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Abstract: Introduction: Percutaneous nephrolithotomy (PCNL) is the standard procedure for treating
large kidney stones, especially those measuring over 20 mm or staghorn stones. Accurate placement
of the tract into the renal collecting system of interest is crucial. Objective: To compare the free-
hand puncture technique with robotic-assisted puncture during fluoroscopy-guided PCNL on a
phantom kidney model in terms of efficiency and safety. A self-assessment of confidence levels
after each puncture was recorded. Study Design: This prospective single-center benchtop study was
conducted at the University Malaya Medical Centre (UMMC). Four urological residents participated
and performed phantom punctures using both the free-hand bull’s eye technique and the automated
needle targeting system with X-ray (ANT-X). Each resident performed a total of 60 punctures on the
renal phantom models, with 30 punctures using the free-hand technique and 30 punctures using the
ANT-X robotic-assisted system. Results: A total of 240 needle insertions were conducted, with 120 in
the ANT-X group and 120 in the free-hand group. The success rate of needle insertions was 100% in
both groups. However, the study revealed that the ANT-X group required, on average, an additional
51 s for needle puncture compared to the free-hand group (p < 0.001). In terms of fluoroscopic
exposure, the ANT-X group exhibited significantly lower radiation exposure compared to the free-
hand group (p < 0.001). Sub-analysis showed that puncture time remained consistent regardless of
the technique used, but fluoroscopic screening time decreased with increasing participant experience.
The ANT-X group also resulted in significantly lower radiation exposure during initial sessions
compared to the free-hand technique. Surgeons’ self-assessment of confidence levels indicated a high
level of confidence in needle puncture. Conclusions: Our benchtop study comparing the efficacy
and safety between free-hand and ANT-X phantom punctures revealed comparable results. The
needle puncture technique facilitated by the ANT-X system showed promising results in terms of
reducing fluoroscopic exposure, albeit at the cost of longer operative times. This technology holds
promise for novice surgeons who are in the early stages of their learning curve and might be useful
for experienced surgeons looking to reduce radiation exposure.
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1. Introduction

Percutaneous nephrolithotomy (PCNL) is the standard procedure for treating large
kidney stones, especially those measuring over 20 mm or staghorn stones [1,2]. The accurate
placement of the tract into the renal collecting system is crucial for achieving complete
stone removal and minimizing complications such as bleeding, organ injuries, and access
failure. PCNL punctures can lead to serious complications. In some cases, percutaneous
access may rely on interventional radiologists, which may not always be ideal for stone
clearance, especially when there is no preoperative communication between groups [3].
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To improve PCNL outcomes, various advancements have been made in renal access
techniques over the past decade. Computer-assisted navigation systems, such as the one
developed by Rassweiler et al. in 2012 [4], have allowed surgeons to visualize the relation-
ship between calyceal anatomy and surgical instruments using radio-opaque markers and
3D-reconstructed preoperative computed tomography (CT) images. While these systems
have improved access efficiency, they do not account for real-time kidney position during
respiratory movements, which has led to the development of automated devices.

In 1997, Cadeddu, Stoianovici. et al. from the Urobotics Laboratory at Johns Hopkins
Medical Institutions introduced the PAKY-RCM system [4,5], demonstrating its feasibility
in a clinical trial involving 23 PCNL patients [6]. Another automated device developed
by the same laboratory, called AcuBot, was shown to outperform computer-assisted navi-
gation systems and manual operation in percutaneous ablative targeting, as reported by
Pollock et al. in 2010 [7]. However, these systems have limitations, including their high cost,
bulkiness, and complexity, which have hindered their widespread use in clinical settings.

A new system called ANT-X, developed by NDR Medical Technology, offers an effi-
cient solution for percutaneous needle placement in PCNL. It is compact, user-friendly, and
specifically designed for urologists performing PCNL. Animal studies using a pig model
have demonstrated that the ANT-X device reduces radiation exposure and complications
after the procedure [8]. A human trial has shown that the use of the ANT-X device can
achieve percutaneous access on the first attempt [8].

In this study, we conducted a benchtop evaluation using a phantom kidney model to
assess whether the ANT-X device offers advantages over traditional free-hand puncture,
specifically in terms of reducing access time and radiation exposure to both the patient
and the surgeon. Our choice to focus on percutaneous renal access as the first step in
PCNL was based on the critical importance of precise needle access to a chosen nodule in
this procedure.

By evaluating the performance of the ANT-X device in comparison to free-hand
puncture, we aim to provide valuable insights into the potential benefits of incorporating
this robotic-assisted system into PCNL procedures. The findings from this benchtop study
will contribute to the understanding of the device’s efficacy, paving the way for future
research and clinical trials involving live patients.

2. Study Objective

To compare the free-hand puncture technique with robotic-assisted puncture during
fluoroscopy-guided PCNL on phantom kidney model in terms of efficiency (puncture time)
and safety (fluoroscopy exposure). The surgeon’s self-assessment of confidence levels after
each puncture was recorded as well.

3. Material and Methods
3.1. Study Design

This prospective single-center benchtop study was conducted at the University Malaya
Medical Centre (UMMC), involving four urological residents from UMMC as participants.
The study utilized renal phantom models, which were provided by NDR Medical Tech-
nology (Senai, Malaysia). The research was carried out in the urology suite at UMMC
over a period of three months, from January to March 2022. Ethical approval by Malaysia
Research Ethical Committee (202124-9805).

The study design aimed to evaluate the efficacy and potential advantages of the ANT-X
system compared to traditional free-hand puncture techniques. By involving urological
residents, who are in the early stages of their training and may have limited experience in
PCNL needle puncture, the study aimed to assess the device’s usability and its potential to
improve procedural outcomes for less-experienced surgeons.

Throughout the three-month study period, the participants performed multiple needle
punctures using both free-hand and ANT-X methods on the renal phantom models. Data on
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puncture time, radiation exposure, and self-assessment of confidence levels were collected
and analyzed.

The utilization of phantom models and a controlled environment allowed for stan-
dardized testing conditions, ensuring consistency and reproducibility in the evaluation of
the ANT-X device’s performance.

3.2. Phantom Models

Accugel abdomen phantom is representative of a small adult abdomen and can be
imaged under CT, Fluoroscopy, and ultrasound. It simulates the abdomen with ribs
surrounding it, and materials provide contrast between the structures under all imaging
modalities. The phantom is made of gelatin with nodules that are made of RTV rubber.
The overlying surface is covered with skin to increase validity (texture and resistance)
and prevent direct visualization of the kidney. The posterior cover of the phantom can
be removed for the direct visualization and evaluation of the needle position following
each puncture.

The system consists of a single-use ball-joint needle holder placed within the ANT-X
device (Figure 1) with an articulated arm mounted on the operating table. The ANT-X
device and the fluoroscopic arm are connected to the computer system to form a closed-loop
feedback system (Figure 2). ANT-X works on the following principles:

1.  The desired nodule within the phantom is identified via fluoroscopy. In humans, the
collecting system is lit up via retrograde pyelogram, and the surgeon chooses the
appropriate calyx for entry by placing a skin stab incision over the area.

2. The needle holder ring is positioned near the point of entry.

The needle is inserted into the needle holder and pivoted on the incision site.

4. Fluoroscopic images are obtained by the C-arm at 30 degrees and imported to the
system using DICOM or any other video output methods deployed by the common
C-arms available in the market.

5. ANT-Xintegrates the images with the real-time position of the needle mounted on
the device by using transformative projection. The needle is automatically aligned
for puncture into the chosen nodule based on the correlation of these coordinates. In
humans, there is no compensation for respiration movement.

6.  Once auto-alignment is completed, the needle holder keeps the needle angle stable as
the surgeon advances the needle into the desired nodule manually. Fluoroscopy with
C-arm at 0 degrees is used to gauge the depth of puncture. For phantom puncture,
the direct visualization and evaluation of the needle position can be achieved via the
posterior of the phantom.
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Figure 1. Kidney phantom model.
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Figure 2. ANT-X robot.

3.3. Participants and Procedures

In this study, four urological residents participated and performed phantom punctures
using both the free-hand bull’s eye technique and the automated needle targeting system
with X-ray (ANT-X). Each resident performed a total of 60 punctures on the renal phantom
models, with 30 punctures using the free-hand technique and 30 punctures using the
ANT-X robotic-assisted system.

The residents underwent training and familiarization with the ANT-X system and
traditional bull’s eye puncture for a total duration of 2 h before performing the punctures.
The punctures were carried out on the renal phantom models, mimicking the anatomi-
cal features and complexities of the renal collecting system. The residents followed the
standard protocols and techniques for each puncture method, ensuring consistency and
accuracy in their approach. Successful puncture was confirmed using fluoroscopy and
direct visualization. By performing an equal number of punctures using both the free-
hand and ANT-X groups, the study sought to establish a direct comparison between the
two methods.

The background experience in PCNL renal access of the participants is summarized
in Table 1.

Table 1. Experience of participants.

Residents (n = 4)

Number of renal accesses previously experienced (%) <10 4 (100%)
Years of urological experience(%) <1 2 (50%)
Years of urological experience(%) <2 2 (50%)

Each participant will complete a total of 60 punctures, distributed over six sessions
with a minimum one-week gap between each session. In each session, the participants will
perform 10 needle punctures on a standardized phantom, alternating between the free-hand
technique and the ANT-X robotic-assisted puncture group. The nodule to puncture will be
standardized to minimize bias.

For the traditional free-hand puncture, the participants will employ a prone fluoroscopy-
guided PCNL approach using the bull’s eye technique. On the other hand, for the ANT-X
puncture, the participants will utilize the ANT-X system, which integrates an articulated
reusable arm mounted on the operating table and a computer system connected to a standard
C-arm. This system will provide automated needle positioning for accessing target balls. The
principles and description of the ANT-X system have been previously documented.

During the study, several parameters will be recorded for analysis, including the
total time taken to achieve renal access, the total dose of radiation exposure (measured in
mGy/s), and the trainee’s confidence level.

The software activation and robotic arm attachment to the operation table were completed
beforehand. The workflow of the robotic-assisted puncture is shown below (Figure 3).
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Figure 3. Workflow of robotic assisted puncture. (a) initial marking on phantom skin. (b) Robot
is pivoted to decide needle insertion angle to desired target. (c) Needle is placed into the robot
needle holder and position the needle tip on the marked target for robot alignment. (d) Once robot
alignment complete, perform needle puncture manually by pushing the needle in until reaches the
target. Pan/tilt to check on puncture depth. Confirmation of puncture on nodule by fluoroscopy and
direct visualization.
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3.4. Statistical Analysis

Continuous normally distributed variables were expressed as means (standard devia-
tion), whereas non-normally distributed variables were expressed as medians (25% and
75% interquartile range). Categorical variables were presented as frequency (percentage).
The Mann-Whitney U test was used to identify differences between groups. Differences
were considered statistically significant at a <0.05.

Data that were captured are time to access, radiation exposure, and confidence level.

4. Results

A total of 240 needle insertions were conducted, with 120 in the ANT-X group and
120 in the free-hand group. The success rate of needle insertions was 100% in both groups,
indicating the safety and feasibility of both groups.

Needle Puncture Time: the study revealed that the ANT-X group required, on average,
an additional 51 s for needle puncture compared to the free-hand group (p < 0.001) (Table 2).

Table 2. Comparing total time of puncture between free-hand and ANTX type of PCNL using
Mann-Whitney test.

. Free-Hand ANTX . .
Variables Median, (IQR) (1 =120)  Median, (IQR) (1 =120) 2 >tatistic p-Value
Total Time of Puncture (s)  161.6 (156.4-193.5) 212.9 (220.4-338.4) 3487 <0.001

Fluoroscopic Exposure: notably, the study found that the ANT-X group exhibited
significantly lower fluoroscopic exposure compared to the free-hand group (0.50 mGy/s vs.
0.87 mGy/s, respectively; p < 0.001) (Table 3).

Table 3. Comparing total radiation exposure between free-hand and ANTX type of PCNL using
Mann-Whitney test.

Variables

Free-Hand ANTX

Median, (IQR) (2 =120)  Median, (IQR) (z =120) 2 Statistic p-Value

Total Radiation Exposure (mGy) 0.87 (1.87-4.20) 0.59 (0.64-0.92) —5.190 <0.001

Sub-analysis of total puncture time and radiation exposure was conducted between
the free-hand and ANT-X groups. The results revealed interesting findings related to
participant experience and changes in radiation exposure throughout the sessions.

1.  Puncture time: The average puncture time of the four participants did not reduce
despite using the free-hand and ANT-X groups (p = 0.040). This suggests that
regardless of the technique employed, the participants’ puncture time remained
relatively consistent.

2. Fluoroscopic screening time: The sub-analysis indicated that the average fluoroscopic
screening time decreased as the participants gained more puncture experience. This
suggests that with increasing proficiency and familiarity with the procedure, par-
ticipants required less time for fluoroscopic guidance. This finding highlights the
potential for skill development and improved efficiency over time.

3. Radiation exposure in the first session: In the first session, the average radiation
exposure of the four participants was significantly higher in the free-hand group
(1.876 mGy/s) compared to the ANT-X group (0.609 mGy/s) (p < 0.001). This indicates
that the use of the ANT-X resulted in significantly lower radiation exposure during
initial sessions (Table 4).
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Table 4. Comparing three sets of total time of puncture and total radiation exposure between
free-hand and ANTX type of PCNL using Mann-Whitney test.

Free-Hand ANTX

Variables Median, (IQR) (z = 40) Median, (IQR) (z = 40) Z-Statistic p-Value
Total Time of Puncture (s) Set 1 137.5 (132.5-184.7) 198.6 (187.5-284.6) —2.170 0.030
Total Time of Puncture (s) Set 2 168.5 (146.4-197 4) 235.8 (159.4-390.9) —2.040 0.041
Total Time of Puncture (s) Set 3 166.3 (150.0-243.9) 239.5 (196.5-458.0) —2.050 0.040
Total Radiation Exposure (mGy) Set 1 1.876 (1.850-2.913) 0.609 (0.581-0.920) —5.697 <0.001
Total Radiation Exposure (mGy) Set 2 0.647 (0.666-1.057) 0.735 (0.697-1.433) —0.597 0.551
Total Radiation Exposure (mGy) Set 3 0.714 (2.535-9.185) 0.413 (0.431-0.635) —4.017 <0.001

4. Radiation exposure in the last session: In the last session, the average radiation
exposure of the four participants was significantly lower in both the free-hand and
ANT-X groups compared to the first session. However, the free-hand group still had
a higher average radiation exposure (0.714 mGy/s) compared to the ANT-X group
(0.413 mGy/s) (p < 0.001). This suggests that as participants gained experience, both
groups resulted in reduced radiation exposure, with the ANT-X group consistently
providing lower exposure levels (Table 5).

Table 5. The association of confidence level between four trainees conducting PCNL (N = 240).

Confidence Level

Surgeon 1 2 3 4 5 6 7 8 9 10 4

A % 5.8% 3.8% 3.8% (1).4% (1).4% 3.8% 2.9% 2.88% ;.1% 0 0.001
B % 0 0 0 0 3.8% g.l% ;34% ;.99% ;.18% 0

C % 0 0 0 0 i.rfs% 2.1% ?3% ig% 2.30/0 0

D % 0 0 0 0 0 i.3% 1.02% i’g.s% éi% (1).4%

The high level of confidence elicited in this study regarding needle puncture is indeed
surprising, considering that each participant had limited experience in PCNL needle
puncture. The self-assessment scores of 88.3%, indicating a confidence level of more than
7 on a scale of 1-10, suggest that the participants felt quite confident in their ability to
perform the puncture.

5. Discussion

The development of robot-assisted devices for various purposes has been hindered
by their complexity, bulkiness, and high cost. Therefore, it is crucial to adopt a more
practical approach using readily available imaging modalities to improve the technique for
robot-assisted renal access in urinary stone disease. The ANT-X robotic system presented
in this study offers a feasible and effective solution thanks to its compact size, user-friendly
interface, and fully automated navigation system. Moreover, it can be integrated with
low-cost C-arm fluoroscopic devices commonly available in operating theatres.

Despite the participating surgeons having limited experience in fluoroscopy-guided
renal access, they were able to perform needle puncture effectively. The median needle
puncture time with the ANT-X system, including fluoroscopic confirmation, was 24%
slower than a free-hand puncture. However, the radiation exposure was 32% lower with
ANT-X compared to free-hand puncture. This is likely due to ANT-X's ability to achieve
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and maintain precise positioning during needle puncture, resulting in reduced radiation
exposure. These findings highlight the potential advantages of the ANT-X device in
reducing radiation exposure during PCNL puncture. By minimizing radiation exposure,
the ANT-X offers enhanced safety for both patients and medical staff.

As the surgeons gained more experience with needle puncture using both free-hand
and ANT-X on the phantom model, a significant reduction in radiation dose was observed
within each group. For the free-hand group, the radiation dose decreased by 61.9% between
the last and first sessions, while for the ANT-X group, the reduction was 32.1%. Although
this study does not definitively prove that ANT-X reduces the learning curve in free-hand
puncture, it does demonstrate the important role of ANT-X in assisting surgeons to achieve
the bull’s eye position and stabilize the needle during advancement, thereby fulfilling the
ALARA (as low as reasonably achievable) principle, even for beginners [9-11].

Surgeons’ self-assessment of confidence levels indicated a high level of confidence
in needle puncture. The combination of free-hand and ANT-X boosted surgeons’ self-
confidence, as evidenced by the study’s findings of 88.3% of participants reporting a
confidence level greater than 7 (on a scale of 1-10) despite their lack of experience in PCNL
needle puncture. The ability of surgeons to grasp the concept and appreciate the bull’s
eye technique, whether performing free-hand or assisted by ANT-X, contributes to their
confidence. This training will undoubtedly aid surgeons in initiating renal puncture in
human patients.

The primary limitation of this study is the use of a phantom model that may not
fully mimic the anatomy and physiological aspects of an actual kidney. Additionally, the
absence of respiratory and kidney movement in the phantom model introduces discrep-
ancies. Given that this research is a benchtop study, the findings should be validated in
actual patients with renal stones, which is currently ongoing. Lastly, the surgeons’ self-
assessment represents a subjective evaluation of the procedure and may be influenced by
individual biases.

Further research and clinical studies are necessary to confirm and expand upon the
findings of this study, particularly in live patient settings, which is currently ongoing.
Validating the outcomes in real-world scenarios will provide more robust evidence re-
garding the efficacy and safety of the ANT-X system for robot-assisted renal access in
PCNL procedures.

6. Conclusions

Our benchtop study comparing the efficacy and safety between free-hand and ANT-X
phantom punctures revealed comparable results for mimicked renal access during PCNL.
The needle puncture technique facilitated by the ANT-X system showed promising results
in terms of reducing fluoroscopic exposure, albeit at the cost of longer operative times.

This technology holds promise for novice surgeons who are in the early stages of
their learning curve and might be useful for experienced surgeons looking to reduce
radiation exposure.
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