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Abstract

Background—Electrosurgery is a modality that is widely used in surgery, whose use has
resulted in injuries, OR fires and even death. The SAGES has established the FUSE program to
address the knowledge gap in the proper and safe usage of electrosurgical devices.
Complementing it, we have developed the Virtual Electrosurgery Skill Trainer (VEST®), which is
designed to train subjects in both cognitive and motor skills necessary to safely operate
electrosurgical devices. The objective of this study is to asses the face validity of the VEST®
simulator.

Methods—Sixty-three subjects were recruited at the 2014 SAGES Learning Center. They all
completed the monopolar electrosurgery module on the VEST® simulator. At the end of the study,
subjects assessed the face validity with questions that were scored on a 5-point Likert scale.

Results—The subjects were divided into two groups; FUSE experience (n = 15) and no FUSE
experience (n = 48). The median score for both the groups was 4 or higher on all questions and 5
on questions on effectiveness of VEST® in aiding learning electrosurgery fundamentals.
Questions on using the simulator in their own skills lab and recommending it to their peers also
scored at 5. Mann-Whitney U test showed no significant difference (p > 0.05) indicating a general
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agreement. 46 % of the respondents preferred VEST compared to 52 % who preferred animal
model and 2 % preferred both for training in electrosurgery.

Conclusion—This study demonstrated the face validity of the VEST © simulator. High scores
showed that the simulator was visually realistic and reproduced lifelike tissue effects and the
features were adequate enough to provide high realism. The self-learning instructional material
was also found to be very useful in learning the fundamentals of electrosurgery. Adding more
modules would increase the applicability of the VEST® simulator.

Keywords

Electrosurgery; FUSE; 3D virtual reality (VR); Virtual Electrosurgery Skill Trainer (VEST); force
feedback

INTRODUCTION

Electrosurgery is the application of radio frequency (RF) energy through the tissue to
generate heat to achieve hemostasis, tissue dissection and ablation. Electrosurgery has been
a popular modality in surgery ever since Harvey Cushing and Willian Bovie introduced it in
the early 201" century [1]. As minimally invasive surgery (MIS) has become popular in the
last two decades, energy based devices that includes electrosurgery have been widely used
in nearly all (MIS) procedures. The incidence of injury in laparoscopic surgery is between 1
to 2 cases per 1000 operations with monopolar electrosurgery being the main cause [2].
Nearly 70% electrosurgical injuries are not noticed at the time of surgery because they can
occur outside of the laparoscopic viewing area [3]. Using energy-based devices has lead to
complications and even death [4], [5]. Surgical fires are also a major concern with the use of
energy devices in the operating room. There are about 550 — 650 reported cases of OR fires
in USA and it has been listed as the third in the 2009 edition of ECRI’s Health Devices
guide’s top 10 technology hazards [6]. Of the reported cases, electrosurgical equipment is
the source for 68% of the cases. [7].

In a recently conducted survey based study has found that even experienced surgeons lack in
knowledge on the usage and complications of energy based devices [8]. Though there is an
established program for training in both cognitive and motor skills for laparoscopic and
endoscopic surgery [9], [10], none exist for the usage of energy based devices. Realizing the
importance in reducing this knowledge gap, the Society of American Gastrointestinal and
Endoscopic Surgeons (SAGES) has developed the Fundamental use of Surgical Energy
(FUSE) program (http://www.Fuseprogram.org) with educational material and validated
assessment [11]-[13].

In this work we present the face validation of the Virtual Electrosurgery Skill Trainer
(VEST®) that we are developing as part of the NIH funded RO1 project. The VEST® is
designed to train surgeons in both motor and cognitive skills required to safely operate
electrosurgical tools in both open and minimally invasive procedures. A robust VEST®
interactive learning modules could eventually compliment the FUSE curriculum.
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Methods

Interface

The VEST® simulator consists of a 3D interactive display along with a tissue pad to provide
force feedback and an interactive simulation that simulated the physics of electrosurgery
interactions and effects such as smoke and electrical spark.

The VEST® interface shown in (Figure 1) consists of a high-quality stereoscopic 3D LCD
display with integrated infrared cameras for accurate and low-latency head tracking (Zspace
from Zspace Inc.). A retro reflective marker attached to the polarized stereo glass that user
wears to see in 3D is used to track the head motion. The head tracking allows for dynamic
updates to the displayed image to correspond to the user’s eye position, providing an
enhanced 3D effect due to parallax. The VEST® simulator also supports traditional 2D
display for rendering electrosurgery simulations for laparoscopic surgery. The user interacts
with a specialized stylus with integrated infrared LED that tracks their motion. The
programmable button on the stylus activates the electrosurgery in the VEST® simulator.

A height adjustable tissue pad made from a 3D printed platform and filled with artificial
tissue is used for providing the sensation of contact with tissues while interacting with the
simulator. The tissue pad is placed in front of the 3D LCD display and the simulation is
synchronized such that both the physical stylus and the virtual tool that the stylus controls in
the simulation makes simultaneous contact on the physical and virtual tissues.

Another important aspect in training on the principles of electrosurgery is the ability to learn
the tissue effects for various power settings and modes of operations such as cutting,
coagulation and blend. In the VEST® simulator, an Ipad mini (Apple Inc.) is used as a
virtual electrosurgery unit (ESU). The virtual ESU is designed as a generic interface with
main functionalities displayed on a webpage designed using HTMLS5 and javascript whose
screen capture shown in Figure 2. The user can select between the cutting, coagulation and
blend modes and can also change the power using the up and down arrows. Both the virtual
tissue simulation and the ESU server were run on the same computer and a local wireless
network was used to connect the iPad mini to the server.

Figure 3 shows the actual screen that is displayed on the 3D display (double buffered
rendering switched off for illustration purpose but user will see in 3D with polarized
glasses).

As the VEST® simulator was designed to provide both motor and cognitive skills training,
the display was optimized to provide maximum information and self-learning interactive
didactic information to the user. At the top of the display, a horizontal bar provided
information on the current power settings in watts for both cutting and coagulation modes,
the current chosen mode of operation, current tissue temperature at the operating point,
duration of contact with the tissue and the distance of the tool tip from the tissue surface. A
waveform displayed on the top right side of the screen reflects the selected mode of
operation. At the center of the screen, the virtual tissue was displayed on which the user can
interact with the virtual tool. Currently three different tools, electrosurgery pencil with blunt
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and small tip as well as a L-Hook can be used in the VEST® simulator. On the left of the
tissue model on a transparent pane the instructional and didactic materials are displayed. The
content of those panes change in real-time based on the user’s interaction. For example in
Figure 3, the pane is displaying the instruction to change the ESU mode to coagulation and
change the power to 60 Watts.

Electrosurgery Interaction Simulation

In order to implement the monopolar electrosurgery interactions that include cutting,
coagulation and fulguration, we have modeled the monopolar electrosurgery procedure. Our
model consists of a surface mesh that represented liver tissue on which two-dimensional
heat accumulation and heat diffusion was calculated at each time step when interacted with
an electrosurgery pencil with either a flat or small tip electrode. The heat accumulation and
heat diffusion of tissue can be calculated by equation (1) according to power and pencil-tip’s
spatial position.

AO— %At—AQd contact
Q= (iéf)iAt—AQd non—contact %

Where AQ is heat change, P is power applied tissue, D is duty cycle, r is the radius of
contact, At is the time step, AQq is heat diffusion, d is the non-contact distance between
pencil tip and tissue. With the heat change, the temperature change AT of each point or
voxel can be calculated

At X AQ
AT=—-—""=
cpAV @

Where c the specific heat capacity of tissue, p is the tissue density, AV is the volume of each
voxel. Combining equation (1) and (2), the temperature of each point can be obtained. The
accumulated temperature along with the modes of the operation (cutting, coagulation or
blend) is used to decide what should happen to the virtual tissue in the VEST® simulator.

The tissue effects are rendered in real-time using the shader language that ran on the
GPU(graphical processor interface). In order to perform this operation a condition texture
with the same size as the virtual tissue is used for showing temperature effects. Figure 3
shows the condition texture whose size was 512 x 512 in our current simulation. In total
there were 8 different conditions that were used to manipulate the texture and the
temperature threshold based on the current mode of operation was decided based on the
values shown in Table 1. In our current simulation only the cutting and coagulation modes
were used. Besides the condition texture map, the cutting depth of tissue based on the power
is also calculated and transferred to the shader program for rendering.

Simulation of spark and smoke effects

If the electrosurgical tool is activated while not in direct contact with the tissue, the resulting
electrical field can induce a breakdown of the intervening air-gap, resulting in visible arcing.
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Such arcs provide useful visual feedback to the surgeon of both the flow of current and the
proximity of the electrosurgical tool relative to the tissue. To simulate electrical discharge, a
Lindenmayer system (L-system) grammar for representing the three-dimensional electrical
breakdown geometry was developed [14]. The breakdown geometry was embedded within a
three-dimensional Eulerian representation of the state of the air, storing the ion and
particulate densities and the air temperature, for the region between the electrosurgical
instrument and the tissue. The Eulerian representation of the air-gap was evolved using
semi-Lagrangian advection and diffusion, with buoyancy effects due to temperature
differences between regions of air. This approach provided a realistic model of time-
evolving electrical arcs with substantially less computation time. Figure 5 shows the spark
effect as rendered in the VEST® simulator.

Smoke is generated when tissue is burned through dissection or fulguration. We used
particle system with fluid dynamics to simulate the growth and dissipation of the smoke.
Ray casting was then used to display the 3D sliced volumetric smoke texture (air-borne
particulate density) [15]. Figure 6 shows a screen shot with smoke generated while
interacting with the virtual tissue.

Experiment Design

The face validation of the VEST® was an opportunistic study with as many subjects as
possible was recruited to rate the features of the simulator. A 5-point Likert Scale [16]
questionnaire with response choices depending on the questions such as “1 - don’t agree ” to
“5- Agree”, “1 - not realistic” to “5 - very realistic and “1 - not useful” to “5 - very useful”
was used to gauge the response from the subjects. The questionnaire consisted of questions
related to the utility and the realism of tasks VEST® simulator. The simulator was pilot
tested and the questionnaire were finalized by authors DBJ, SDS, JO, AM and HW prior to
the study. Institutional Review Board (IRB) approval was then obtained to perform this
study at the Learning Center of the 2014 Society of American Gastrointestinal and
Endoscopic Surgeons (SAGES) meeting held in April at the Salt Lake City, UT.

Participants

This was an opportunistic study and as many subjects as possible with varying surgical
experience were recruited at the Learning Center. To encourage subject enrollment, two
iPad mini’s were presented to two lucky participants selected using a raffle at the conclusion
of the study on the last day of the conference.

Task and Procedure

After obtaining verbal consent for the study, subjects were asked to fill out a questionnaire
detailing the demographics and their previous laparoscopic surgery and laparoscopic
simulators experience and exposure to FUSE materials and whether they have taken the
FUSE course and passed the exam. After this the subjects were given an overview of all the
features of the VEST® simulator. The position of the iPad was changed to either left or the
right side of the subject based on the dominant hand the subject was going to use to perform
the study. Once the subjects were familiar with the simulator they were then asked to go
through the monopolar electrosurgery module that includes cutting and coagulation (See
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RESULTS

appendix 1 for details of the monopolar electrosurgery module). At the end of the session,
the subjects completed the 5-point Likert scale face validation feedback questionnaire.

Demographics

There were a total of 63 subjects participated in this study (50 Males and 13 Females). The
surgical experience ranged from medical student to attending (Medical student =5, PGY1 =
3,PGY2=4,PGY3=6,PGY4=7,PGY5 =5, Fellow = 4 and Attending = 29). Of the 63
subjects, 15 subjects had read the SAGES FUSE manual and 6 subjects had taken the FUSE
exam. When asked questions related to electrosurgery experience, 59 subjects stated that
they have used electrosurgery equipment and 52 of them have adjusted the electrosurgery
settings in an operating room at least once. Based on the demographics, the subjects were
classified in to two groups, Group 1 (n = 48, no FUSE experience) and Group 2 ( h = 15,
read FUSE manual or taken FUSE exam).

Face Validation

The subject’s response to face validation questions on a 5-point Likert scales were grouped
and the median and mode (most frequent response) were computed. The responses were
then compared using Mann-Whitney U test.

For questions related to the effectiveness of VEST in aiding learning electrosurgery
fundamentals (Table 2), subjects from both groups rated all the questions very highly
(median sores greater than 4). Specifically, subject’s median scores for both the groups were
5 for questions on VEST maore effective than learning from textbooks, it is more enjoyable
than learning from books, would use it in the skills lab if available and would also
recommend to others who are interested in learning the fundamentals of electrosurgery. For
questions related to better understanding of electrosurgical principles and changing practices
after using VEST, the median scores were 4 for both the groups. Mann-Whitney U test
showed that there was no significant difference between the responses between the two
groups (p > 0.05) indicating a general consensus.

Table 3 shows the median and mode of the ratings for questions related to the characteristics
of the VEST simulator. The median ratings were 4 for both the groups for questions on
realism of tissue effects, instrument handling, force feedback, usefulness of force feedback
and usefulness of VEST in learning hand eye coordination. Mann-Whitney U test showed
that there was no significant difference between the responses between the two groups (p >
0.05) indicating a general consensus.

For the question on whether they would prefer the VEST or the animal model for
electrosurgical skill training, a total of 55 participants responded of which 29 subjects (52%)
preferred the animal model, 26 subjects (46%) preferred the VEST simulator and 1 subject
(2 %) preferred both.
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DISCUSSION

Electrosurgery is the process in which high frequency electric current (300 — 500 KHz) is
passed through the tissue to generate heat to coagulate, desiccate, vaporize or fulgurate
tissues. In monopolar electrosurgery device is used, the electrical energy is passed out
through an active electrode, through the tissue and in to dispersive electrode placed on the
body, which returns the current to the ESU and closes the circuit. In bipolar electrosurgery
both active and return electrodes are located in the same tool and only a small area of tissue,
which are being manipulated, closes the circuit by conducting the electricity. In order to
properly and safely use electrosurgery in surgery, one has to thoroughly understand the
effects of passing high frequency current on tissues, selecting different modes of operations
(cutting, coagulation and blend) and different power settings. Moreover the position and
orientation of the tools tip and its proximity to tissue also has significant effect due to
variations in current density at the tool tip. For proper use of electrosurgery requires motor,
cognitive and decision-making skills. Ideally there should be a simulator than can train
surgeons and other operating room personnel in all of these three aspects.

The purpose for the simulation is to increase patient safety through injury avoidance.
Monopolar electrosurgery is shown to have higher and larger temperature and thermal
spread [17]. The monopolar electrosurgery has also lead to post operative complications
even in common procedure like laparoscopic cholecystectomy [18], [19]. The use of
monopolar electrosurgery has even lead to death [4], [5]. Further details on complications
from using monopolar and bipolar electrosurgery and other energy sources in surgery can be
found here [20].

The lack of content knowledge in usage and complications of energy based devices even for
experts with several years of surgical experience was apparent in the study conducted by
Feldman et al. [8]. In this study, a pre questionnaire that consisted of 11 questions chosen
from a total of 79 questions that were prepared by domain matter experts covering eleven
sections of the FUSE pilot postgraduate curriculum and was administered to the SAGES
leadership who were attending the FUSE and Quality, Outcome and Safety (QOS)
committee meetings and the board of directors. Of the 48 expert subjects, the median
percentage of correct answers was 59 % with subjects answering poorly on knowledge of
electrosurgery nomenclature and settings, handling operating room fire and recognizing
thermal injury. The VEST simulator with self-learning didactic modules presented in this
work is designed to address this knowledge gap.

As a first step in developing the VEST simulator, an online survey with FUSE committee
members as subjects was conducted on seven representative tasks namely, dissection,
fulguration, bipolar coaptative coagulation, traction and bipolar dissection, traction and
monopolar dissection, monopolar coaptative coagulation and inspection [21]. The survey
assessed each of the seven tasks on seven different aspects that include face, content,
construct and predictive validity, motor skills and privileging. The results from the survey
showed that all of the tasks are important and indicative of important technical skills with
bimanual tasks showing highest agreement and the inspection task the least. Based on the
survey the tasks for the VEST simulator was chosen as the first two tasks of monopolar
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dissection and fulguration. Further didactic modules with instructions were added to make it
interactive and self learning.

Madani et al. [22], showed the effectiveness of a goal-directed bench-top training for
enhancing the learning of the principles of the FUSE curriculum. In their randomized
controlled study, both the control group who had access to wet lab, electrosurgery
equipment and steak tissue and the intervention group who underwent a goal-directed
training with bench-top models that was specifically selected to compliment the didactic
components showed significant improvement after training with the intervention group
showing significant retention of the concepts after three months compared to the control
group. The study showed that hands-on components are very useful tool in learning and
retaining fundamentals of the electrosurgery primarily helping in retaining the knowledge as
described in the “pyramid of learning” by Dale et al. [23], [24]. Using frozen steak tissues
for learning tissue effects are not ideal since ex-vivo tissues doesn’t retain the same
properties of in-vivo tissues that has blood supply and maintained at body temperature.
Performing electrosurgery on a ex-vivo tissue would generate lot of smoke and will be very
uncomfortable for the trainees and also has potential health hazard, Moreover, a trained
supervisor is needed to conduct a training with physical model. On the contrary, VEST
simulator uses physics based simulation that can reproduce tissue effects that one would see
in real tissue. Also virtual smoke generated creates enhanced realism without any adverse
health effect. The didactic module in VEST is designed to be self-learning and doesn’t need
any supervision.

The face validation results in our study showed that the subjects with varying experience
rated very high (median scores 4 or 5) on both the ability of VEST simulator in learning
electrosurgery skills and also on the quality of the simulation in the current version of the
simulator. Subjects also gave feedback on the improvements to simulator including adding
separate button for cutting and coagulation operations, adding blend modes, improving the
depth perception and adding three dimensional models such as gall bladder and liver as
opposed to two dimensional tissue surface model. We will add these improvements in the
next version of the VEST simulator.

CONCLUSION

Face validity for the cut and coag modules of the VEST simulator was established. The
simulator was found to be visually realistic and reproduced lifelike tissue effects as rated by
the study subjects. The self-learning instructional material was also found to be useful in
learning the fundamentals of electrosurgery. The next step includes comparing the VEST
simulator with the didactic lecture to a group that has only the lecture and a group that has
had the lecture and physical simulator module. Moreover, we plan to add several modules to
the VEST simulator, such as bipolar electrosurgery, direct and capacitive coupling, and
insulation failures. Future studies have been planned to validate these modules.
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Monopolar Electrosurgery Learning Objective

1. Learning Obijectives

a. Difference in waveforms between cutting and coagulation settings

b. Different power settings and its effect on both cutting and coagulation

2. Cutting Mode

Cutting mode is a continuous, relatively low-voltage waveform (Wave form shown on the
side of the screen). An incision is made by a process known as linear vaporization.
Vaporization occurs when the cellular temperature is between 100 — 200 degrees Celsius. As
the cell burst, or vaporize a steam pocket is made which results in an incision without
significant tissue effect to the surrounding tissues. This is done when the electrosurgical
instrument is held very close to, but not in direct contact to the target tissue.

In contrast, if the instrument is held in contact with the tissue, the current density decreases,
resulting in less tissue effect. At temperature 60-95 the cellular protein bonds break and the
tissue undergoes coagulation.

Task 1a: Set the electrosurgical pencil to Pure “cutting” on 20 Watts. Hold it near but not in
direct contact with tissues and activate in a straight line.

Task 1b: Now repeat the task while in direct contact with the tissue and activate it in a
straight line.

Notice:
1. No visible coagulum when not in contact with the tissue
2. Visible coagulum when in contact with the tissue

Task 2a: Set the electrosurgical pencil to Pure “cutting” on 40 Watts. Hold it near but not in
direct contact with tissues and activate in a straight line.
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Task 2b: Now repeat the task while in direct contact with the tissue and activate it in a
straight line.

Notice:

1. No visible coagulum and larger incision compared to the power setting of 20 watts
when not in contact with the tissue.

2. Formation of black coagulum and no incision when in contact with the tissue.

3. Coagulation Mode

“Coagulation” mode is an interrupted, high voltage wave form (Wave form shown on the
side of the screen). Compared to “cutting” there is an uneven and unpredictable coagulation
pattern. The more superficial layers of the tissue become rapidly coagulated, increasing
impedance, thereby preventing further transmission of the energy to the deeper layers of the
tissue. There is not reliable sealing of vessels When this is used without direct tissue contact,
with high voltage, very high temperatures are reached, resulting in fulguration, which is
useful for superficial coagulation of small capillaries and raw surfaces, such as the
gallbladder fossa of the liver.

Task 3a: Set the electrosurgical pencil to Pure “coagulation” on 60. Hold it in contact with
the tissue and activate it in a painting like manner across the tissue.

Task 3b: Now repeat the task but hold it near and do not make contact with the tissue.

Notice:

1. When in contact, formation of black coagulum which flakes off when contact is
released.

2. When not in contact, formation of widespread black coagulum
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3D Interactive Display

iPad ESU Interface
Tissue Pad

Figure 1.
The VEST interface with 3D stereoscopic display, tissue pad and iPad ESU interface
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Figure 2.
The screen capture from the iPad ESU interface
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Figure 3.
VEST simulator display showing various features
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/ emperature
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Condition texture
Ou — normal texture
Cut mode:
lu — Dessicated Tissue
2u — Vaporizing Tissue
3u — Vaporized Tissue
s12< | .
Coagulation mode:
Su— Vaporized Tissue (White)
6u — Slight Coagulation (Light
Brown)
7u — Coagulation (Dark Brown)
8u — Charred Tissue (Black)

Render Tissue Texture

Figure 4.
Condition texture used in the VEST simulator
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[Blend]

Figure 5.
Sparking effect in the VEST simulator
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Figure 6.
Smoke effect in the VEST simulator
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Table 1

Temperature threshold and tissue effects used for simulation in the VEST simulator

Cutting Mode

Coagulation Mode

Temperature (°C)

Tissue Effects

Temperature (°C)

Tissue Effects

<60 Normal tissue <80 Normal tissue
60 Vaporizing tissue 80 Vaporized tissue (white)
80 Vaporized tissue (cutting tissue) 100 Slight coagulation (light brown)
100 Desiccated tissue 150 Coagulation (dark brown)
200 Charred tissue (black)
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