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Abstract

Background: We describe the development of a low-cost lower-extremity amputation model enhanced with simulated
pulsatile vasculature (SPV). The vascularized emergency trauma amputation simulator (VETAS) permits students to
practice clinical decision-making, prepping and draping, hemostatic knot-tying, and lower-extremity amputation. SPV
was achieved using a microcontroller, regulating the flow of artificial blood through a bypass flow system, preventing
excessive pressure when the SPV is clamped. The SPV system replicates a pulse of 75 beats/min, a pressure of 120/80
mmHg, and a flow rate of 350 mL/min. We assessed if the model and simulation scenario accomplished our design
goals of cost-effective, multidimensional education, with efficient turnover between learners. Methods: A low-cost
VETAS was engineered to simulate the tibia and tibial artery using SPV. A simulation scenario was prepared for
medical students’ training. A pre- and post-training survey was completed by 53 attendees to evaluate the experience.
Survey responses were ranked using a Likert scale and analyzed using a Wilcoxon signed-rank test. Results: The
VETAS was constructed with inexpensive, readily available materials. The technology allows for efficient, reproducible
training. Post-training survey analysis demonstrated statistically significant increases in familiarity with creating a sterile
surgical field and with proper instrument handling (P<0.001). An increased sense of confidence regarding lower-
extremity surgical anatomy was also confirmed (P<0.014). Conclusion: The VETAS model successfully introduced
medical students to the principles of emergency trauma surgery. This novel technology created a cost-effective platform

for efficient and effective skills training.
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Introduction

Simulation learning as a tool for surgical training has devel-
oped rapidly in its utility and validation.'” Simulation edu-
cation offers trainees an opportunity to be immersed in
educational concepts, repeatedly practice fundamental tech-
niques, and train for clinical scenarios. In practice, it allows
training costs to be kept low and the development of objec-
tive skills assessments. One of the key tenets of simulation
training is practice; learners benefit from repeated practice
sessions with a simulation, especially with feedback, coach-
ing, and training.”” A wide range of factors, of which the
COVID-19 pandemic is particularly salient, limit the time
trainees have with hands-on clinical activity, therefore the
apprenticeship model of surgical training is progressing
toward one of competency. Simulation offers standardiza-

tion of training and avenues for objective learner
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assessment, feedback, and remediation.®™!° However, surgi-
cal simulation has less frequently ventured into the recrea-
tion of more complex clinical scenarios, such as extremity
trauma management, primarily due to logistic, financial,

and reusability constraints.'' '

Lower extremity trauma is an injury pattern that requires
thoughtful oversight led by experienced trauma or orthope-
dic surgeons."” In a minority of cases, the extent and sever-
ity of injury demands a primary amputation at the time of
initial trauma assessment and stabilization.'® The Western
Trauma Association has detailed a current standard algo-
rithm for the evaluation of trauma patients for lower extre-
mity amputations.'” The principles of amputation surgery
outline the management of skin, vessels, nerves, and bone.
Proper management of large vessels includes proximal con-
trol and ligation. Intervention for vascular trauma calls for

This work is licensed under a Creative Commons Attribution-
NonCommercial 4.0 International License.



2 A. Chandra et al. VETAS for surgical skills training

the isolation of vessels to ensure hemostasis and avoid post-
operative complications such as arteriovenous fistulas or
pseudoaneurysm; transection of bone can be approached
with a Gigli saw or oscillating-tip power saw.'”*’

The purpose of this project was to develop a cost-effective
surgical model and corresponding simulation for the man-
agement of lower extremity amputation. The vascularized
emergency trauma amputation simulator (VETAS) incorpo-
rated simulated pulsatile vasculature (SPV) using a respon-
sive microcontroller, a specific feature evaluated and proven
to enhance training outcomes.’’ The microcontroller
recorded learner performance by measuring simulated
model pulse, pressure, and flow rate. The simulator was
made of readily available, low-cost materials. Our study
was designed to evaluate if this low-cost lower-extremity
amputation simulation model would be an effective tool
for our medical student learners.

Methods

Model design

A low-fidelity model of the lower extremity was constructed
using readily available, low-cost materials. Polyvinyl chloride
(PVC) piping, 12.7 mm in diameter, was used to simulate
the tibia. Latex tubing with an outer diameter of 8 mm was
attached with a thin strip of cellophane tape to the PVC,
simulating the anterior tibial artery. A simple mannequin
was used to represent the patient. The tibia and arterial
structures were funneled down a larger PVC pipe through

the mannequin’s shoulder to represent the right leg vascu-
lature and bone structure. Synthetic material, simulating
skin, fat, and muscle layers, surrounded the PVC tibia
and latex tubing. Commercially available synthetic blood
(Nasco, Fort Atkinson, WI) was used for the simulation.
Learners only interacted with the simulated anatomic struc-
tures; the larger PVC tubing was used solely for structural
support and was not visible to trainees.

Simulated pulsatile flow through the vasculature was accom-
plished by a 12 V power-supply system consisting of a self-
priming pump motor, pressure transducer, flow meter, and
UNO R3 microcontroller (Arduino) (Fig. 1). Pulsatile flow
of 75 beats per minute and a flow rate of 300-400 mL per
minute were regulated by a metal oxide silicon field effect
(MOSFET) programmed to vary the fluid
dynamics. This allowed for authentic pulsatile “bleeding”
of the patient’s extremity if the procedural steps were not

transistor

performed correctly. Flow and pressure were monitored
using the microcontroller, which that received input from
the flow meter and pressure transducer at regular intervals.
The blood pressure during pulsatile flow was monitored via
the pressure transducer located upstream of the mock vas-
culature and was set at 120/80 mmHg.

An algorithm was written for the microcontroller that
allowed the pulsatile flow to be maintained at 75 beats per
minute and the power input to be adjusted to the motor to
maintain the fluid pressure near 120/80 mmHg during pul-
satile flow. Once the mock vasculature was unclamped, the
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Figure 1. Schematic diagram of the simulated pulsatile flow set-up detailing the Arduino feedback system.
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microcontroller algorithm would switch flow to a steady
rate between 0.3 and 0.4 L/min

Initial simulator evaluation
Fifty-three the
Minnesota Medical School participated in the simulation

medical students from University of
during a surgical skills workshop. Medical students, in
groups of four to five, were instructed on the basic approach
to managing trauma (ABCs) including airway assessment
and protection, breathing and ventilation assessment, and
evaluation of circulation. Learners were introduced to the
VETAS and the clinical scenario, a mangled extremity due
to a severe crush injury and fracture of the distal tibia.
Exploration of the wound revealed complete disruption of
the nerves and arteries supplying the distal leg and foot.
They were then guided through the appropriate care of
the simulated patient by two physician instructors. Proper
navigation of the simulation exercise included stabilization
of the patient, starting intravenous fluids, evaluating the
appropriateness of amputation, prepping and draping,
proper surgical exposure through the tissue, proximal
vessel ligation, and use of the Gigli saw. The simulated
pulsatile vascular system enhanced the fidelity of the simu-
lation by requiring urgent management of an actively bleed-
ing vessel. Learners were guided in clamping the simulated
arterial vessel proximally and distally, transecting the vessel,
and tying hemostatic knots. The use of readily available
PVC piping, latex tubing, and artificial blood provided
opportunities for multiple trainees to practice in each rota-
tion. As each trainee completed the guided scenario, the
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next segments of tibia and artery were easily advanced
through the larger PVC housing and prepared for the
next learner (Fig. 2). Our model offered a very realistic
knot-tying assessment; if learners successfully controlled
the artificial bleeding with their suture ligature, they met
the knot-tying criteria.

To evaluate the efficacy and utility of the simulator and
simulation, a 13-question survey was administered before
and after the event. Six of these questions were specific to
the amputation simulation. These questions evaluated the
participants’ comfort with the surgical techniques, use of
the Gigli saw, familiarity with lower extremity anatomy,
prepping and draping patients, and ability to identify and
handle surgical instruments. Responses were ranked using a
5-point Likert scale (Table 1).

Results

Our team designed and built a low-cost lower extremity
simulator that was effective in achieving our training goals
for a surgical skills workshop (Fig. 3). The final cost of the
lower-extremity simulator was $98 (US dollars) (Table 2).
On average, trainees spent 20 min (2-5 min for instructor
feedback) the
Simulation testing confirmed that the SPV device is an
effective tool in acquainting trainees with the challenges of
lower extremity amputation, including knowledge of anat-

at lower-extremity amputation station.

omy and introducing students to basic surgical techniques.
All 53 of the workshop attendees completed the experience
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Figure 2. Schematic representation of the simulated vasculature and bone found in the simulated patient, detailing how the VETAS could be
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Table 1. Five-point Likert scale ranked responses to the general workshop and amputation-station-specific questionnaire (n = 53)

How would you currently rate your interest in surgery?

How prepared are you for surgery clerkships?

How comfortable are you with your knot-tying skills?

How comfortable are you with sterile techniques in the operating room?
How comfortable are you in prepping and draping in the operating room?
How comfortable are you in identifying and handling surgical instruments?

How familiar are you with anatomy of the lower extremity?

How comfortable are you in using the Gigli saw?

Figure 3. Learners practicing vessel ligation on the VETAS
during the surgical skills workshop. The PVC housing through
which the simulated tibia and tibial artery are advanced is
visualized in the lower right-hand corner.

survey (Table 1). Of the five activities presented at the work-
shop, the simulation of lower extremity amputation received
the highest acclaim. Other activities included simulated breast
biopsy, bedside ultrasonography, knot-tying skills, and suture
training. Learners reported being more familiar with lower
extremity surgical anatomy (P < 0.014) and better
acquainted with surgical techniques (P < 0.001), including
the use of a Gigli saw (P < 0.001). The survey suggested that
the model and simulation had utility beyond the clinical

Likert scale (0-5)

Very uninterested, 1 2 3 4 Very interested,
unfamiliar, familiar,
uncomfortable comfortable
0 0 1 3 15 34

9 24 10 6 2 2

2 10 12 15 10 4

0 7 11 15 16 4

1 9 9 23 10 1

11 3 14 18 7 0

3 6 13 24 3 4

2 12 9 15 10 5

Table 2. Cost breakdown of the simulated pulsatile vasculature
system

Component Cost
(US$)
Power supply 8.00
Pump motor (self-priming) 22.00
Pressure transducer 1.50
Flow meter 22.00
Shutoff valve (normally open) 0.50
Check valves 6.50
Microcontroller (Arduino UNO R3) 22.00
Tubing (PVC) 7.00
Mock vasculature (latex) 3.00
Bypass flow tubing (latex and vinyl) 5.00
MOSFET (IRFZ34N) 0.50
Total 98.00

scenario; learners also reported feeling more familiar with
prepping patients in the operating room (P < 0.001) and
more comfortable handling surgical instruments (P < 0.001).
The pulsatile bleeding of the simulator was helpful to achieve
the “willing suspension of disbelief” during this scenario, and
the use of the Gigli saw created an engaging and active
hands-on experience for the learners.

Lower extremity amputation is a complex procedure that is
associated with a significant perioperative morbidity and
mortality.”’>*' It requires a balance of two primary goals:
immediate removal of devascularized, damaged, or dysfunc-
tional tissue, and reconstruction. It is valuable for trainees



to have early exposure to amputation procedures to bolster
early surgical skill acquisition in the context of simulated
patient care.”” Simulation using synthetic models is a well-
established, effective tool to develop technical skills transfer-
able to an operating room for a surgical trainee.”” >’
Simulation training has become particularly important
because hands-on clinical time is limited in the COVID-
19 era. For medical students, immersion in a clinical sce-
nario is likely to promote durable retention of skills through
increased global alertness and engagement in the mock

. . 30,31
trauma training session.

Many training and assessment modalities are often limited
by cost and sustainability (Table 3).>>”> The use of animal
or cadaveric models are alternatives to live patient training,
but are expensive and require diligent ethical considera-
tions.”* Lower-fidelity models of amputation have been
described, but do not offer the immersion of prepping
and draping, simulated pulsatile flow, or true-to-life use of
the Gigli saw. The benefits of low- versus high-fidelity simu-
lators are poorly defined, but our low-cost, moderate-to-
high-fidelity simulator promises to effectively represent the
operative surgical procedure.’’*> We believe this model, or
one similar to it, will be useful in settings with limited
financial resources and a large number of trainees. For
novice learners such as medical students, low-fidelity simu-
lation has been demonstrated to be an effective tool for the
development of fundamental conceptual understanding of
medical procedures and for basic skill acquisition. This
simulator is ideal for student learners given that it focuses
on fundamental skills training while maintaining an enga-
ging scenario to enhance learning retention. Furthermore,
the benefits of participating in trauma simulation are
insights relevant to future trainees in a wide variety of spe-
cialties that includes family practice, emergency medicine,
general surgery, orthopedics, plastic surgery, rehabilitation
medicine, and vascular surgery.

Table 3. Comparison of the costs of the in-house lower extremity
simulator with commercially available options

Simulator Cost
(US$)

In-house design: VETAS 98.00

Simulaids Amputated Bleeding Leg, Nasco, Wisconsin 248.95

Anatomy Lab Amputated and Trauma Bleeding Leg, 550.00
Anatomy Warehouse, Illinois

Simulaids Xtreme Trauma Bleeding, Nasco, Wisconsin 757.60

Anatomy Bequest Program Cadaveric 1400.00
Preparation, Minnesota

Partial Leg Amputation Simulator, Nasco, Wisconsin 1706.00
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A benefit of utilizing simulation-based training to coach
foundational surgical skills is the opportunity to mediate
the stress of the surrounding scenario; simulation offers
curated learning environments that can maximize skill
acquisition and retention. Stresses experienced in a clinical
setting cannot be controlled, hindering the ability to opti-
mally teach and learn. Harvey et al.”” identified the stress
levels experienced by emergency medicine and general sur-
gery residents in traumatic simulations with different levels
of stress. After participating in both simulations, the resi-
dents demonstrated higher subjective stress and cortisol
levels, significantly poorer clinical performance, and felt
that their resources did not meet the demands of the high
stress scenario compared with the low stress scenario. These
results reveal stress as a detrimental factor to the fulfillment
of the clinical duties of medical professionals. The plasticity
of simulation is crucial in achieving a level of “good stress”
for learners to practice the fundamental techniques in an
environment that mediates the impact of stress on perfor-
mance, mastery, and clinical application.’>>°

One of the perceived drawbacks of simulation education is
that of fidelity in relation to the clinical equivalent.’’ Our
model works to address these limitations through a high-fide-
lity pump system that replicates steady and pulsatile blood
flow. Fidelity can also be credited to the simulated clinical
scenario, which enhanced immersion and offered opportu-
nities to evaluate learners’ broader knowledge and composure
under pressure. Utilizing an integrated simulator within an
immersive simulation is useful in developing foundational sur-
gical skills, without disrupting the medical students” learning.

Future enhancements of this model and the training experi-
ence will aim to create a more dynamic simulation for
advanced learners. These enhancements would include run-
ning the simulation with variable pulsatile flow pressures,
vital sign instability alarms, and additional learner feedback
in response to inadequate vascular ligation. Clinical scenario
and simulation enhancements might also include a liquid-
crystal display to project vitals and recreate authentic flow
characteristics. Incorporating these future enhancements may
improve skill retention, learner confidence, and technical
proficiency by allowing learners to prepare for potential
intraoperative complications in the operating room. In addi-
tion, implementing a system to record and assess student
performance through the time spent completing the proce-
dure and amount of blood lost would allow for better aca-
demic evaluation and progress tracking. We aim to create a
modular simulator based on pre-formed cartridges of the
tibia, vasculature, skin, and adipose tissue to improve the
fidelity of the simulator, while abiding by the principles of
economy, reusability, and portability. We aim to enhance our
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guided debriefings to further discuss surgical decision-
making and comparing patient outcomes after emergent
lower extremity amputation versus limb salvage procedures.
We plan to demonstrate design verification, face validity,
construct validation, parameter sensitivity, and predictive
validity for the simulator and simulation scenario.

In this study we describe a low-cost amputation model and
simulation scenario evaluated as a tool to introduce medical
students to the rationale behind trauma evaluation, resusci-
tation, and urgent amputation. Participant survey results
demonstrate that the model was educational, valuable, chal-
lenging, and accurately simulated the performance of lower
extremity amputation. We were successful in creating a low-
cost vascularized model of the lower extremity. Integrating
psychomotor skills training in the simulation scenario
authenticated the training experience as students achieved
vascular control and used the handheld Gigli saw. This new
simulator accommodates rapid turnover and repeated prac-
tice among learners. The technology demonstrates promise
for effective training on obtaining hemostatic control, per-
forming suture ligature of simulated vessels, and the trans-
ection of the simulated bone.
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