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Abstract
Background—Magnetic Resonance Imaging (MRI) guided prostate interventions have been
introduced to enhance the cancer detection. For accurate needle positioning, in-bore operated
robotic systems have been developed and optimal use of the confined in-bore space become a
critical engineering challenge.

Methods—As preliminary evaluation of our prostate intervention robot, we conducted a
workspace design analysis using a new evaluation method that we developed for in-bore operated
robots for transperineal prostate interventions, and an MRI compatibility study.

Results—The workspace analysis resulted in the effective workspace (VW) of 0.32, which is
greater than that of our early prototype despite that the current robot is approximately 50% larger
than the early prototype in sectional space. The MRI compatibility study resulted in less than 15%
signal-to-noise ratio (SNR) reduction.

Conclusions—The new workspace evaluation method quantifies the workspace utilization of
the in-bore operated robots for MRI-guided transperineal prostate interventions, providing a useful
tool for evaluation and new robot design. The robot creates insignificant electromagnetic noise
during typical prostate imaging sequences.
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Introduction
Magnetic resonance imaging (MRI) has been sought as an alternative tool to transrectal
ultrasound (TRUS) for image guidance for the prostate biopsy. MRI has high sensitivity for
detecting prostate tumor due to excellent soft tissue contrast, high spatial resolution, and
multi-planar volumetric imaging capabilities (1–4). MRI-guided prostate biopsy was first
demonstrated by D’Amico et al (5, 6) in a specially-designed 0.5T open-MRI scanner,
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followed by other researchers in conventional closed-bore scanners that provides greater
image quality and wider availability of scanners (7–11). To support needle placement in the
limited workspace inside the closed-bore MRI, a number of MRI-compatible robots that are
operated inside the closed-bore high-field MRI have been introduced for transperineal MRI-
guided prostate intervention. Stoianovici reported phantom experiments with a
pneumatically actuated robot for transperineal prostate intervention (12). Fisher reported the
development of a pneumatically actuated needle guide robot for transperineal needle
placement (13), which is an early ‘proof-of-concept’ robot of our current robot development.
Goldenberg reported phantom studies and MRI compatibility tests with an ultrasonic motor
actuated robotic system (14), and van den Bosch reported a pneumatic robot system that
using tapping insertion (15). More recently, Yakar reported a pneumatically actuated MR-
compatible robot for prostate biopsy guidance (16), and Su reported a real-time MRI-guided
needle placement robot with fiber optic force sensing (17).

These robotic devices, however, seem to lack a design consideration on securing space for a
clinician to access the patient inside the bore. Even for robots equipped with needle insertion
and tissue sampling mechanisms, it is crucial to secure safe access of clinicians to the patient
in the bore from safety point of view. While many of the requirements have been discussed
extensively in the literature, there has been no report on workspace-oriented design of MRI-
compatible device for prostate biopsy guidance, due to the apparent lack of quantitative
design parameter for the clinician’s workspace. Without a quantitative workspace parameter,
researchers had to be satisfied with using intuition in analyzing workspace requirements,
often leading to limited clinical utility and safety of the resulting robots. Therefore, there is a
need for a method to design a robotic device that maximizes the workspace for clinicians to
coexist with a robot within a bore based on a quantitative workspace evaluation.

This paper reports our robotic device for MRI-guided transperineal prostate biopsy with
emphasis on optimal use of in-bore workspace. We introduce a new workspace analysis
method tailored to quantitatively validate “effective workspaces”, a free space that can be
utilized for procedural tasks by a clinician in an MRI bore with such in-bore operated
robotic devices based on actual dimensions of a MRI scanner and medium build man, and
compared it with our early prototype (13) for transperineal prostate interventions. The
effective workspace cannot be measured directly, because it is not always equal to a free
space in the bore; certain areas of the free space cannot be reached by the clinician due to
the existence of obstacles e.g. the patient’s body, robot and auxiliary objects, such as leg
holders, imaging coils, drapes, etc. In addition, we conducted an image-based validation
study to investigate if the MRI-compatible robot meets the fundamental requirement of such
robots to have minimum impact on image quality.

Materials and Methods
Current Needle Guide Robot

We developed a pneumatically actuated robotic intervention system with design emphases
on optimal use of in-bore workspace of a closed-bore MRI scanner employing parallel
kinematic structure and modular system design for greater clinical adaptability (18, 19). In
order to access to entire volume of prostate via perineum without interference with pubic
arch and urethra, we selected 4-degrees-of-freedom (DOF) kinematic design that can
provide remote-center-of-motion (RCM) manipulation from target volume as a minimum
needle placement requirement. In order to maximize the use of dead space i.e. “under-the-
leg” space, and to obtain the maximum access space above the robot, a pyramid-shape
kinematic structure was selected. To accommodate a long needle driving range and to satisfy
the required manipulation, a 4-DOF parallel kinematic structure that has a coupled two
planar manipulation with ball joints was configured shown as Fig. 1.
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The robot was fabricated with non-ferrous materials. Most material is fully MRI compatible
plastic and a minimal amount of non-ferrous metal that was selected to avoid heating and
eddy currents to disturb field homogeneity. The prismatic manipulation of four pneumatic
actuators are transmitted to the two planar manipulation via timing-belts (MXL type,
trapezoidal teeth, urethane body, Kevlar core, 1/8″ width, 0.08″ pitch) and pulleys (MXL
type, 1/8″ width, 0.08″ pitch, aluminum body, brass setscrew). Cast acrylic machined by
laser cutter is used for most of the robot structure and some parts are fabricated from
commercial Stereolithography Apparatus (SLA) rapid-prototype service using Acura® 60
plastic (Acu-Cast Technologies, LLC., Lawrenceburg, TN). Plastic ball joints, bearings, and
bushings are all off-the-shelf parts (Igus Inc., East Providence, RI). Non-ferromagnetic brass
(alloy 260 and 360) and anodized aluminum (alloy 6061) shafts were also used. Fig. 2 shows
the fabricated robot.

The controller described in (13) is used for the current robot. It previously operated inside of
the scanner room, approximately 3 m from the 3T scanner without functional difficulties or
significant image quality degradation. The controller that is in the electromagnetic
interference shielded enclosure contains the embedded Linux PC providing low-level servo
control, the piezoelectric valves, and the fiber-optic Ethernet converter. Connections to the
robot include the air hose, the encoder cable. The controller is powered through the
grounded patch panel, which is designed for such connections and data communication is
enabled via fiber-optic Ethernet. 3D Slicer (www.slicer.org) surgical navigation software
serves as a user interface with the robot. The navigation software is running on a Linux-
based workstation in the scanner’s console room, which is connected to the robot via
Ethernet.

In the previous study (18), we reported the kinematics detail and the accuracy of the robot.
The key parameters are shown in Table 1.

Validation Studies
Effective Workspace
Definition of effective workspace: Fig. 3 illustrates a typical configuration of a patient and
a robot in a closed-bore MRI scanner for a transperineal prostate intervention, where the
robot is placed between the legs of the patient lying on the scanner’s table in lithotomy
position. We define a right-handed coordinate system so that x, y, and z axis orients to the
right, anterior and superior direction of the patient, respectively, with its origin at the iso-
center of the MRI scanner. The clinician may access the patient from the opening of the bore
on the inferior side of the patient (or negative z in the scanner’s coordinate system) to
perform procedural tasks, such as firing a preloaded biopsy needle. In our evaluation, we
assume that only a patient and a robotic device are placed in the bore. The space in the bore
can be classified into the followings:

Total bore space (VB): The volume of the total space in the bore.

Free space (VF): The volume of the space that is not occupied by any object (i.e.
robotic device, patient body)

Effective workspace (VW): The volume of the free space that is utilized for procedural
tasks by the clinician.

Dead space (VD): The volume of the free space that is not accessible by the clinician.

Space occupied by the robotic device (VR): The volume occupied by the robotic
device.

Space occupied by the subject (VS): The volume occupied by the patient.
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Since there are no overlaps among VF, VR and VS, the volume of the total bore space VB
can be calculated as a sum of the volumes for those spaces:

(1)

Also, since the SF consists of SW and SD, VF can be described as:

(2)

where VW, and VD are the volumes of the effective working space, and the dead space.

In this study, we assume that the dead area as the space covered by the projections of the
robotic device and the patient legs parallel to the static field towards the head of the patient.
The idea behind this assumption is the practical observation that the space behind the objects
in the narrow bore is hardly accessible from the clinician standing at the opening of the bore,
due to the combined effects of physical distance and lack of visibility. Then the VD can be
calculated by:

(3)

where, VP is the volume for the space covered by the combined projections of the robotic
device and the patient legs along to the static field towards the head of the patient, VP∩R and
VP∩S are the volumes of the overlapped areas between the combined orthogonal projection
and the robot, and between the combined orthogonal projection and the subject, respectively.
From equations (1), (2) and (3),

(4)

Volunteer study for estimation of space occupied by the subject: To measure the typical
values of the parameters VS and VP, we conducted a human subject study in a 3T MRI
scanner with 60 cm bore (GE Excite HD, GE Healthcare, Waukesha, WI). In this workspace
analysis, we only focused on the area between the cross sectional planes of the bore 10 cm
and 30 cm from the perineum of the subjects. In addition, due to the lack of images of lower
part of the legs, we assumed that VP, is defined as the area below the cross section of the
legs on the given axial imaging plane. The study was conducted as part of a protocol
approved by institutional review board. Informed consent for MR imaging was obtained
from the subjects, after the nature of the procedure and potential hazards were fully
explained. Three healthy male subjects (age 28–31) were scanned. To maintain the
lithotomy position, the legs of the subject were raised by padding and split by a specially
designed acrylic leg splitting support tool. Images covering the pelvis and the thighs were
acquired from each subject using a 2D multi-slice Spoiled Gradient Recalled sequence (TR/
TE: 6.9/3.1 ms; flip angle: 90 degrees; matrix: 256 × 256; FOV: 40–45 cm; slice thickness:
4–7 mm). The subject’s legs and the combined orthogonal projections were segmented in
each image slice. The subject’s legs were segmented semi-automatically by applying a
threshold, while the projections were segmented manually. VS and VP were calculated from
the segmented legs and the projections. In addition, the mean and standard deviation of the
size of prostates in anterior-posterior and right-left directions, as well as the position of the
prostate from the surface of the patient table were measured to validate if the motion range
of the robot sufficiently covers the prostate.
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Estimation of workspace: First we estimated the volume of the robots VR based on simple
CAD models of space occupation in the MRI bore shown as Fig. 4. Then, VP∩R and VP∩S
were estimated by overlaying the robot model onto the segmented image generated in the
patient imaging. Based on VS, VP, VR, VP∩R and VP∩S estimated from the volunteer study
and the CAD model, and VB calculated from the bore size, the volume of effective
workspace VW was obtained using equation (4).

MRI compatibility—The effects of the robotic system on the MRI imaging in terms of
signal-to-noise-ratio (SNR) was quantified using National Electrical Manufacturers
Association (NEMA) standard method (20). Tests were performed on three 3T MRI
scanners: Philips Achieva (Philips Medical Systems), GE Excite HD (GE Healthcare), and
Siemens Magnetom Verio (Siemens AG). Two widely used T1 and T2 weighted imaging
sequences with parameters that are used for usual patient prostate scanning, were used for
the MRI compatibility study. Table 2 shows the MRI sequence parameters that used in the
study.

Each set of experiments consisted of the phantom being imaged alone (baseline) and
subsequently imaged under following four configurations: 1) Baseline. 2) System in place:
Image the phantom after placing the robot. The phantom and robot position approximate
prostate and robot position in a clinical procedure. The controller is located in the scanner
room but is powered off. 3) System powered: Image the phantom after powering the
controller on but piezo servo valves are not enabled. 4) Servoing: piezo servo valves are
servoing. Often, MRI scanner room is equipped with electromagnetic noise filtered patch
panel. This allows an AC-DC power converter for the controller to be located outside the
scanner room to minimize electromagnetic noise. However, at Siemens scanner room, patch
panel was unavailable so that the converter was located inside the scanner room. Ten (five
for a few scan sequences) axial image slices close to the center of the spherical phantom
were obtained for each configuration for each imaging sequence. To normalize the values
among the three scanners, a percentile value (when baseline SNR value is 100%) was
calculated. Fig. 5 shows a MRI compatibility study (SNR test) setup.

Results
Effective Workspace

Fig. 6 shows a representative 3D model of the patent, pelvic bone, prostate and the bore of
the scanner, created from human subject images. The models acquired from the three
volunteers indicated the patient’s occupational volume ratio (VS/VB) of 0.24 and subject’s
projection-over-bore (VP/VB) of 0.33 over entire available bore space. Table 3 shows the
combined evaluation results of the robots, the overlapped volume over entire bore i.e.,
VP∩R/VB and VP∩S/VB, and the volumes of effective workspace (VW). The current robot
design resulted in the effective workspace (VW) of 0.32, which is greater than that of the
early prototype despite that the current robot is approximately 50% larger than the early
prototype in sectional space. Also, the dead space utilization by robot design was only found
in the current robot. The utilized volume over bore space (VP∩R/VB) resulted in 0.16,
whereas the early prototype has none. The volunteer study also indicated that the size of the
prostate was 35.7 ± 1.7 mm in anterior-posterior direction and 47.3 ± 4.1 mm in right-left
direction, and the vertical position of the prostate from the surface of the patient table was
higher than 93.5 ± 7.1 mm and lower than 130.6 ± 1.0 mm, which can be sufficiently
covered by the range of motion of the robot.
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MRI Compatibility
Fig. 7 shows the plot of SNR results. Overall, all three scanner SNR results show a typical
reduction pattern i.e. gradual decrease from baseline to servoing configuration, which can be
found in similar study (13). Philips and GE scanner SNR tests resulted in similar values: less
than 5%, 10% and 15% reduction at physical presence, providing controller power, and
servoing configuration, respectively. The Siemens scanner SNR result, however, shows
greater SNR value decrease, approximately from 110% (it is not unusual to find a SNR
value greater than baseline value) to 75%. For all scanners and configurations, two imaging
sequence T1 and T2 resulted in very similar SNR values.

Discussion
As preliminary evaluation of our prostate intervention robot with workspace-oriented
design, we conducted a workspace analysis using a new evaluation method that we
developed for in-bore operated robots for transperineal prostate interventions, and an MRI
compatibility study. One of the key requirements that has been discussed from existing in-
bore operated MRI-compatible robot developments is the robot design optimization to
enhance clinical adaptability. We observed that the unused ‘under-legs’ space can be utilized
for robot design to optimize the use of the confined space and allow the maximum clinical
access.

The workspace analysis method allows us to quantify the in-bore workspace utilization of
existing MRI-compatible robots. The method is straightforward yet efficient to distinguish
“effective workspace”, which can be utilized by the clinician, from “dead space” within the
free space of the bore. This will allow developers to evaluate and optimize their mechanical
designs to maximize accessibility to the patient in the bore, thus improving utility and safety
of their robots before fabrication. The method provides useful parameters to evaluate
workspace in the bore.

The workspace optimization could provide sufficient clinical access space so that patients
remain at imaging position i.e. not moving patient out for needle insertion. This can increase
imaging position consistency and reduce procedural time. Procedures in wide-bore (70 cm
bore diameter) scanners, in particular, can benefit greatly from the workspace optimization,
since the wide-bore yields larger free space to be utilized for clinician’s access while the
patient remains at imaging position. The clinical significance of our approach is the
improved access to the patient in the MRI scanner. The MRI-guided prostate interventions
in a closed-bore MRI scanner usually require frequent transfer of the patient between inside
and outside of the bore due to the limited access to the patient, which may increase a risk of
disconnection of cables and tubes for vital monitoring and transfusions.

In-bore operated robots found in literature have both serial and parallel kinematic structure.
Serial structure can be compact but produce greater error as joint errors accumulate. In
contrary, parallel structure can occupy larger space but provide greater rigidity since it
distributes reaction and/or external forces to more than one joint. In our pneumatically
actuated robot developments, in particular, a low friction air-cylinder driven joint that has no
transmission reduction e.g. gear seems unsuitable for a serially linked robot, since it requires
larger force (higher air pressure) to drive joints and to withstand overall robot structure in
general.

Similar to our current design approach, Su reported a parallel structure robotic system that
resembles the kinematic structure of our robot (21). The robot prototype also utilized the
“under-the-leg” space, allowing more space for mechanical structure in “dead space” and
leaving larger free space above and around needle for clinical access.
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Sterilization also affects the workspace design since it may require additional space to
provide and secure sterile area. Our current robot design, we proposed partial plasma
sterilization of the robot’s top parts, which are detachable from the rest of the robot. This
partial sterilization and draping the rest, however, seems rather complex in practice.
Considering the difficulties of full sterilization of mechanical components and the complex
partial sterilization, disposable parts can be used, which is common in clinical practice.
Nonetheless, sterilization should be taken into account in the design stage.

In the new workspace evaluation method, we calculated the effective workspace by
normalizing the measured values by entire bore space, resulting in small numerical
differences among different robot designs. For more distinctive comparison, direct robot
workspace comparison or normalization by useable bore space i.e. except subject space can
be used for the calculation. Also, due to the lack of quantified clinical access space
information, our study is limited to the utilization of unusable space rather regardless of
clinical access space. In future study, however, it will be necessary to investigate the clinical
access space with numerical quantification so that full workspace analysis of in-bore
operated robotic intervention can be performed.

The advantage of our method is that the estimation of the workspace parameters requires
only limited dimensional information. This was made possible by the assumption that the
dead space is defined as the space covered by the projections of the robotic device and the
patient legs parallel to the static field. Although this assumption is not always true for other
magnet configurations, e.g. open-bore MRI scanners, the same concept could be used for
any other magnet configurations by using additional dimensional information.

The MRI compatibility study resulted in less than 15% signal-to-noise ratio (SNR)
reduction, suggesting that the robotic system causes insignificant image quality degrading
with the designated system setup i.e. powered through patch panel. In other words, an
adequate degree of MRI compatibility was observed. The MRI compatibility study of our
early prototype, which used the identical controller and wiring, resulted in no more than 5%
loss in SNR in Philips 3T scanner (13). Comparatively, in (22), authors reported an MRI
compatibility study of an ultrasonic motor actuated transrectal prostate robot in 3T MRI.
The results suggested no measurable reduction of SNR in the motor-off configuration and a
40% to 60% reduction in SNR with the motors on.

In conclusion, we conducted a workspace design analysis using a new evaluation method
that we developed for in-bore operated robots and an MRI compatibility study for the
evaluation of our current needle guide robot for 3T MRI-guided transperineal prostate
intervention. The new workspace evaluation method quantifies the workspace utilization of
the in-bore operated robots for MRI-guided transperineal prostate interventions, providing a
useful tool for evaluation and new robot design. The robot creates insignificant
electromagnetic noise during typical prostate imaging sequences.
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Fig. 1.
Equivalent kinematic diagram of the robot. Bar, cylinder and sphere represent prismatic,
revolute, and ball joint respectively. The prismatic joints are actuated and others are passive.
Needle is located on the needle platform and is inserted through the front (near target
volume) ball joint
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Fig. 2.
A photo of fabricated pneumatically actuated 4-DOF robot for MRI-guided transperineal
prostate needle placement. A semi-automatic biopsy gun is located on needle platform
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Fig. 3.
The typical patient and robot configuration for transperineal MRI-guided prostate
intervention (a) and its cross-section (b)
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Fig. 4.
Two-dimensional CAD models of the bore, patient’s legs, and (a) our previous prototype,
and (b) current robot. Small circle in robot (blue colored) area represents needle position
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Fig. 5.
A photo of MRI compatibility study (SNR test) setup using a phantom in GE Excite HD
scanner (GE Healthcare)
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Fig. 6.
A 3D model of a subject generated from MR images is visualized with models of the bore
and the leg splitting tool in medical image processing and visualization software based on
3D Slicer (www.slicer.org)
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Fig. 7.
MRI compatibility study (SNR test) results in percentile. Philips and GE scanner SNR tests
resulted in similar values: less than 5%, 10% and 15% reduction at physical presence,
providing controller power, and servoing configuration, respectively. The Siemens scanner
SNR result shows greater SNR value decrease from 110% to 75%
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Fig. 8.
Representative T1 phantom images obtained from the MRI compatibility study. Upper row
shows the baseline images and the lower row shows the images when robot is servoing
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Table 1

Kinematic and accuracy specifications of the current robot

Range of motion

Actuator 80 mm

Global 1 50 mm

Angling 1 9.46 degree

Accuracy
Actuator 0.2 mm

Targeting 2 < 0.5 mm

1
due to the complex workspace geometry, ranges are set as a target circle instead of maximum ranges.

2
within the needle insertion range of 150 mm.
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Table 3

The mean estimated volumetric parameters for the current and early prototype MRI-compatible robots
normalized by the volume of the bore (excluding the space under the patient table)

Space Form Early Prototype Current Robot

Subject’s space over bore VS/VB 0.24 0.24

Projection space over bore VP/VB 0.33 0.33

Robot space over bore VR/VB 0.15 0.27

Robot overlapped space VP∩R/VB 0 0.16

Subject overlapped space VP∩S/VB 0 0

Effective workspace VW 0.28 0.32
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