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Abstract: Percutaneous Nephrolithotomy (PCNL) is a procedure used to treat kidney stones. In
PCNL, a needle punctures the kidney through an incision in a patient’s back and thin tools are
threaded through the incision to gain access to kidney stones for removal. Despite being one of
the main endoscopic procedures for managing kidney stones, PCNL remains a difficult procedure
to learn with a long and steep learning curve. Virtual reality simulation with haptic feedback is
emerging as a new method for PCNL training. It offers benefits for both novices and experienced
surgeons. In the first case, novices can practice and gain kidney access in a variety of simulation
scenarios without offering any risk to patients. In the second case, surgeons can use the simulator for
preoperative surgical rehearsal. This paper proposes the first preliminary study of PCNL surgical
rehearsal using the Marion Surgical PCNL simulator. Preoperative CT scans of a patient scheduled to
undergo PCNL are used in the simulator to create a 3D model of the renal system. An experienced
surgeon then planned and practiced the procedure in the simulator before performing the surgery
in the operating room. This is the first study involving survival rehearsal using a combination of
VR and haptic feedback in PCNL before surgery. Preliminary results confirm that surgical rehearsal
using a combination of virtual reality and haptic feedback strongly affects decision making during
the procedure.
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1. Introduction

Publisher’s Note: MDPI stays neutral

Percutaneous Nephrolithotomy (PCNL) is a minimally invasive procedure for the
treatment of nephrolithiasis (commonly known as kidney stones). It involves using a needle
to puncture the kidney through a small incision in a patient’s back. A sheath is then placed
through this entry path, and a nephroscope, shown in Figure 1, is passed through the
sheath to gain access to kidney stones. Stones are then fragmented and removed through
the nephroscope [1,2].
Even though more than 90% of kidney stones are passed without medical intervention
or through the use of non-invasive procedures, PCNL is an integral treatment for more
severe cases of large or irregularly shaped kidney stones, or where other treatment options
have been unsuccessful [1,2]. Despite decades of clinical prevalence, it is challenging for
novice surgeons to receive adequate training and gain experience in the procedure [3]. Such
a lack of surgical proficiency may lead to poor treatment outcomes.
Despite being one of the main endoscopic procedures for managing kidney stones,
PCNL remains a difficult procedure to learn with a long training period [4]. Traditional
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simulations such as cadavers are expensive and in short supply [5]. Other available PCNL
training resources such as porcine training models require the use of fluoroscopy for tool
guidance, which leads to unnecessary radiation exposure to trainees [6,7]. Virtual reality
(VR) is emerging as a new method of delivering simulations for training in a variety of
surgical procedures. It offers benefits for learners and educators through cost-effective,
repeatable, and standardized clinical training on-demand [8,9]. Due to their versatility,
simulators are becoming a new standard for effectively training novice surgeons in various
surgical procedures such as general surgery [9], intracardiac interventions [10], cataract
surgery [11], amongst others [8]. Gradually, this training option is being explored for PCNL
as well [12]. Sommer et al. [9] found that surgical simulators improved a novice surgeon’s
visual-spatial ability. Similarly, a cyber-physical teleoperative rehearsal framework is tested
in [13], which found that novices benefit from haptic feedback during surgical training.

Figure 1. A nephroscope: this tool is inserted into a patient’s back during a PCNL procedure.
The eyepiece on the top of the nephroscope enables the surgeon to see inside the kidney. Tools are
used through the nephroscope to breakup and remove kidney stones.

Once a novice surgeon has been trained, a variety of challenges still exist when
performing this procedure in the real world. Arnold et al. [14] emphasized that health
care is the only high-risk industry where rehearsals are not yet part of daily work. The
development and growth of health care simulations can put an end to this model and
provide an opportunity to rehearse high-risk, complex, and rare surgical procedures in
a safe environment rather than on an actual patient. Yiasemidou et al. [15] conducted a
meta-analysis of studies comparing preoperative rehearsals to standard treatment with two
distinct groups of patients and demonstrated that real procedures were performed quicker
if preoperative rehearsal took place. However, the immediate clinical outcome was similar
for practiced and non-practiced operations. Current evidence suggests that patient-specific
preoperative preparation is feasible, safe, and decreases operational time [15–18].
An example of surgical rehearsal is the SNAP VR 360 software (Surgical Theatre, Pepper Pike, OH, USA). It provides a neurosurgeon with a virtual walk-through and preplan
of a keyhole surgery [19]. A 3D model used during the walk-through is generated from a
patient’s computed tomography angiography and magnetic resonance imaging (MRI) [19].
While Surgical Theatre has gained FDA approval for their software to be used in cerebral
and spine surgery rehearsal, it only provides a walk-through of the procedure and does
not provide integrated real-time tactile feedback during the rehearsal. The implementation of haptic feedback has been proven to be beneficial to surgical rehearsal [13] and can
be implemented to simulate surgical complications, including abnormal patient kidney
anatomy, such as horseshoe kidneys, malrotated kidney, or duplex kidneys. Additionally,
tactile feedback can imitate kidney movements from patient breathing, heart pumping,
and general tissue resistance forces. Rehearsing with integrated real-time force feedback
allows the surgeon to plan an appropriate path toward the kidney stones while receiving real-time feedback about the tissue displacement, which can ultimately reduce tissue
damage during surgery.
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Other surgical rehearsal approaches use patient-specific preoperative imaging to create
a physical model of the relevant anatomy. The limitations of 3D printed models are that
they are static, and thus, they lack the ability to simulate the dynamic conditions of realworld organs that result from pulsations of the heart or lung expansion and contraction.
Therefore, incorporating accurate dynamic functionalities into the organ models is a key
aspect to achieve more realistic surgical rehearsal [20].
Parkhomenko et al. [16] explored the effect of virtual reality models of a patient’s
anatomy on preoperative planning for PCNL. Surgeons had the opportunity to interact
with a 3D model (constructed from a patient’s CT scan) in a VR environment; 10 of the
25 surgeons altered their operative plan based on their interaction with the 3D model.
Additionally, surgeons that used the rehearsal model inflicted less blood loss to patients,
fewer incisions through the skin, and used fluoroscopy for shorter periods of time, while
showing a higher stone clearance rate after the procedure when compared to surgeons
that did not perform the rehearsal. The study thus provides significant evidence for the
efficacy of virtual reality models based on patient-specific anatomy as beneficial rehearsal
tools [16]. In [21], the surgeon could view and interact with a 3D model of a patient’s lung
displayed next to other operative imaging, allowing them to have a better understanding
of the patient’s anatomy.
While VR simulations provide a surgeon with a better understanding of patient
anatomy, this paper takes the approach one step further and presents a PCNL rehearsal
framework that includes 3D model generation from patient data, while including haptic
feedback during the rehearsal training using a complete PCNL simulator. A patient agreed
to have their preoperative full-body CT scan used in this study. First, a 3D model of the
patient’s anatomy is constructed based on the preoperative imaging. The surgeon then
rehearsed the procedure in the K181 simulator (Marion Surgical, Toronto, ON, Canada);
this simulator provides haptic feedback to the user by mimicking tissue resistance forces.
The PCNL surgery was then performed on the patient to remove their kidney stones.
Questionnaires were provided to the surgeon pre/postoperatively to assess the benefit
and quality of the simulated surgical rehearsal. The objective of this study is to assess the
impact of both the 3D model and the real-time haptic feedback on the surgery.
A detailed description of the surgical simulator is provided in Section 2 and the process
for generating 3D models from 2D imaging is discussed in Section 3. Preoperative and
postoperative questionnaires were given to the surgeon to explore the viability of the
simulator as surgical rehearsal, and its possible benefits. The nephrolithiasis case details,
questionnaires, experimental procedure, surgical outcomes, and questionnaire results are
described in Section 4. Finally, concluding remarks and a description of future work are
given in Section 5.
2. Marion K181 PCNL Simulator
The Marion K181 PCNL simulator depicted in Figure 2 is a virtual reality PCNL
surgical simulator. It provides users with real-time haptic feedback while they control a
fluoroscopic arm and a needle for calyceal puncture. The user enters an immersive, 3D
virtual operating room using a virtual reality headset from where they gain percutaneous
renal access into virtual kidneys rendered from real patient anatomic data obtained from
CT scan images [22]. The procedure is practiced/rehearsed in a virtual environment,
which eliminates radioactivity exposure for the operator and allows the operator multiple
attempts to perform the procedure. This will also enable a surgeon to explore the use of
different entry points or directions if they are unsure which would be most appropriate.
While the headset provides the user with an immersive visual environment, a tool
connected to a haptic device allows the user to experience real-time haptic feedback.
Users control the tool connected to a haptic device while performing the virtual surgery.
The haptic device is then able to generate resistive forces, which mimic tissue resistive
forces while collecting accurate position data from the tool.
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Figure 2. The virtual operating room of the Marion K181 PCNL simulator is shown with a user
operating the haptic device, a virtual patient undergoing PCNL, virtual X-ray imaging, and the
medical instruments and imaging device, which would be present in the real world operating room.
The user is wearing a VR headset with the leap motion attachment for hand tracking. The TV screen
behind the user shows a representation of what the user sees in VR, the X-ray view and the Virtual
Reality Operating room. The user’s hands are holding the needle tool that is attached to the haptic
robots that provide real-time force feedback.

The 3D patient models are created by taking anonymized patient venous, delay, noncontrast, and full-body CT scans that are registered and segmented to generate 3D models
of the abdominal organs, skin, and bone. These models are decimated and re-meshed into
low-polygon versions while maintaining anatomical accuracy [23].
Preliminary Testing of Simulator
At the University of Toronto, a total of 18 participants with varying levels of PCNL
experience benchmarked the Marion K181 against other commercially available surgical
simulators, such as the PercMentor [6] and the porcine PCNL model by Cook [7]. Study
participants concluded that the novel PCNL simulator was comparable to a high-fidelity
porcine inanimate model and had adequate content validity evidence to support its use for
beginner-level PCNL training. Participants felt it was a valuable teaching tool, equivalent
to a high-fidelity porcine model, with the additional advantage of not requiring radiation
exposure [7].
In another independent study conducted at the Department of Urology at Boston Medical Center, 20 participants with various levels of PCNL experience evaluated the efficacy
of the K181 in the following categories: virtual reality experience, image control, and economy of motion of an immersive virtual reality simulator for percutaneous nephrostomy
tract access [24]. This study concluded that the Immersive VR simulator for percutaneous
collecting system access is a realistic and unique platform for surgical education and is
highly recommended by participants. Almost all (95%) of the participants rated the VR
simulation as a realistic experience.
The VR simulator has performed well in previous assessments of its quality and
application for teaching novice surgeons. However, this paper explores its applicability to
surgical rehearsal. The purpose of this study is to act as a pilot study for using Marion’s
surgical simulator as a surgical rehearsal tool for PCNL. Specifically, this study aims to
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determine if a large study with more participants (patients and surgeons) is appropriate,
and whether or not a haptic-assisted VR simulator is a suitable surgical rehearsal tool.
Once a patient has agreed to take part in this study, their CT scan data is used to
construct a 3D model of the kidney anatomy and surrounding tissue. The surgeon can
then rehearse the procedure in the simulator prior to performing the surgery on the
actual patient.
3. Generating 3D Model Patient CT Scans
Patients considered for this study were anonymous and provided informed consent
for their information to be used in these studies. Once a patient’s preoperative imaging
was completed, the imaging was used to generate a 3D model for the simulator. The final 3D model consists of a finite element mesh containing all relevant structures from
patient imaging.
3.1. Method
A combination of 3D Slicer, Maya, and Blender were used to generate the 3D models
from CT scans. The algorithms utilized here are described in more detail by Wu et al. [23],
although the general process is described below.
Converting the CT scans to 3D models first requires generating a voxel (3D pixel)
representation from the various 2D image segments. Each image segment is stacked with
the distance between them corresponding to the depth at which each segment is taken,
see Figure 3. Pixel intensities are interpolated between image segments to generate voxels.
Once this process has been completed, a basic 3D image of a patient’s anatomy exists.
However, this 3-dimensional representation lacks clearly defined boundaries between
anatomy and tool/tissue interaction and cannot be determined directly from it since this
representation does not include specific tissue characteristics, shapes, or boundaries. Thus,
it is necessary to create 3D meshes that represent anatomical structures.
Image segments
are stacked

Pixel Interpolation

Voxel Representation
of CT-scan

Select pixels within
intensity threshold

Interpolate 3D mesh

Edit Final Mesh

Patient
CT-Scan
depth

Figure 3. Workflow process of converting CT scan data to 3D models to be displayed as virtual elements within the simulator. Image segments are layered so pixels can be interpolated between images.
The pixels are interpolated into voxels (3D pixels), which can then be used to create approximate 3D
meshes. The meshes are then completed through a final manual editing process.

These 3D models are constructed by considering voxels within a specified intensity
threshold. Voxels within the determined threshold are used to determine the approximate
geometric boundaries of an anatomical structure; these boundaries are used to construct a
finite element mesh representation of the anatomical structure. The 3D model is then manually edited to create a final smooth, clean, and thoughtfully segmented model. Since the
general 3D model is constructed from voxel intensity, some voxels may have been included
or excluded incorrectly, leading to uneven mesh surfaces. Further, the editing process can
ensure a particular mesh resolution (polygon count) is achieved, in addition to partitioning
model components such as vascular components, different tissues, or different structures.
One of the most important components when considering PCNL is the specific size
and location of each kidney stone. Incorrectly representing the size of kidney stones can
lead to improper planning or practice for the procedure. Accurate 3D models are also
integral to generating accurate haptic feedback within the simulator since haptic feedback
is based on the mesh models.
3.2. Haptic Feedback Based on 3D Models
Haptic feedback is designed to mimic tissue resistance forces during PCNL. To generate these forces the system simulates how the virtual tool interacts with the tissue.

Electronics 2022, 11, 1562

6 of 12

The simulator tracks the motion of the surgical tool and the user’s motion through the
virtual reality motion tracking cameras. The x-y-z positional data is then recorded at 100 Hz
throughout the 2–10 min simulation. See Figure 4 for the interactions between various
components used to generate an immersive simulation. The simulator’s physics engine is
able to calculate the forces on the tissue, the total length of the path taken by the tool and
the surgeon’s hand, and the direction of the surgeon’s gaze. The system uses three separate
components in parallel at different frequencies:
Component 1: The dynamic model of the tool/tissue interaction that calculates tissue
deformation and contact forces, and generates a virtual X-ray image. This component
provides data for the subsequent two components.
Component 2: The graphical representation of the model displayed in the VR operating
room takes the simulation information created in the first component and displays it to the
user. The virtual operating room is based on the direction of the user’s eye line as well as
their actions within the simulator.
Component 3: The haptic controller generates and applies force feedback to approximate
real soft tissue interactions based on the virtual patient’s tissue model. This component
takes the tool/tissue interaction that is determined in the first component to calculate the
appropriate haptic forces and apply them through the haptic device.
Physics Simulator
Physics objects & interactions (deformable
meshes, force, etc).

Main Physics Loop

Video Game Engine
Physics Object
Representations

Unity only objects

Main game engine surgery scene

Haptics API

Haptic Robots

X-Ray Generation

VR Headset and
Hand Tracking

Monitor, Mouse,
Keyboard

Figure 4. Flow chart of the interactions between the physics simulator, the game engine, and the
peripherals to generate an immersive VR experience for users.

4. Results from Surgical Rehearsal
Three anonymous patient’s agreed to have their imaging data used within the Marion
K181 Simulator for use as a preoperative planning tool. Of these patients, one case has
been selected to undergo a contrast-enhanced CT scan. A special contrast material was
injected to help highlight the kidney duct system. The contrast material appears white on
images, which emphasizes blood vessels, intestines, or other structures that are required
to generate the 3D model. A contrast CT scan is necessary to create accurate 3D models
of the patient’s anatomy. Some CT scan segments from the patient are shown in Figure 5
as well as the 3D model of the patient’s calyceal structure. The nephrolithiasis case being
considered is one that qualifies for PCNL surgery, although it is a relatively simple case
since the patient does not have anatomical abnormalities or a significantly large or severe
case of nephrolithiasis. Thus, this case is an excellent way to demonstrate the effectiveness
of haptic virtual reality simulation for preoperative planning.
4.1. Experimental Procedure
Once the patient was selected for the surgical rehearsal trial, their CT scans were used
to construct 3D models. The 3D model constructed of the patient’s calyx structures within
the kidney are shown in Figure 5d. This figure also depicts some of the CT scans taken of
the patient that were used to construct the 3D model.
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(a) Axial plane of CT-scan

(b) Coronal plane of CT-scan

(c) Sagittal plane of CT-scan

(d) 3D model of calyceal structure

Figure 5. 3D model of the calyxial system within the kidney in (d) and overlayed onto the patient’s
CT scans in (a–c), which are the axial, coronal, and sagittal planes of the CT scans, respectively.

The surgeon then uses the simulator to run a virtual walk-through of his procedural
plan. Once the surgeon is satisfied with his experience within the simulator, he fills out
the preoperative questionnaire. The surgeon then performed the surgery at St. Joseph’s
Hospital, Hamilton, Ontario, Canada. After the surgery has been completed, the surgeon
fills out a postoperative questionnaire. These questionnaires aim to determine how beneficial the surgeon found the simulator for the use of preoperative planning. The pre and
postoperative questionnaires contain questions aimed at identifying the surgeon’s skill
level as well as aspects of the surgery performed. Several assessment questions are given
both before and after the surgery to identify if the surgeon’s opinion about the rehearsal
experience changed as a result of performing the surgery in the real world.
4.2. Results
After completing the surgical rehearsal in the simulator, the surgeon filled out the
preoperative questionnaire. The first part of the questionnaire contained three questions
aimed at identifying the surgeon’s skill level. These questions and their answers are
provided in Table A1 in the Appendix A.
The results from part 1 of the questionnaire show that the surgeon is experienced
when using a C-arm and has experienced some intraoperative errors as a result of technical
errors (see Table A1 of the Appendix A). The second part of the questionnaire is also
completed prior to surgery and focuses on the surgeon’s experience within the simulator
and its realism. The results for the second part of the questionnaire are given in Table A1 in
the Appendix A; most of these questions ask the surgeon to rate their experience with the
simulator on a scale of 1 to 5, with 1 being poor or very unrealistic and 5 being very realistic.
Part three of the preoperative survey concerns the construct validation of the simulator.
Construct validation attempts to measure how well the simulator represents and measures
the physical phenomena it is attempting to recreate. Finally, the surgeon gives an overall
score for their experience with the simulator at the end of the preoperative survey.
The postoperative survey is more in-depth, asking the surgeon to reflect on the overall
rehearsal experience with the simulator after performing the real-world surgery. Additionally, several of the same questions were repeated from the preoperative survey to determine
whether the surgeon’s impression of the simulator was altered after performing the realworld procedure. The postoperative questionnaire results are separated into two tables
in the Appendix A with Table A2 focusing on the surgeon’s impression of the simulator,
while Table A3 contains questions specific to the surgeon’s surgical rehearsal experience
within the simulator. This surgical rehearsal section specifically focuses on evaluating
the simulator in terms of a surgical rehearsal tool. Within the rehearsal portion of the
questionnaire, the participant is asked to evaluate how helpful the rehearsal was on a scale
of 0 to 10 where 0 indicates that it was not helpful at all, while 10 indicates that it was
very helpful.
The limitations of this study are largely due to its size, as only a single case is being
considered. Even though the preliminary results indicate that the simulator improves
kidney access during PCNL, a larger scale study with several patients and surgeons is
required to fully determine the effectiveness of the simulator. Furthermore, quantitative
rather than qualitative performance metrics are required to fully evaluate the performance
of the simulator in a future study.
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4.3. Discussion
The simulator was rated highly in most categories (see Tables A1–A3 in Appendix A)
before and after the surgery. The simulation appears to accurately depict the surgery
performed in October 2021. It is suggested that the simulation is helpful in decision making
on difficult cases to minimize fluoroscopy time (radiation exposure for clinician and patient).
The rehearsal can result in less bleeding and can improve the success rate of the surgery.
The ability during the surgical rehearsal to determine the approach to take with the
location of the ribs in relation to the targeted calyx in the kidney was rated as excellent and
helped the surgeon get real-life access during the actual procedure. Pre-planning saves the
surgeon time during the rehearsal phase since one can try different approaches to reach
the kidney stones while getting familiar with the patient’s anatomy. The haptic feedback
provided during the simulation was rated to be helpful to interpret the shape and texture
of the skin and kidney using the needle. The force feedback that the surgeon experienced
during rehearsal influenced the surgeon’s plan for the real surgery. The surgeon rated
the construct validation higher in the postoperative survey, noting that the haptics had
an influence on decisions in the actual surgery. The surgeon also noted that the simulator
can potentially minimize fluoroscopy time and bleeding during the actual surgery, which
could, in turn, improve the surgery success rate. This correlates with the surgeon having
had time to reflect on the surgical rehearsal and having trained the procedure before going
into the surgery.
5. Conclusions
Virtual reality simulators are becoming an essential tool in surgical training. Through
virtual reality, novice surgeons can develop their surgical skills without posing any danger
to the patient. Expert surgeons, on the other hand, can use a virtual reality simulator to plan
a surgical intervention and practice it, before going into the actual surgery. The benefits
of surgical rehearsal using virtual reality has been proven in several studies, including
craniotomy [25], thoracic surgery [21] and PCNL [16].
Percutaneous renal surgery is a difficult procedure to learn and perform due to challenges with obtaining and/or maintaining percutaneous access [26]. The Marion Virtual
Reality PCNL simulator with haptic feedback is a novel tool to allow the surgeon to rehearse and practice the difficult access part of the surgery without harming the patient.
This paper describes the first pilot study using a combination of virtual reality and haptic
feedback for kidney access rehearsal before PCNL surgery. An experienced surgeon used
the simulator before the surgical procedure to plan and practice kidney access on a routine
PCNL case before surgery. The survey data collected from the surgeon after the surgical
rehearsal on the simulator and after performing the actual surgery on the patient indicates
that the simulator improves confidence in the procedure, reduced the time taken by the
surgeon to complete kidney access and reduced blood loss. To the best of the author’s
knowledge, this is the first study combining virtual reality and haptic feedback in PCNL. It
shows promising preliminary data for the efficacy of the simulator as a rehearsal tool.
In this paper, a pre-surgical rehearsal was conducted for a single patient case study.
Even though the preliminary results indicate that the simulator does help improve kidney
access during PCNL, a large-scale study with several patients and surgeons is required to
fully determine the effectiveness of the simulator. Furthermore, quantitative rather than
qualitative performance metrics are required in a future study. Further studies with a
larger sample size of surgeons and residents at various levels of PCNL access experience
are required to confirm the findings of this preliminary study. Such studies will run the
rehearsals on more difficult cases to determine if the use of the simulated surgical rehearsal
improves the outcomes of the actual surgery. Ultimately, a large clinical study to analyze
and compare clinical outcomes of surgeries performed with and without the surgical
rehearsal platform would confirm the suitability of simulation training in improving
surgical outcomes for PCNL.
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Appendix A. Surgical Rehearsal Questionnaires and Results
Table A1. Preoperative Assessments: Parts 1 Through 4.

Questionnaire Part 1: User Demographics
1.
2.
3.

How many PCNL access procedures have you performed in the last year
with a C-arm?
Have you experienced any intraoperative errors during PCNL procedures?
Was there error due to:
Answer: Technical error (i.e., excessive force, tissue injury, etc.)

44
Yes

Questionnaire Part 2: Face Validation
1.
2.
3.
4.

How would you rate the virtual reality PCNL simulator with respect to:
Visual realism
Tactile feedback
Movement and instruments
Anatomical realism

4/5
4/5
4/5
4/5

5.

How stable were the graphics and your sense of self inside the simulator?

5/5

6.

Describe your experience/comment on any areas for improvement in realistic
representation of the operating environment:
Answer: Graphics were very good. Graphics sometimes jumpy.

Questionnaire Part 3: Construct Validation
1.
2.
3.

Were you able to interpret the shape and texture of the skin and kidney
using the needle tool?
Do you feel the tactile information was amplified in the simulation?
If applicable, did motion and force feedback influence your decision?

Yes
No
No

Questionnaire Part 4: Content Validation
1.
2.

Do you feel the tasks performed in the simulator reflected the real
surgical procedure?

Yes

Please provide comments of the overall simulation experience (VR)
in content accuracy?
Answer: Location of rib impacting access was excellent.
Help me for real life access.

Overall Rating
1.

Rate the experience training with the Marion Surgical PCNL simulator:

4/5
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Table A2. Postoperative Assessments: Parts 1 through 3.

Questionnaire Part 1: Face Validation
1.
2.
3.
4.
6.
7.

How would you rate the virtual reality PCNL simulator with respect to:
Visual realism
Tactile feedback
Movement and instruments
Anatomical realism

4/5
4/5
4/5
5/5

How stable were the graphics and your sense of self inside the simulator?
4/5
Describe your experience/ comment on any areas for improvement in realistic
representation of the operating environment:
Answer: The virtual rendering are an excellent simulation of actual
patient anatomy. Tactile feedback can always be improved

Questionnaire Part 2: Construct Validation
1.
2.
3.

Were you able to interpret the shape and texture of the skin and kidney
using the needle tool?
Do you feel the tactile information was amplified in the simulation?
If applicable, did motion and force feedback influence your decision?

Yes
Yes
Yes

Questionnaire Part 3: Content Validation
1.
2.
3.
4.
5.
6.

7.

Visual simulation is the most important factor in learning surgical motor skills:
Do you feel the tasks performed in the simulator reflected real
surgical skills?
You see the value in VR PNCL tool as a useful tool in Training PCNL skills:
You think this VR PCNL simulator is useful for Assessing/Testing PCNL skills:

4/5
Yes
4/5
4/5

What is the most difficult skill to learn during a full PCNL procedure?
Answer: Actual renal access
Please provide comments of the overall simulation experience (VR)
in having an educational role?
Answer: Being able to practice targeting of calyx/stone with needle
is valuable. Also without having excess radiation exposure
or harm to patient.
Please provide comments of the overall simulation experience (VR)
in content accuracy?
Answer: It was help to rehearse access. Became aware of rib in the
way of calyx of interest.

Overall Rating
1.

Rate the experience training with the Marion Surgical PCNL simulator:

5/5
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Table A3. Postoperative Assessments: Rehearsal.

Rehearsal
1.
2.

3.
4.

5.

6.

7.

8.
9.

10.

Did the rehearsal help you determine:
The location of the stone (with regard to the bulk of the stone)?
(a) Specifically, where is the bulk of the stone?
The size of the stone?
(a) What is the size of the largest stone in three dimensions?
(b) What is the total volume of the largest stone?
The shape and orientation of each stone-bearing calix?
The optimal calix of entry to perform the PCNL?
(a) Into which calix (upper, mid, lower, and anterior or posterior) are you planning to place the nephrostomy track?
How easily do you think you can navigate this patient’s pelvic
caliceal system from your planned approach with a rigid
nephroscope?
When you performed the actual surgery on this patient:
How close was the location of the stone relative to the rehearsal
(specifically, with regard to the bulk of the stone)?
(a) Specifically, where is the bulk of the stone:
The size of the stone?
(a) What is the size of the largest stone in three dimensions?
(b) What is the total volume of the largest stone?
The shape and orientation of each stone-bearing calix?
The optimal calix of entry to perform the PCNL?
(a) Into which calix (upper, mid, lower, and anterior
or posterior) did you place the nephrostomy track?
How easily were you able to navigate to this patient’s pelvic
caliceal system from your planned rehearsal approach with a
rigid nephroscope?
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Lower Pole
10/10
2 cm
2 cm3
10/10

Lower Posterior

9/10
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Lower Posterior
10/10
2 cm
2 cm3
9/10
9/10
Lower Posterior
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