and

side-to-side alignment of the drive shaft is set using only

the fingers of opposing motors. This low-cost linear drive

implementation was used for the translation stage of the

actuated robot.

Opposing pairs of HR-4 Nanomotion motors are axially

pre-loaded on ceramic drive strips and provide linear motion

of a drive shaft that slides axially forward and backward on

a motor plate. Side-to-side alignment of the drive shaft is set

by the pre-load of the opposing ceramic motor fingers. The

low-cost bearing implementation reduces dynamic stall force,

reduces maximum speed, and creates an uneven velocity

profile of the drive shaft over long travels. The linear travel

necessary to change the needle angle the full range, from 17.5

degrees to 40 degrees, is 28.7 mm. Only device friction has

to be overcome to change the needle angle and slow speeds

are acceptable for actuating the needle angle change. The

short travel, slow speed requirements, combined with closed-

loop position control allow the usage of the HR-4 motors in

combination with the low-cost bearing implementation.

C. Materials

The robot is constructed mostly of plastic materials, fore-

most of Ultem, selected for its structural stability, machin-

ability, and low cost. Ball bearings and bearing races for

the rotation stage are fully ceramic. Vertical stops and

rotating parts of the flexible coupling for the translation

stage are constructed of Teflon to reduce friction. All larger

metallic components are placed inside the motor box, such

as motors and motor plates. The motor plates for the rotation

stage and translation stage are constructed of aluminum for

increased stability and heat dissipation, in comparison to

Ultem. The motor box is separated by 20 cm from the field-

of-view (FOV) by the rotation shaft and rectal sheath to

avoid creation of susceptibility artifacts on MRI images. The

rectal sheath is built out of medical grade Ultem with small

aluminum and brass parts for needle channel and axles.

D. Position Tracking

The robot uses the hybrid tacking method described

in [19]. Initial device registration is performed using two

Beekley markers (Beekley Inc., Bristol, CT) integrated into

the rectal sheath and two markers placed concentrically

to the needle channel. The initial position and orientation

of the robot is computed after automatic segmentation of

the markers on MRI images. The robot employs electro-

optical encoding for the rotation and needle angle change

DOF. Modular EM1 electro-optical encoders (US Digital,

Vancouver, Washington), code wheel, and code strip were

selected for joint encoding.

The advantage of fiber optic joint encoding, [19], over

electro-optical joint encoding, is the inherent MRI safety

and compatibility of fiber optics. No electrical signals or

conductive materials are present to potentially cause RF

heating and imaging artifacts, making fiber optics the safe

choice for performing clinical trials. Advantages of electro-

optical encoders include the ubiquitous availability of inex-

pensive commercial electro-optical encoders, high resolution

and repeatability, and easy encoder signal integration into

a controller. In contrast to the system reported in [19],

the actuated robot already contains piezoelectric motors,

which require power and ground connections. Adding cables

for supplying the electro-optical encoders with power and

conducting encoder signals does not significantly add to the

complexity of the design or the safety risk.

Modular EM1 electro-optical encoders (US Digital, Van-

couver, Washington), code wheel, and code strip were se-

lected for joint encoding. The EM1 encoders are avail-

able in high resolution and feature a non-magnetic de-

sign with low metal content. A two inch diameter code

wheel and EM1 encoder with 2500 cycles per revo-

lution (CPR) was selected for encoding the rotation.

The encoder supports quadrature encoding, so each cy-

cle provides four different counts. The resulting reso-

lution for rotation is 360 degrees/10000 counts =
0.036 degrees/count. A 500 lines per inch (LPI) EM1

encoder and code strip was selected for encoding translation

of the drive shaft and indirectly encoding the needle angle

change. The resulting resolution for encoding translation

is 25.4 mm/2000 counts = 0.013 mm/count. The av-

erage resolution for encoding needle angle change can be

calculated by dividing the angular travel by the transla-

tional travel and multiplying the result with the transla-

tional resolution. The calculated average needle angle res-

olution is thus (40 degrees − 17.5 degrees)/28.7 mm ∗

0.013 mm/counts = 0.01 degrees/count. This resolu-

tion is an order of magnitude higher than for the fiber

optical encoders of the system reported in [19], with 0.25
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Fig. 4. Photograph of the controller box designed to be placed inside the
scan room. The box contains motor amplifiers, motion controller, and media
converter.

degrees/count resolution for rotation and 0.1 degrees/count

resolution for change of needle angle.

E. Controller

The controller box contains two Nanomotion AB5 motor

amplifiers, a DMC-21x3 Ethernet motion controller (Galil

Motion Control, Rocklin, California), and a EIR-M-ST fiber

optic to Ethernet media converter (B&B Electronics Mfg.

Co., Ottawa, IL). The only electrical connection to the

controller is a filtered 24 V DC power supply through the

penetration panel. External communication is via fiber optic

Ethernet. IP66/67 Harsh Environment Multimode Duplex LC

Cable (L-com Inc., North Andover, MA) was selected for

the fiber optical connection because of its rugged design.

LC-to-ST converter cables are used to connect to the media

converter. A second box (Figure 4, right) is placed outside

the scanner room containing power supply and the EIR-M-

ST media converter counterpart.

III. MRI-COMPATIBILITY EVALUATION

Thus Section reports the results of a MRI compatibility

study to determine the effects of the robot on signal-to-

noise-ratio (SNR) of the MRI images. SNR is described

by the signal intensity in the center of the homogeneous

phantom divided by the noise intensity in the periphery, as

defined by the National Electrical Manufacturers Association

(NEMA) standard for determining SNR in MRI images [1].

Signal intensity is defined as the mean pixel intensity in the

region of interest (ROI). Noise intensity is defined as the root

mean square (RMS) signal intensity in an ROI outside of the

phantom. All tests were performed on a 3T Philips Achieva

MRI scanner (Philips Medical Systems, Best, NL). Three

imaging sequences using the same imaging parameters were

used for the compatibility study of the robot: T1 FFE, and T2

TFE. Each set of experiments consisted of the phantom being

imaged alone (baseline) and subsequently imaged in the pres-

ence of each actuator in its power off configuration, power

on configuration, and moving configuration. The receiving

imaging coils used for the experiments were two-channel

medium-size flex coils consisting of two panels. One panel

was placed underneath the phantom, the other one on top of

the phantom (Figure 5).

Three common MR sequences for diagnostic, real-time

and functional imaging were selected to test the compati-

bility of the actuators (Table I): T1 weighted fast gradient

echo (T1) and T2 weighted fast spin echo (T2) sequences

for diagnostic imaging, fast gradient echo (TFE) sequence

representing real-time imaging used for functional imaging.

The phantom was imaged under the following eleven

configurations:

1) Baseline: Image the phantom with no robot or con-

troller present in the scanner room.

2) Off-US: Image the phantom after placing the robot

next to the phantom and the tranrectal probe on top

of the phantom. The phantom and sheath position

approximate prostate and sheath position in a clinical

procedure. The controller is located in the scanner

room and is connected, but is powered off.

3) Off-SH: As per (2), with additional shielding.

4) Disabled-US: Image the phantom after powering the

controller on, but disabling the motor amplifiers.

5) Disabled-SH: As per (4), with additional shielding.

6) Roll-US: Image the phantom with the roll motor

amplifier enabled, but the motor not moving.

7) Roll-SH: As per (6), with additional shielding.

8) Pitch-US: Image the phantom with the pitch (transla-

tion) motor amplifier enabled

9) Pitch-SH: As per (8), with additional shielding.

10) Both-US: Image the phantom with both roll and pitch

(translation) motor amplifiers enabled.

11) Both-SH: As per (10), with additional shielding.

In configurations 2, 4, 6, 8, and 10 the body of the robot was

unshielded. In configurations 3, 5, 7, 9, and 11 the body of

the robot was covered with additional radio-frequency (RF)

shielding (Z-3250-CN High Performance EMI Shielding

Cloth, Zippertubing Co., Los Angeles, CA). Ten image slices

were obtained of the phantom for each configuration for each

image sequence and the SNR was calculated for each image

slice. Figure 6 shows the SNR results, averaged for the 10

slices, for the three sequences. Figure 7 shows representative

T2 weighted images of the spherical phantom under different

configurations acquired during the MRI compatibility study.

The following are the most significant observations of the

MRI compatibility study for the actuated robot:

1) The SNR exhibits modest spatial variation — mea-

surements were uniform across the multiple slices of

a single scan sequence.

2) The actuated robot does not cause any reduction in

SNR in the motors-off configuration — thus enabling

interleaved imaging and motion.

3) Turning the controller on with motors disabled reduces

the SNR by 50% in without RF shielding, but SNR is

only slightly degraded with RF shielding.

4) Turning the controller on with motors enabled reduces

the SNR by 80% without RF shielding, but SNR is

only reduced by 40% to 60% with RF shielding.
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Fig. 5. Experimental setup for compatibility test in 3T MR scanner. Left image shows unshielded robot, phantom, and imaging coils. Right image shows
shielded robot, phantom, and imaging coils.

Protocol Slice FOV # of TE TR Flip NEX Pixel
Thick- Slices Angle Band-

ness width
(mm) (mm) (ms) (ms) Hz/pixel

T1 5 240 3 2.3 225.0 75◦ 1 1059.0

T2 5 240 3 90.0 3000.0 90◦ 1 1035.7

TFE 5 240 3 10.0 26.0 70◦ 1 1752.5

TABLE I

SCAN PARAMETERS FOR MOTOR COMPATIBILITY TRIAL.

5) Noise appears as vertical “zipper” streaks in the MR

images — a well-known effect of RF interference.

6) All three sequences show similar SNR behavior.

7) The addition of RF shielding improves the SNR by a

factor 200% to 500% in comparison to the same robot

without RF shielding.

IV. CONCLUSION

This paper reported the design, development, and MRI

compatibility evaluation of an actuated transrectal prostate

robot for MRI-guided intervention. The robot employs ac-

tuated needle alignment with the goal of reducing inter-

ventional procedure times and increasing needle placement

accuracy. The current version of the robot employs actuated

needle guide positioning and manual needle insertion. Piezo-

ceramic motors were selected as actuators for the robot. The

design of the rotational stage and translational stage of the

robot were reported. The MRI compatibility of the robot

was analyzed, showing no reduction of SNR in the motor

off configuration and a 40 % to 60 % reduction in SNR with

the motors on. The addition of RF shielding significantly

improved image SNR quality.

Although beyond the scope of the present study, needle

targeting accuracy studies have been performed with this

new device. In a study of seven MRI-guided biopsy needle

placements in a prostate phantom, average in-plane error for

the biopsy needles was 2.4 mm with a maximum error of

3.7 mm [18].
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Fig. 6. SNR for T1 scans (top), T2 scans (middle), and TFE scans (bottom).
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Fig. 7. Representative T2 phantom images showing (from top to bottom)
baseline, Off, Disabled, Roll, Pitch, and Both. Left images are for the case
of the unshielded robot. Right images are for the case of the shielded robot.
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