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Abstract

Effective radiation therapy aims to maximize the radiation dose delivered to the tumor while
minimizing damage to the surrounding healthy tissues, which can be a challenging task when
the tissue-tumor space is small. To eliminate the damage to healthy tissue, it is now possible
to inject biocompatible hydrogels between cancerous targets and surrounding tissues to create
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a spacer pocket. Conventional methods have limitations in poor target visualization and device
tracking. In this paper, we leverage our MR-tracking technique to develop a novel injection
needle for hydrogel spacer deployment. Herein, we present the working principle and fabrication
method, followed by benchtop validation in an agar phantom, and MRI-guided validation in
tissue-mimic prostate phantom and sexually mature female swine. Animal trials indicated that the
spacer pockets in the rectovaginal septum can be accurately visualized on T2-weighted MRI. The
experimental results showed that the vaginal-rectal spacing was successfully increased by 12 + 2
mm anterior-posterior.

Index Terms—

Injection Needle; MRI-Conditional; Active Tracking; Radiation Therapy

. INTRODUCTION

MEDICAL needles are widely used in the clinical environment for a variety of procedures,
such as local intramuscular sedation, intravenous chemotherapy delivery, edema reduction,
and subcutaneous biomarker insertion, etc. [1]. In brachytherapy-based cancer treatment,
injection needles are being used to place hydrogels deep into the body [2, 3]. These
hydrogels serve as spacers that distance sensitive, healthy tissues, such as rectum tissues
during prostate-cancer treatment, from the tumorous regions that require radiation energy
delivery. Prior work indicated that uniform spacing of 10-15 mm can be provided (anterior-
posterior) via the hydrogel pocket, reducing the radiation dose to healthy rectal tissue by as
much as 80% [4].

Effective radiation reduction to the surrounding healthy tissues is dependent on the accurate
placement of the injection needle and the pocket’s boundary. The ideal hydrogel placement
procedure is required to have the following key features: 1) accurate visualization of the
treated tumor for closed-loop navigation, 2) continuous monitoring of the injection needle
for safe insertion, and 3) real-time intraoperative imaging of the hydrogel topology (volume
and shape). Conventional hydrogel injection procedures are monitored under Ultrasound
(US) or X-ray guidance, which can provide 1-2 of the key features, but not all of them.

For example, US is able to track the device in real-time, but lacks the capability to provide
high-resolution images of the cancerous regions. X-ray is accurate in needle configuration
monitoring, but it is difficult to visualize the soft tissues and also creates additional radiation
exposure to the patients and clinicians.

Magnetic Resonance Imaging (MRI) is able to generate high-resolution inter-tissue images
without exposure of radiation. Prior work indicated that hydrogel pocket placement could
be accurately monitored with MRI feedback [2—4]. However, two limitations have resulted
in MRI-guided needle insertion procedures remaining under-used: 1) MRI requirements
limit the material selection to prevent imaging artifacts, and 2) the necessity for high-
resolution sequences for accurate detection of metallic needles, extending procedure
duration and precluding real-time monitoring capabilities [5]. For example, several groups
have developed MR-guided devices [6], such as Gosselin et al. [7] and Liu et al. [8].
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However, the materials used in these devices result in large imaging artifacts (50 mm
diameter in [7]), which would prevent accurate visualization of the hydrogel pocket in our
procedure. Hetts et al. have designed micro-coils for flexible endovascular catheter tracking
[9], but the device cannot be used for the proposed application as it has insufficient stiffness
for the penetration of human tissue [10].

We recently developed a method to integrate novel task-space MR-tracking (MRT) coils
onto metallic devices, allowing enhanced navigation speed and accuracy that cannot be
achieved with US and X-ray [11]. The MRT coils are RLC circuits that can be tuned and
matched to the MRI Larmor frequency, enabling RF signal localization within the MRI
coordinate frame with an accuracy of 0.9 mm and feedback rate of 15 Hz. This tracking
technique was used to construct MRI-conditional stylets for brachytherapy seed placement
[12-14] and elongated metallic catheters for cardiac-electrophysiology ablation therapy
[15]. It successfully eliminates the need for developing sophisticated imaging sequences to
monitor the needle shape as it is now possible to obtain the full needle shape by embedding
several coils and performing basic curve fitting. The potential for expanding the use of MRI
guidance to other needle-based interventions shows great promise [16, 17].

In this paper, we hypothesize that the accuracy and efficiency of hydrogel placement can be
significantly improved if real-time task-space monitoring of the needle position and pocket
topology can be provided with MRI guidance, thereby mitigating the risk of damage to
healthy tissue involved with radiation therapy. By integrating our MRT technique onto a
custom-designed MRI-conditional titanium needle, we have created a 1) novel injection
needle mechanical design optimized through simulation that enables tissue spacing with

2) continuous injection needle localization at a rate of 15 Hz, 3) accurate visualization of
the treated tumor, and 4) intraprocedural imaging feedback of the hydrogel topology. The
following paper is divided into four sections. Section Il describes the design and fabrication
of the device, and the MRT integration onto the injection needle. Section I11 elaborates on
the experimental setups and procedures. Section 1V provides the experimental results and a
discussion of the results. The paper concludes in Section V.

[I. MetHobs

The proposed design was ideated using Axiomatic Design Theory, where we focused heavily
on Axiom 1, which states that a designer must attempt to maintain the independence

of functional requirements [18]. In this work, the functional requirements consist of (1)
task-space MR-tracking, (2) in-situ delivery of the bio-compatible hydrogel, and (3) fit
within the current clinical workflow. This differs from our prior work [13], where the
functional requirements consisted of (1) task-space MR-tracking, (2) a deflectable tip for
stylet positioning, and (3) creating a novel workflow [13]. The difference in functional
requirements (2) and (3), while maintaining functional requirement (1) indicates that the
functional requirements are decoupled, suggesting a novel design was created using a robust
design methodology compatible with varying clinical requirements.
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A. Injection Needle Design and Fabrication

Inspired by the principles of concentric- [19-21] and eccentric- [22] tube robots, the
proposed injection needle was fabricated from two 30 cm long titanium tubes (ID: 1.20 mm,
OD: 1.60 mm, SKU: TiGr2-TB-040 and ID: 0.61 mm, OD: 0.81 mm, SKU: TiGr2-TB-020).
Fabrication of the injection needle assembly began with subtractive manufacturing on the
outer tube. Two 12.70 mm long grooves were cut axially along the outer tube using a
four-flute, 45°, 1/8-inch carbide end mill (SKU 415-1502, Shars Tool, IL, USA), providing
a placement location for the MRT coils (Fig. 1A). The inner tube was then inserted into the
outer tube and a flat region was produced for MRT coil placement by filling the gap between
the inner and outer tubes at the machined grooves with epoxy and sanding the epoxy flat
after curing (MarineWeld 50172, JB Weld). Following the curing of the epoxy, a 30° bevel
tip was machined onto both nested tubes, and the MRT coils were adhered to the epoxy
flatbed (Fig. 1B-C).

Note that two micro-coaxial (46-AWG) cables were allowed entry into the cavity between
the inner and outer tube by machining an opening into the outer tube that was 5 mm long
and 0.80 mm deep (Fig. 1D). To prevent leakage between the inner and outer tube, the tubes
were attached to a Luer lock (P/N: 11114, Qosina, USA) at the proximal end of the needle
using epoxy, with the inner tube extending further into the Luer adapter (Fig. 1D). The entire
needle, excluding the distal tip, was coated by a thin (0.05mm wall) heat-shrink tube, which
prevented contact between biological fluids and the circuitry.

B. Injection Needle Connection Interface

The proposed system has two connection interfaces: 1) MRT coils to the MRI scanner

and 2) injection needle to the hydrogel syringe. The quick connection between the MRT
coils and the MRI for tracking signal transmission was provided through a custom-designed
electrical adapter, which incorporated a quick-disconnect 5-pin Redel (Lemo, Switzerland)
connector. To maintain a compact, ergonomic design, the electrical adapter was made using
an SLA printer (Form 3, FormLabs, Massachusetts, USA) that oriented the Redel connector
to be parallel with the syringe, as shown in Fig. 2. A hollow channel was created within

the electrical adapter to enable easy access to the MRT coils. The connection between the
injection needle and syringe was achieved via a Luer connector.

C. MR-Tracking, Balun, and Hardware Integration

Real-time tracking of the injection needle within the MRI scanner was implemented by
locating two MRT coils (length, width, and thickness: 8 mm, 1.10 mm, and 0.20 mm), made
of a 3-layer flexible-printed-circuit (FPC) with embedded capacitors [23] on the distal end
of the needle assembly, as shown in Fig. 3A. The MRT coils were channeled via a tuning,
matching, and active decoupling circuit (Fig. 3B). Tuning and matching was performed
using a vector network analyzer (NanoVNA-F, SYSJOINT Information Technology Co.,
LTD, Zhejiang, China). Series capacitors were used to block DC leakage currents from
propagating on the device (International Electrotechnical Commission 60601-1), while
parallel capacitors and a variable series inductor (P/N: 164-04A06L, Coilcraft, lllinois,
USA) were used to tune the circuit to the 1.5T MRI Larmor frequency (63.8 MHz). An S11
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reflection coefficient of 53.2 and 41.8 dB were obtained for the proximal and distal MRT
coils, respectively (Fig. 3C).

The circuit was connected to the Redel connector in the electrical adapter. Prior to the
connection to the receiver, the signals from the MRI receiver propagated on half-wavelength
coaxial cables that were overlaid with 30-cm periodic resonant RF traps (Baluns) [15]

to attenuate common-mode propagation, reducing cable-heating risk and increasing signal
fidelity. The final prototype can be seen in Fig. 3D.

[1l. ExperivenTaL VALIDATIONS

A. Injection Needle Mechanical Performance

Finite element analysis (FEA) was performed to analyze the effects of the MRT grooves on
the needle’s mechanical performance. This was evaluated by analyzing needle-tip trajectory
deviation caused by various groove lengths, including 10 mm (no grooves), 5 mm, 12.7

mm (actual design dimension), and 20 mm. The needle insertion procedure is modeled as

a separation process of two tissue bodies connected with a thin cohesive layer as presented
in [24]. The tissue medium in the simulation was modeled as gelatin, which shares similar
mechanical properties of human tissue [25]. The tissue parameters are presented in Table I.

Due to the symmetric design of the injection needle, the finite element analysis was created
in 2D to improve computational efficiency (Fig. 4). Herein, the y-direction defines the
direction of insertion, and the x-direction quantifies the trajectory deviation during insertion.
A static solver was used in the FEA study [24]. For the boundary conditions the tissue’s
bottom boundary was vertically fixed and its vertical boundaries were horizontally fixed.
The insertion distance of the proximal edge of the needle was =70 mm in the y-direction,
which is similar to our clinical studies.

The simulation was then validated using a linear rail to consistently drive the prototyped
needles into an agar phantom at a speed of 1 mm/s using a NEMA 23 stepper motor as
shown in Fig. 5. The agar phantom was made using a 5% by volume mixture. The needle
tip trajectory was recorded using an electromagnetic (EM) tracker (Aurora, NDI Medical,
Ontario, Canada), with the tracking coils placed in the location of the distal MRT coil
groove (Fig. 1C). Four different prototypes were made corresponding to the various groove
lengths, including 0 mm (no grooves), 5 mm, 12.7 mm (actual design dimension), and 20
mm. Each prototype was inserted into the phantom 10 times while the needle tip trajectory
was recorded. Care was taken to ensure that the trajectory of each insertion trial did not
traverse through a trajectory cut by a previous needle insertion trial. The recorded position
data points were converted to the coordinate system matching the simulation in Fig. 4 using
rigid transformation methods [26].

B. MRI-Guided Phantom Experiment

Experiments were conducted in a Siemens 1.5T Espree MRI scanner using a dedicated
MR-tracking sequence that reconstructed the needle-tip location and orientation at a rate

of ~15 Hz. The real-time MRT coil positional feedback was sent to a workstation with a
3D Slicer MR-tracking module [27]. The MR-tracking module overlaid needle position and
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orientation on MR navigational roadmaps and displayed the navigational aid on an in-room
monitor.

Phantom experiments were performed with a custom prostate gel phantom (gel conductivity
= 0.6 S/m, gel relative dielectric constant = 77). The navigational roadmap was

acquired using a T1-weighted Turbo-Spin-Echo (TSE) image dataset array (TR\TE\O =
500ms\3ms\90°, ETL=6, 0.6x0.6x3.0 mm3, 64 slice, 2 min acquisition), which combined
the scanner abdominal and spine surface arrays along with the MRT coils. MR-tracking
(TR\TE\O = 2.2ms\1.1ms\59, 0.9x0.9x0.9 mm?3 resolution, Hadamard encoding, 5 phase-
dithering-directions/projection) was used for needle tracking during the procedure. Once the
needle was in position, water was injected into the phantom using a medical syringe and
dynamic changes in the injected volume were recorded for 20 seconds using 2D Gradient
Recalled Echo (GRE) images (TR\TE\©=10ms\3ms\500, 2.0x2.0x4.5 mm3, 5 slice/sec).

C. MRI Swine Experiments

A swine experiment was conducted with institutional IACUC approval in a sexually mature
(>6mth) female Gottingen mini-pig with a vaginal obturator placed in the vaginal-canal,
mimicking the brachytherapy procedure used for gynecologic cancer treatment. The needle
was inserted from the open tip of the obturator while observing the navigational workstation.
The navigational roadmap was acquired with a T2-weighted TSE dataset (TR\TE\O =
2000ms\101ms\180, 0.8 x 0.8 x 3.0 mm3). MR-tracking was used during needle navigation
to steer the needle. Gd-DTPA-doped water (0.1 mL/L Gadavist, Bayer Healthcare, USA)
was injected into the rectovaginal septum to create the hydrogel-filled pocket with images
acquired prior to and following pocket creation.

IV. ResuLts ano Discussion

A. FEA Simulation

The simulation results (Fig. 6A) show that the injection needle successfully separates the
two tissue bodies, regardless of groove length. Overall, tip divergence is approximately
proportional to the needle insertion depth. This is primarily due to the bevel tip of the
injection needle, which tends to re-direct the needle when it is inserted into the tissue [28],
resulting in a tip divergence of the needle’s tip at the end of its trajectory of 0.62 mm, 0.61
mm, 0.58 mm, and 0.55 mm for the groove length of 0 mm, 5 mm, 12.7 mm, and 20 mm,
respectively. However, the maximum tip divergence is less than 1 mm for the insertion depth
of 70 mm (< 0.8% of insertion depth), which can be neglected due to the scanner’s typical
imaging resolution of 1 mm x 1 mm per pixel.

The experimental results of the needle insertion trials are presented in Fig. 6B. Plotted is

the average tip divergence for the ten trials with respect to the insertion depth for the four
different prototypes. Similar to the simulation, tip divergence is approximately proportional
to insertion depth, where the tip divergence of the needle’s tip at the end of its trajectory

is 0.75 mm, 1.22 mm, 1.60 mm, and 1.20 mm for the groove length of 0 mm, 5 mm, 12.7
mm, and 20 mm, respectively. This results in an error from the simulation results of 0.13
mm, 0.61 mm, 1.02 mm, and 0.65 mm. Note that the tracking accuracy of the Aurora system
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used was 0.70 mm and the registration error was 0.93 mm, which likely contributes to the
error seen. Nonetheless, the linear divergence is small compared to the insertion length (<
2.3%). The minimal divergence observed in both the simulation and the experimental setup
indicate that the linear assumption for the insertion trajectory of the device is valid despite
the cutouts produced on the distal end of the device for MR-tracking. Thus, we apply this
assumption to the device in the swine study discussed in Section I1V-C.

B. MRI Phantom Experiment

MR-tracking precision was determined by comparing the ground-truth location of the MRT
coil positions to the 3D-Slicer MR Tracking module in the prostate phantom (CIRS, VA,
USA). Ground-truth positions were measured using high-resolution 3D MR images acquired
by an inversion-recovery gradient echo (MP-RAGE) sequence with a spatial resolution of
0.3x0.3x0.3 mm?3. MRT SNR supported 15 Hz navigation with tracking precision of 0.9 x
0.9 x 0.9 mm3 and robust visualization of the tip location and orientation.

To validate dynamic pocket topology visibility, 30 mL of Gd-DTPA-doped water was
injected between the prostate and rectum (Fig. 7). The dynamic changes in the volume of the
injected fluid were clearly captured, providing real-time feedback on the fluid topology.
During the injection procedure, the syringe was swapped out 5 times for injection of
additional fluid; however, the needle tip only moved 2 mm, indicating intra-procedural
syringe replacement is easy and safe.

C. MRI Swine Experiment

In this section, the proposed injection needle was evaluated in a live swine. MR-tracked
navigation was successfully used to place the injection needle between the vagina and
rectum of the swine (Fig. 8). The needle was repositioned 2 times within 20 seconds to
achieve the desired targeting performance, but the trajectories were linear, indicating our
model was accurate (Section IV-A) in predicting negligible tip divergence. Note that the
existing procedures rely on passive image-based tracking, which has a significantly longer
procedure time due to slow image feedback during clinician deployment. The animal study
performed with the proposed injection needle encourages prompt clinical implementation
due to its fast tracking and ease of use, resulting in significantly shorter procedure time.

After the injection needle placement, T2-w imaging was performed to monitor the vaginal
wall, rectum, and the pocket. The dynamic visualization of injected Gd-DTPA-doped water
pocket topology is shown in Fig. 8. A total of 15 mL of the fluid was injected, resulting in an
additional spacing of 12 + 2 mm between the vagina and rectum.

V. ConcLusions

This paper presents the design and fabrication, simulation modeling and validation, phantom
trial, and animal trial of an MR-tracked injection needle for hydrogel pocket placement. The
simulation and benchtop validation results indicated that the bevel tip and MRT coil grooves
machined onto the needle had a minimal effect on trajectory deviation, with a limited
sub-mm deviation in the direction perpendicular to insertion for a tissue insertion depth of
70 mm. This is supported by the benchtop experiment, where deviations in the tip of the
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device from a straight line trajectory remained below 2 mm, which also includes the EM
tracking coil error of 0.70 mm and registration error of 0.93 mm, as well as manufacturing
tolerances of the prototype, such as linearity of the tube. The actively-tracked injection
needle was successful at displacing the vagina from the rectum in the swine model by 12+2
mm in the anterior-posterior direction within 20 seconds.

Our future work will first require the validation of the device’s safety. The proposed device
requires an open lumen at the distal end for the injection of the hydrogel, resulting in the
difficulty of sealing the electronics from the patient. Thus, we will explore hermetic sealing
between the patient and the electronics. Following safety validation, we will test the device’s
efficacy for hydrogel pocket placement in patient trials. Metrics of comparison will include
(i) mean pocket placement time, (ii) pocket placement accuracy, (iii) total damage to healthy
tissues, and (iv) tumor size reduction. These metrics will be compared to current procedural
results using X-Ray, US, and passively (e.g. image-based) tracked MRI guidance.
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(A) A side view of the outer tube after the machining operations. (B) Front cross-section and
isometric view of the MR-tracked needle assembly at the distal end. (C) Side cross-section
view of the distal end of the injection needle assembly (proximal coil not visualized). (D)
Side view of the proximal end of the needle assembly.
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Outer Tube /
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Fig. 2.
The proposed electrical adapter with the injection needle assembly.
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(A) The MRT coils attached to the distal end of the needle. (B) The tuning and matching
circuit schematic. (C) The results of the tuning and matching of the circuit for each coil,
indicating strong signal transmission. (D) The final prototype of injection needle assembly.
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Fig. 4.
An example of the simulation of the 30 cm long needle entering tissue vertically downwards

from the top (with 12.7 mm long grooves) when the insertion depth is at 35 mm of the 70
mm insertion depth. The contours depicted are of strain, indicating that the fibers interacting
with the right side of the needle (the side with the grooves) are under tension while the
fibers on the left side of the needle body are under compression. The needle successfully
eliminates the cohesive element and separates the two tissue bodies.

IEEE ASME Trans Mechatron. Author manuscript; available in PMC 2024 August 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Gunderman et al. Page 15

EM Tracker ~ £

Agar Phant
v ;g}ar antom

Fig. 5.
Experimental setup for empirical validation of the simulation results.
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(A) The simulated needle tip deviation from the linear insertion path is plotted with respect
to the insertion depth. (B) The tip deviation of the needle tip from the linear insertion path in

the experimental setup is plotted with

respect to the insertion depth.
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Fig. 7.

Phantom Experiment. The dynamic visualization of the pocket topology can be viewed
between the prostate (red), urethra (yellow), and rectum (brown) with the final (blue)
injected volume.
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Fig. 8.
Visualization of a pocket (orange arrows) created between the vagina (green) and the rectum

(cyan) in a female mini-pig viewed with T2-w images.
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TABLE |
SIMULATION PARAMETERS

Parameters Units  Values
Needle Length mm 300
Tissue Thickness mm 60

Young’s Modulus of Tissue Pa 7000
Young’s Modulus of Needle ~ GPa 120
Poisson Ratio of Tissue - 0.475

Poisson Ratio of Needle - 0.3
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