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Abstract

Purpose—To compare CT-fluoroscopy guided manual and CT-guided robotic positioning system 

(RPS) assisted needle placement by experienced IR physicians to targets in swine liver.

Materials and Methods—Manual and RPS assisted needle placement was performed by six 

experienced IR physicians to four 5mm fiducial seeds placed in swine liver (n=6). Placement 

performance was assessed for placement accuracy, procedure time, number of confirmatory scans, 

needle manipulations, and procedure radiation dose. Intra-modality difference in performance for 

each physician was assessed using paired t-Test. Inter-physician performance variation for each 

modality was analyzed using Kruskal-Wallis test.

Results—Paired comparison of manual and RPS assisted placements to a target by the same 

physician indicated accuracy outcomes were not statistically different (manual: 4.53 mm; RPS: 

4.66 mm; p=0.41), but manual placement resulted in higher total radiation dose (manual: 

1075.77mGy/cm; RPS: 636.4 mGy/cm; p=0.03), required more confirmation scans (manual: 6.6; 

RPS: 1.6; p<0.0001) and needle manipulations (manual: 4.6; RPS: 0.4; p<0.0001). Procedure time 

for RPS was longer than manual placement (manual: 6.12mins; RPS: 9.7mins; p=0.0003). 

Comparison of inter-physician performance during manual placement indicated significant 

differences in the time taken to complete placements (p=0.008) and number of repositions 

(p=0.04) but not in other study measures (p>0.05). Comparison of inter-physician performance 
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during RPS assisted placement suggested statistically significant differences in procedure time 

(p=0.02) and not in other study measures (p>0.05).

Conclusions—CT-guided RPS assisted needle placement reduced radiation dose, number of 

confirmatory scans and needle manipulations when compared to manual needle placement by 

experienced IR physicians, with equivalent accuracy.

Keywords

Image guided biopsy; Navigation system; Robotic guidance; Needle placement

INTRODUCTION

Different needle guidance and placement assistance systems have been developed for 

percutaneous image-guided procedures in the thorax and abdomen to improve targeting 

accuracy independent of physician experience, and to reduce radiation exposure to the 

physician and the patient. Such assistance systems include optical [1; 2], electromagnetic 

navigation [3–5], laser overlay [6], US guided [7], fluoroscopy-guided [8] and robotic 

systems [9–19]. The robotic approach offers several advantages over other assistance 

systems including: 1) lack of line of sight restrictions encountered in optical systems, 2) the 

ability to function unaffected by the presence of ferrous materials that may interfere with 

electromagnetic navigation systems and 3) the presence of a robust platform for guiding 

large diameter needles [20]. It has also been suggested that the use of robotic assistance 

during needle placement can help minimize the radiation exposure to operators and patients 

during CT or fluoroscopy guided interventional procedures [17; 20–27]. At the same time, 

the use of robotic guidance may also reduce the number of needle adjustments required to 

reach a target, thereby reducing patient complications such as bleeding[28].

The efficacy of robotic assistance for needle placements in the thorax or abdomen has been 

typically evaluated through experimental placements performed on phantoms [15], animals 

[29] or patients [26] without comparison to manual placements to similar targets by 

experienced IR physicians using standard technique. We address this knowledge gap by 

comparing CT-Fluoroscopy guided manual and CT-guided RPS assisted needle placement 

by experienced IR physician when targeting small in-vivo targets in liver.

MATERIAL AND METHODS

Animal Use

Six female swine (35–50 kg) were used in experiments following an experimental protocol 

approved by the Instituitional Animal Care and Use Committee. Animals were sedated with 

intravenous tiletamine hydrochloride and zolazepam hydrochloride (6 mg/kg; Telazol; Fort 

Dodge Animal Health, IA). General anesthesia was maintained with inhaled isoflurane (1.5–

3% Aerrane; Baxter Healthcare, Round Lake, IL) after endotracheal intubation. The swine 

were positioned into the CT-scanner (Lightspeed A6, GE Healthcare, Princeton, NJ) in 

decubitus position. Prior to each study an experienced IR physician who was not the study 

participant placed four metal fiducial markers (5mm long, 18G in diameter) in each of the 

four major lobes of swine livers. The seeds were evenly spaced out in depths within the 

Cornelis et al. Page 2

Cardiovasc Intervent Radiol. Author manuscript; available in PMC 2017 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



range of 50–120mm (4 seeds per animal, 24 seeds in total). Each IR physician participating 

in the study worked on a single animal. All RPS assisted needle placements were performed 

using breath holds during image acquisition for planning and during placement of the 

needle. The breath hold was facilitated using a muscle paralytic (Rocuronium; 1.2 mg/kg) 

administered intravenously before suspending breathing on the ventilator. All animals 

studied were euthanized after the procedure.

Experimental Methods for Manual Needle Placement

Six IR physicians with at least eight years of experience in independently performing image 

guided needle placement participated in this study. A baseline non-contrast CT was 

performed (LightSpeed 16; GE Healthcare, Milwaukee, Wis) and the study participant was 

allowed to view this scan to evaluate the seed locations. The IR physician was informed on 

the metrics that were being gathered for the study, and was asked to place the needle tip as 

close as possible to the seed being targeted, while treating each needle placement as a 

separate procedure. The procedures were timed starting with the acquisition of the planning 

scan and ending when the IR physician confirmed that they were satisfied with the needle 

location. CT-fluoroscopy guidance was used to manually target the markers using 100 or 

150mm length coaxial needles (18G biopsy needles, E-Z-EM Inc, Westbury NY). The four 

manual placements were performed sequentially, and preceded the four RPS assisted 

placements.

Experimental Methods for RPS Assisted Placement

CT guided RPS assisted needle insertion were performed using a commercially available 

platform (Perfint Healthcare Inc., Chennai, India.). The RPS resides on a wheeled cart and 

consists of two components, a software module that assists in the planning of needle 

placements for biopsy and ablations, and an articulated 5 degrees of freedom robotic arm 

with a disposable needle guide mounted on its end effector. The cart is docked on a metal 

plate mounted on the floor beside the CT table, after which fresh CT-scan (1.25mm slice 

thickness, 20 images) acquisitions were performed with breath-hold to plan for each RPS 

assisted needle placement. The RPS’s onboard computer received the DICOM formatted 

images from the CT console via an ethernet cable, and was used for planning and navigation 

using the on-board software (Figure 1).

Prior to commencing the RPS assisted needle placements, the IR study physician was 

oriented to the RPS system and given an overview of the workflow for planning and 

placement using this system. Without specific training or practice sessions for using the 

RPS, the participant was then asked to use planning sequence to determine an entry point 

(needle puncture site on skin surface) and the target point (center of the fiducial) for needle 

placement. The participant then used interactive drop down menus to select the appropriate 

needle length (100 or 150mm) for carrying out the plan. The angulations of the needle, the 

depth of the lesion as well as the needle trajectory path were calculated by the workstation 

and shown on the treatment plan (Figure 2a). The software onboard the RPS provided the 

physician visual feedback on critical structures within the vicinity of the planned trajectory, 

and the physician planning the placement was ultimately responsible for choosing path that 

avoided critical organs or bone across the needle trajectory.
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Upon receiving confirmation that the physician was satisfied with the plan, it was sent to the 

robotic arm. The RPS repositioned its robotic arm such that the needle guide on the effector 

was positioned and oriented to carry out the planned needle placement. The physician then 

placed the needle in the needle guide at the end-effector of the arm (Figure 3). The onboard 

software computed the depth of needle insertion in accordance to the plan made by the 

physician. The breathing of the animal was placed on hold and the physician then inserted 

the needle through the skin and pushed the needle to the predetermined depth in a single 

action. Once the needle was in place, the physician used button controls to unclamp the end 

effector and withdraw the robotic arm from the entry site. A confirmatory scan was 

performed following needle placement to assess targeting adequacy (Figure 2b and 2c). In 

the event of poor targeting, the robot was repositioned according to the original plan and the 

procedure was repeated one more time.

Statistical Analysis

Average, standard deviation and median calculations were performed on the data recorded 

on the number of needle manipulations required for reaching the target, the number of 

confirmatory scans taken to complete the procedure, the radiation dosage received by the 

animal, and the total time taken for each procedure. The final confirmatory scan images 

were analyzed to calculate the accuracy and precision of needle placement. The accuracy of 

targeting was measured as the shortest distance between the needle tip and the closest point 

on the targeted seed using an image-processing tool (Amira, FEI Visualization Sciences 

Group, Burlington MA) (Figure 4).

The data was analyzed for paired needle placements (manual and RPS) by each physician, 

and for inter-physician difference for each modality used for needle placement. Differences 

in outcomes following manual or RPS assisted needle placement for each physician were 

analyzed using student’s t-Test. For the latter, manual needle placement results from each 

physician were compared to outcomes from other participants performing manual needle 

placement, this analysis was repeated separately for needle placements in the RPS assisted 

group. Inter-physician variability in performance using different modalities of needle 

placement (manual or RPS) was assessed for each modality using the Kruskal-Wallis test. 

The total dose (DLP: dose length product) from the whole procedure received by the swine 

during the needle placement was recorded as the computed tomography dose index volume 

(CTDIvol). The radiation doses difference between manual and RPS needle placements was 

compared with the Wilcoxon sum rank test.

RESULTS

Forty-eight needle placements, 24 placed manually and 24 placed using RPS, were 

completed successfully. The needle entry point for robotic placement did not overlap the 

entry point for manual placement for any study participant. All robot-assisted needle 

placements required a separate skin nick to facilitate needle entry.
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Inter-physician Outcomes Comparison Following Manual Needle Placement

Breath-hold was obtained for 5 punctures (20.8%, 5/24) during manual needle placement. 

Analysis of placement results from different physicians during manual needle placement 

suggested similar outcomes when considering accuracy, (mean=4.53 mm; range, 8.35–0.98 

mm; SD= 1.24mm; p=0.198) and the number of confirmatory scans used to place the needle 

(mean= 6.6; range, 1–22; SD= 2.5; p=0.086). However, there was significant variation 

between physicians for the number of needle manipulations required to reach the target 

(mean= 4.6; range, 0–18; SD= 2.47; p=0.045) and for the time required to complete the 

procedure (mean= 6.12 minutes; range, 2–13; SD= 2.58; p=0.0082).

Inter-physician Outcomes Comparison Following RPS Assisted Needle Placement

Analysis comparing needle placements performed by different physicians using performing 

CT-guided RPS assistance suggested no significant differences between physicians regarding 

the accuracy of placement (mean= 4.66mm; range, 1.38–10.36; SD= 1.05; p=0.606), the 

number of confirmatory scans used to place and reposition the needle (mean= 1.6; range, 1–

3; SD=0.34; p=0.276) and the number of needle manipulations required to reach target 

(mean= 0.41; range, 0–2; SD=0.34; p=0.131). Statistically significant variation was 

observed in the procedure time between different physicians (mean= 9.6 minutes; range, 4–

22; SD=2.93; p=0.0202). Results are summarized in Table 1 and Figure 5.

Paired Comparison of Placement Outcomes for Each Physician

When comparing paired outcomes for each physician placing needles manually and using 

RPS to the same target, it was observed that the number of needle manipulations, and 

confirmatory scans required to reach a target were significantly lower when using RPS than 

manual placement (both p<0.0001). However, procedure time was significantly longer with 

RPS than manual placement (p=0.0003). Finally, no statistically significant difference was 

observed in the accuracy of placement between the two modalities (p=0.417).

Radiation Dose Comparison

The total DLP and CTDIvol dose for the entire procedure during manual placements was 

recorded at 1075.77 ± 717.74 mGy/cm and 179.58 ± 139.16 mGy respectively. For RPS 

procedures, total DLP and CTDIvol dose were 636.40 ± 373.32 mGy/cm and 128.33 ± 79.30 

mGy respectively. A comparison of radiation dose received during placements with the two 

modalities indicated significant difference for DLP (P=0.03) but not for CTDIvol (P=0.43).

DISCUSSION

Our study demonstrates that RPS yields certain distinct benefits during needle placements to 

small targets when compared 1-to-1 to manual placement by experienced interventional 

radiologists. For any participant in the study, the use of RPS resulted in statistically 

significant reduction in the number of needle manipulations and total radiation dose received 

while targeting a specific target. This was achieved with no statistical difference in final 

accuracy of placement and with a limited increase in the time required to complete the 

needle placement. Most importantly, while experienced in manual placement of needles, the 

participants were essentially novice robot operators with limited experience or training in 
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using the system. Despite this factor, no difference in performance was observed when 

outcomes were analyzed between all participants using a given modality (manual or RPS).

Procedures performed using sequential or fluoroscopy CT-guidance exposes both physicians 

and patients to radiation [30; 31]. Usually if performed under CT fluoroscopy, manual 

needle placement necessitates the physicians and their hands to remain in proximity to the 

CT-scan plan where radiation exposure can be maximal. Similar to other techniques 

proposed in literature [22; 30–34], needle placement with RPS can result in reduction of 

radiation exposure to both the patient and the physician. Moreover, by reducing the number 

of needle manipulations or repositioning required to reach a target, the use of RPS may also 

decrease the cumulative radiation exposure to patients when multiple needle placements are 

performed. Further reductions in radiation dosage could be achieved if the RPS could 

advance the needle to the target automatically based on a plan established by the physician. 

Additionally, RPS may prove a useful tool for relatively inexperienced physicians or 

physicians who occasionally perform procedures that require needle placement [20; 35; 36]. 

Our study has shown that despite limited training, all participants in the study were able to 

adequately use RPS to achieve outcomes that were comparable to manual placement by 

experienced physicians. The use of RPS may also limit the tremor of the freehand technique 

[37; 38]. Therefore, challenging biopsies may be performed more safely with RPS by 

limiting multiple needle adjustments and therefore procedural risk can be reduced in 

particularly when targeting lesions near vulnerable anatomy (bowel, nerves or vessels). 

Following this improvement of needle placement performance, limited complication rates 

and increased diagnostic yield of biopsies may be expected when using RPS to assist needle 

placements [39–41]. While reduction in number of needle manipulations could potentially 

reduce incidence of puncture related bleeding in patients, no such evidence was observed 

during this study. As the study was performed on healthy animals will no tumor burden, 

there was no clinically relevant bleeding in our experiments independent of the placement 

modality.

The use of RPS for needle placement requires additional time to allow for placement 

planning using the onboard software [21]. Indeed, this adds to the total procedure time for 

placements performed with RPS assistance. Procedures performed by experienced IR 

physicians were significantly shorter compared to the RPS approach. While significant, this 

difference in procedure time between the two modalities was approximately 3 minutes for 

RPS assisted placements and was not related with an increase in radiation dose received by 

the patient. While a limited amount of time is inherently required for transferring images and 

for performing needle placement planning on the robot, the increased time for RPS assisted 

procedures can also be attributed to the fact that operators using the system did not have 

specific training or practice sessions in using the system. Therefore one may conclude that 

total procedure time for using RPS will likely reduce with increased operator experience.

Our study has the following limitations. The study was performed using an animal model 

with artificial targets. Tumors may be more challenging to target due to their position, 

vascularization or surrounding anatomy. The use of general anesthesia and paralysis for 

inducing breath hold during RPS assisted needle placement is another limitation of the 

study. Local anesthesia cannot be performed in swine models and a paralytic is required to 
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achieve and maintain an effective breath-hold in this animal model. Also, this study does not 

compare the cost-effectiveness of using RPS with manual needle placement. This may be the 

focus of a future clinical study using this system. Finally, in our experimental protocol 

manual placement always preceded RPS placement which could be interpreted to lead to 

potential learning effects, and consequentially better results for RPS placements. However, 

we would like to point out that all study metrics were independent of potential learning 

effects. Considering that skin entry point and targets remained the same for almost all 

placements, accuracy of targeting during RPS then became a function of how well the robot 

was able to position the needle guide and did not depend on the operator’s prior experience 

in placing a needle at that location. Likewise, RPS procedures consistently lasted longer than 

manual placement, independent of the physician performing the experiment. These 

considerations lead us to believe in the absence of any learning effects affecting our 

experimental findings.

In summary, CT-guided robotic positioning system needle placements significantly reduced 

the radiation exposure, the number of confirmatory scans and needle manipulations required 

to reach a target when compared to manual placements by an experienced IR physician 

without loss of placement accuracy. Additionally, the use of a standardized workflow, 

necessitated by the use of RPS, may reduce the inter-physician variability in performance 

during needle placement procedures. The RPS may become a valuable tool to assist 

experienced IR physicians but also train the less experienced or those in training in image 

guided needle placement interventions.
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Figure 1. Robotic Positioning System
Overview of the Robotic Positioning System used for performing the experiments.

A: Articulated arm capable of motion along three separate axes.

B: End effector of the robotic arm with the needle guide. Capable of motion around two axes 

for orienting the needle towards the target.

C: Monitor showing view of the onboard software used for planning needle placement and 

operating the robot.

D: Cart enclosing computer, control equipment and the robotic arm.

E: Docking plate used to accurately position the cart adjacent to the CT table and register the 

robot with the CT imaging workspace.
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Figure 2. Procedure Workflow
A: Planning image, magenta line shows planned needle trajectory from skin entry (dashed 

arrow) to target seed (arrow).

B: Post needle placement CT image.

C: Image overlay comparing planned trajectory (dashed line) and actual needle position.
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Figure 3. RPS Needle Placement Process
Insertion of needle through the disposable needle holder (arrowhead) mounted on the end 

effector of the robotic arm. The needle motion is constrained to linear motion along the 

preset path planned by the physician (solid arrow). The entry point on the skin is marked for 

easy reference (dashed arrow).
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Figure 4. Representative Seed Location and Accuracy Measurement
A: Screenshot showing needle placed (solid arrow) to a target (dashed arrow) in the liver. 

The image set used for treatment planning was registered with post-treatment confirmation 

scan to allow measurements.

B: Volumetric distribution of the targets extracted as isosurfaces (arrows) within the liver. 

CT slice showing on section of the liver is shown in the background (liver boundary marked 

with dashed arrow).
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Figure 5. Overview of Results
A: Number of confirmatory scans

B: Number of Needle Manipulations

C: Accuracy (mm)

D: Procedure time (minutes) for manual and robotic positioning system (RPS) assisted 

placement.

The whiskers show the upper and lower adjacent values, and the box covers the data in the 

25th to 75th percentile. The line represents the median of the dataset.
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