A System for Real-time MRI-guided Transperineal Interventions
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Purpose: Currently available MRI-compatible positioners and robots for prostate
interventions are complex, expensive, and do not allow for continuous real-time
manipulation [1, 2]. There is an increasing interest in MR-guided biopsy and focal
ablation due to advancements in sequences such as diffusion-weighting (DW) and
dynamic contrast-enhancement (DCE), which have shown increasing promise as
methods to visualize, and selectively identify, high-risk prostate tumors [3]. However,
MR-guided interventions present significant challenges: the bore of the MRI machine
is narrow, restricting the operating space; certain materials can cause susceptibility
artifacts or are otherwise not MR-safe; and electronic devices must include proper
patient isolation and shielding. We present a low-cost, fully MRI-compatible system
designed for prostate interventions including biopsy, brachytherapy and ablation
procedures which comprises of: a passive manipulator to steer the needle from
outside the scanner bore [4], a 3D shape-sensing needle [5, 6, 7], and a guided user
interface (GUI) with in-room display to show the full 3D trajectory of the needle in
relation to its target.

Materials and Methods: To overcome space limitations inside the 3T GE 750 scanner, an MR-
compatible parallel mechanism is used to target an implanted lesion (0.5 ml gelatin gel containing
non-diffusable blue dextran dye) in a canine model’s prostate. The subject is introduced feet first
into the bore. Straps are used to limit breathing motion. The parallel mechanism has mechanical
linkages between the master platform (controlled by the physcian) and the slave platform (holding
the needle inside the scanner bore) (Fig.1). It has a total of 5 degrees of freedom to mimic the
physician’s natural wrist and arm motions during needle-guided procedures. To fix the needle
position when necessary, the manipulator has pneumatic brakes that are engaged by default except
when the physician steps on a foot-pedal to freely steer the needle. The brakes are miniature grippers
modified for MRI-compatibility. The pneumatic circuit uses the medical air lines inside the MRI
suite. So that the physician can compensate for needle deflections due to tissue interactions, a shape
sensing needle with embedded fiber optic strain sensors is used for in vivo visualization of the
needle bending. Using beam theory and the optical sensor data, the full 3D profile is known in a
coordinate frame attached to the needle base. Registration between the needle base and the imaging
planes is accomplished via three MR tracking coils embedded on the manipulator’s slave side end-
effector [8] (Fig.1D). A browser-based GUI is designed to interface with HeartVista’s RTHawk to
provide the surgeon data visualization and scanner control from inside the scanner suite. The GUI is
accessed using an iPad to connect to a server that receives sensor data, saves image data, and
controls the scanner. A WiFi antenna in the scanner room using a 2.4 GHz bandpass filter boosts the
WiFi signal adequately for negligible latency. From the GUI, balanced SSFP scout images
(FOV=30cm, TE/TR=2.4/4.85ms, res=2.34mm, flip=65°) are taken in the axial and sagittal planes to
localize the implanted lesion and place virtual targets (red sphere markers) for visualization during
biopsy. During the biopsy, image planes, virtual targets, and the needle annotation are displayed in
a 3D rendered environment (Fig. 2) that can be adjusted by the physician using the in-room
touchscreen display (Fig. 3C). Additionally, the physician can control whether to interleave tracking
and imaging sequences or to image or track independently.

Results: Transperineal interventions using the real-time GUI, needle annotation, and manipulator
was feasible in the canine model. Images were obtained every 0.96 s per slice without updated
tracking, or 2.52 s per slice when interleaved with tracking. The pneumatic brakes were important to
hold the needle position and improve safety of the guidance system.

Fig. 1. (A) Full view of manipulator with translational DOF
shown. (B) Slave-end with one set of brakes circled. (C)
Master-end with rotational DOF from gimbal shown. (D)
Tracking coil configuration located behind master-end gimbal.

Fig. 2. Needle annotation and MR image of
canine pelvis shown in 3D from the real-time
GUL (A) Prostate. (B) Virtual target marked
from scouts. (C) Needle annotation.

Fig. 3. Targeted transperineal prostate biopsy
with MRI-compatible system. (A) Canine
model and smart needle at manipulator slave-
end. (B) Physician at manipulator master-end.
(C) In-room display showing 3D needle
annotation over images.

Discussion and Conclusion: This system offers an intuitive, low-cost, instrinically safe apparatus for real-time MRI-guided procedures.
Future plans include introducing advanced DWI sequences to localization scans for virtual target positioning, and charaterizing positional
accuracy of the combined MR tracking and fiber-based needle shape estimation method.
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