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Featured Application: A guide to construct and operate an experimental cardiac ablation simulator
for interventional electrophysiology training.

Abstract: Cardiac ablation (CA) is an interventional electrophysiological procedure used to disrupt
arrhythmic substrates in the myocardium by inducing localized scarring. Current CA training relies
on the master–apprentice model. In different fields of medicine including CA, virtual and physical
simulators have proven to enhance, and even outperform, conventional training modalities while
providing a risk-free learning environment. Despite the benefits, high costs and operational difficulties
limit the widespread use of interventional simulators. Our previous research introduced a low-cost
CA simulator using a 3D-printed biatrial cardiac model, successfully recording ten ablation lesions on
the phantom myocardium. In this work, we present and evaluate an enhanced version: compared to
the previous version, the cardiac phantom’s electrical behavior and ablation settings were optimized
to produce consistent lesions, while 3D-printed components improved the haptic and radiographic
properties of the simulator. Seven cardiologists compared the experimental simulator’s performance
to the leading commercial system from Heartroid in a 24-question survey on a 5-point Likert scale. The
four following areas of fidelity were considered: catheter entry, anatomical correctness, radiographic
appearance, and mapping and ablation. The experimental simulator significantly outperformed the
commercial system (p < 0.01), particularly in radiographic appearance (p < 0.01). The results show
the potential for the experimental simulator in routine CA training.

Keywords: cardiac ablation; interventional training; medical simulator; 3D printing; cardiac phantom;
fluoroscopy guidance

1. Introduction

Cardiac arrhythmias encompass a group of pathological conditions in which the pa-
tient’s heart rhythm and rate are abnormal. They can cause the heart to beat with abnormal
frequency and lead to cardiac dysfunction, causing dizziness, fatigue, palpitations, em-
bolic strokes, heart failure, and even cardiac arrest. Arrhythmias are some of the most
common cardiovascular pathologies, affecting over 2 million people in the UK alone [1].
Atrial arrhythmias are the most common type worldwide, with atrial fibrillation (AF)
being the most prevalent. In 2017, over 37.5 million cases of AF were recorded worldwide,
accounting for over 280,000 deaths [2]. In 2014, F. Rahman et al. [3] predicted that the
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number of AF cases in western countries would more than double by the year 2050. These
pathologies stem from arrhythmic substrate forming within the pulmonary veins, atria,
coronary sinus and superior vena cava. When pharmacotherapy fails to prevent or control
these arrhythmias, patients are referred for cardiac ablation (CA), a ‘keyhole’ percutaneous
interventional procedure in which catheters are used to deliver thermal or non-thermal
energy to the myocardial tissue of the cardiac wall, thereby disrupting the arrhythmic
substrate and preventing interruption to the tissue conduction and atrial rhythm [4,5]. This
is commonly achieved by delivering localized heat via a radiofrequency ablation catheter.
This is carried out in the cardiac catheterization electrophysiology (EP) laboratory and
guided by a combination of X-ray fluoroscopy imaging and electroanatomical mapping
(EAM) [6]. AF ablation is the most common procedure to be performed in the cardiac EP
lab. The right atrium is entered through the femoral venous system. Sheaths are inserted
into the femoral vein, usually on the right, due to its proximity to the operator. Catheters
are guided into the sheaths and then through the vein up to the inferior vena cava to
reach the right atrium and, via a sheath already across the atrial septum, cross into the
left atrium [6]. With a growing number of cases, healthcare systems are under pressure to
train more operators. Conventional CA training is based on the master–apprentice model
during procedures performed on patients [7].

Simulators have been proven to augment electrophysiology training, with direct
benefits to patients, especially in early-stage training. R. De Ponti et al. [7] used the
electrophysiology simulator Procedicus VIST G7 (Mentice AB, Gothenburg, Sweden) to
assess the placement of electrophysiological catheters before and after simulator training.
The use of simulators in training not only reduced procedural time, but also reduced the
trainees’ need for prolonged visual feedback, ultimately reducing X-ray exposure time
during the procedures. Using the same simulator, another study compared conventional
training to simulator-based training in transeptal puncture (TSP) [8]. Two groups of
students were trained separately and later assessed on their performance. Simulation
practice proved more efficient, reducing training time from 30 days to 4 days.

The ANGIO Mentor (Surgical Science, Gothenborg, Sweden) systems are arguably the
most versatile cardiovascular interventional simulators on the market today [9]. They are
hybrid systems, meaning they have a physical component and a virtual reality component.
They consist of blocks, with an insertable replica catheter that can be manipulated by
the operator similarly to real ones. The blocks connect to computers, allowing the users
to visualize simulated fluoroscopic images, as well as physiological values [10,11]. The
simulator allows for full control of virtual C-arm fluoroscopy, virtual ultrasound, and a
virtual computerized tomography (CT). This system can recreate numerous cardiovascular
interventional procedures, including EAM and TSP. The price of the ANGIO Mentor ranges
between GBP 60,000 and GBP 138,000, and individual procedure modules (such as the ones
for EAM and TPS) cost between GBP 5000 and GBP 15,000 [10,11]. To our knowledge at the
time of this study, the Heartroid EP Model (Heartroid, Kyoto, Japan) (Figure 1A,B) is the
best commercial off-the-shelf physical simulator for radiofrequency CA (RCA), thanks to its
many unique features and its compatibility with any EAM system. The system consists of a
hemodynamic pump, a full transparent conductive heart phantom, a 6-L tank of saline, and
a foam block with a valve recreating the leg. The heart phantom’s atria are interconnected
via a set of three holes placed on the atrial septum; the four chambers interconnect with
coronary vessels and valves. Tools are entered through an adjustable valve that simulates
catheter entry through the leg foam block. Compatible with EAM, including the CARTO
mapping system (Biosenese Webster, Irvine, CA, USA), one of the leading EAM systems,
this simulator is able to recreate mapping, tracking, and ablation in all four chambers of the
heart. CARTO patches and cables can be connected from the outside of the simulator tank
via a series of stainless steel bolts and washers (Figure 1A,B). Unlike virtual simulators,
physical simulators make use of real catheters in a real catheterization laboratory, exposing
the trainee to a more realistic experience without endangering patients. This physical
system costs approximately GBP 10,000–15,000 [12].
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Due to the high costs associated with commercial simulators for electrophysiology,
multiple institutions have made use of 3D printing technology to develop their own elec-
trophysiology simulators compatible with EAMs [13–16]. L. Rossi et al. [15] present an
experimental simulator consisting of a selective laser sintering (SLS) 3D-printed full heart
model, made with thermochromic polyurethane and placed in a saline tank (Figure 1E).
This system achieved realistic tactile feel during catheter manipulation and realistic body-
like temperatures by pumping the system with thermostat-regulated 37 ◦C saline [15].
Similarly to Heartroid, the patches were in contact with the catheter tip via saline; how-
ever, the tank in this model was shaped as a torso to enhance realism. The system was
paired with the CARTO mapping system and an electrocardiogram signal generator to
recreate the electrophysiological conditions of the body. The total cost of construction was
approximately GBP 6000 and 150 h of labor [15]. Similarly, our previous research [13]
presented methods to build a low-cost, easy-to-replicate experimental simulator for CA,
making use of fused deposition modelling (FDM) 3D printing. The simulator (Figure 1C,D)
was composed of a saline tank containing a thermochromic biatrial phantom, a base to
hold the phantom, and six probing tubes that hold the CARTO patches in the saline. The
heart phantom presented in the article only contained two atria, focusing on atrial ablation
training. To connect the chambers, a transeptal hole was placed in the fossa ovalis to enable
access into the left atrium. The phantom was FDM 3D printed in Layfomm40 (CC-Products,
Köln, Germany): a mixture of thermoplastic polyurethane and polyvinyl alcohol. The
printed phantom was coated in paint to render its surface radiopaque and thermochromic.
The phantom was soaked in 0.9% saline, and then placed in the simulator for ablation. Ten
thermochromic ablation lesions were successfully performed on the posterior wall of the
right atrium, providing an effective proof of concept for this manufacturing methodology.
Though not as intricate as the experimental system proposed by L. Rossi et al. [15], this
system is arguably more accessible to a wider academic audience by proposing low-cost
materials and common 3D printing solutions.
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(3) allow for connection to electroanatomical mapping systems. (B) Fluoroscopic image of the 
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thermochromic heart phantom (6) and probing tubes (7) to place the external reference patches in 
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Figure 1. (A) The Heartroid EP Model training system. The translucent conductive heart phantom (1)
is placed inside of a 6l saline tank (2) and connected to a pulsatile pump. Circular steel electrodes (3)
allow for connection to electroanatomical mapping systems. (B) Fluoroscopic image of the Heartroid
EP model. The electrodes (3), air bubbles (4), and catheter (5) are visible; however, the heart is not.
(C) The experimental simulator proposed by S. Wang et al. [13] contains a 3D-printed thermochromic
heart phantom (6) and probing tubes (7) to place the external reference patches in the anatomical
position. (D) Fluoroscopic image of the experimental simulator proposed by S. Wang et al. [13]. The
outline of the heart (6) is visible, as well as the patch holders (7). (E) The experimental simulator
presented by L. Rossi et al. [15] is composed of a mannequin (8) hosting a 3D printed heart phantom
(9). Similarly to the other systems, catheters are entered via valves in the leg area (10).

The experimental simulators presented by S. Wang et al. [13] and L. Rossi et al. [15]
were proven to be effective in simulating the procedure; however, comparisons against
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the commercial state-of-the-art system have never been made. It remains unclear whether
training centers can consider these experimental devices as valid alternatives to commercial
systems. This study’s objectives were to significantly enhance our previous simulator [13]
based on our previous findings and to evaluate the newly enhanced experimental simulator
using structured feedback from cardiologists, drawing direct comparisons to the leading
commercial Heartroid CA simulator.

2. Materials and Methods
2.1. Simulator Construction

Based on the design presented by S. Wang et al. [13], a new system was fully designed
on Autodesk Fusion360 (Autodesk, San Francisco, CA, USA). To create a more spacious,
clear, and visible environment in the simulator tank, the plastic container was replaced
with a 55 × 38 × 27 cm acrylic tank. This larger tank was laser cut from 5 mm acrylic
panels and assembled using acrylic cement and silicone sealant. Ten 8 mm tubing inlets
and outlets were vat photopolymerization (VP) 3D printed using Anycubic Basic Clear
Resin (HongKong Anycubic Technology Co., Hong Kong, China). The resin pieces were
fitted to the acrylic side panels using silicone sealant and acrylic cement to allow access
into the tank. FDM-printed clips on the inferior side of the tank hold the grounding patch
to simulate its placement on the lower back of the patient. The CARTO External Reference
Patches were directly clipped to the walls of the tank with polylactic acid (PLA) 3D-printed
hooks, ensuring reliable contact with the saline; meanwhile, their electromagnetic probes
were locked on the other side of the acrylic panel to keep them out of the saline. The lid
hosts a thermostat system (VPCOK Direct, Shenzhen, China), which heats the water to
37 ◦C, similar to the work by L. Rossi et al. [15].

To simulate catheter entry at the leg, the new simulator uses a 12 × 20 × 7 cm rounded
silicone block. The leg block was cast in OO30 EcoFlex silicone (SmoothOn, Macungie, PA,
USA) using an FDM 3D-printed PLA mold. The block connects to the tank via tubing and
hosts a 17 mm hemostatic silicone valve to allow for the entry of tools without leaks.

A biatrial phantom with a 3 mm wall was FDM 3D printed in Layfomm40 using
the same designs and methodologies described by S. Wang et al. [13]. The phantom was
secured in the anatomical position using an elevated perforated PLA base. The base was
fixed on the craniocaudal axis by a locking mechanism on the bottom of the tank.

2.2. X-ray Visibility

To improve radiographic appearance, an X-ray-visible spine was designed, manu-
factured, and bolted under the base centerpiece. The design was based on anonymized
patient CT data. Thoracic vertebrae T4-T9 and their intervertebral disks were segmented
and turned into stereolithography (STL) files for VP 3D printing (Figure 2A). Anycubic
Basic Clear resin was doped with CaCO3 and BaSO4 to make the material more radiopaque.
The mass attenuation coefficient (MAC) of Anycubic Basic Clear Resin was estimated using
the material data sheet [17] and MAC of chemical elements at 80 keV [18]. Similarly, the
ideal MACs of BaSO4 and CaCO3 were calculated based on their chemical compositions.
To simulate the radiopacity of different tissues during fluoroscopy, the MACs of cortical
bone and soft tissue at 80 keV were matched. Subsequently, 20.178 g of BaSO4 was added to
1 kg of resin to simulate cortical bone, while 56.340 g of CaCO3 was added to 1 kg of resin
to simulate soft tissue. The literature reports that the average thoracic vertebra is made
of 82.87% soft tissue and 17.13% cortical bone by mass [19]; consequently, soft tissue and
cortical bone resins were mixed in that ratio to simulate vertebral bone. Thoracic vertebrae
T4 to T9 were VP 3D printed using vertebral bone resin (Figure 2B). Soft tissue resin was
used to VP 3D print the intervertebral disks.
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Figure 2. (A) Segmented CT scan of the ribcage. (B) VP-printed resin vertebra. (C) Fluoroscopy
contrast analysis. (D) CT analysis of the resin intervertebral disks. (E) CT analysis of the resin
vertebrae.

The experimental simulator was scanned using the Artis Q Biplane C-Arm (Siemens,
Munich, Germany) in cone beam CT mode, and 540 voxels were analyzed for each resin
vertebra and each disk, to be compared against values in the literature (Figure 2D,E).
The simulator was imaged using fluoroscopy with the Artis Q C-Arm. Five samples of
400 pixels were analyzed from the vertebrae and five samples of 400 pixels were analyzed
from the background. The same procedure was repeated for anonymized patient data
(Figure 2C). Percentage contrast was calculated and compared.

2.3. Electrical Resistivity

To reliably recreate the electrical systems of RCA, the phantom material must have
comparable electrical properties to myocardial tissue. Electrical resistivity is the empirical
ability of a material to oppose electrical current [20]. It is calculated by measuring the
resistance of a material sample, dividing by its cross-sectional area, and multiplying by its
length. Its inverse is electrical conductivity [20].

Following methods described by S. Wang et al. [13], 3 mm Layfomm40 slices were FDM
3D printed and painted. Slices were then soaked for 24 h in saline at different concentrations.
Five slices were packed in a volume-constrained resin box (45 × 15 × 15 mm) hosting
0.5 × 15 mm square copper electrodes on either side (Figure 3A). The electrodes were
connected to a multimeter to measure electrical resistance. Five samples were recorded for
each of the following saline concentrations: 0.45%, 0.9%, 1.35%, 1.8%, 2.5%, and 4%. As a
control, the experiment was repeated for 10 samples of porcine myocardium (Figure 3B–D),
acquired from the heart ventricles of pigs slaughtered 3 days prior and stored at 4 ◦C.
Two outliers were identified among the samples of porcine myocardium using the quartile
method on MATLAB with the inbuilt function “isoutlier”. These two outliers were removed
from further calculations.

The electrical resistivity of all Layfomm40 samples were compared to the porcine
myocardium using a two-tailed, unpaired, multi-variance t-test on MATLAB, using inbuilt
function “ttest2” at 5% significance level.
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Figure 3. (A) Resistivity testing setup. (B) Slices of ventricular porcine myocardium. (C,D) Porcine
myocardium loaded in the system.

2.4. System Impedance

An inflated tube phantom, with a wall thickness of 3 mm and an oval opening on the
side, was printed in Layfomm40, painted, and soaked in 1.35% saline for 24 h following
methods described by S. Wang et al. [13]. The simulator tank was filled with 37.0 ◦C water
to a depth of 23.5 cm, and the phantom was secured on the base using the clamps, as shown
in Figure 4A–C. A Valleylab Return Patient Electrode Radiofrequency Dissipative Patch
(blue patch) (Covidien, Dublin, Ireland) was clipped to the tank, and the unidirectional
Thermocool SmartTouch Unidirectional Navigation Catheter (NAV-ST) (Biosense Webster
Inc., Irvine, CA, USA) was connected to the SMARTABLATE Radiofrequency Generator
(Biosense Webster Inc., Irvine, CA, USA). Salt was added to the tank, progressively in-
creasing the saline concentration (0.1%, 0.2%, 0.25%, 0.3%, 0.4%, 0.5%, 0.6%, 0.7%, 0.8%,
and 0.9%). At each salinity interval, baseline impedance was sampled 5 times at different
locations in the phantom.
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Figure 4. (A,B) The test phantom (1) was clamped in place on the base (2) to record impedance and
perform ablation lesions (6). The tank was filled with saline; its temperature was maintained at 37 ◦C
using a thermostat. The blue grounding patch (3) was placed inside the saline, ensuring a secure
electrical connection to the radiofrequency generator throughout the simulations. (C) The open test
phantom (1) is held by the clamps (4). The Thermocool SmartTouch SF catheter (5) was used to probe
system impedance and perform ablation lesions (6). (D) Fusion 360 was used to digitally measure the
surface area of each ablation lesion (6).



Appl. Sci. 2024, 14, 8423 7 of 14

2.5. Ablation Settings

Three test phantoms were prepared and set up as described in the system impedance
investigation. In this experiment, three test phantoms were soaked in 1.35% saline for 24 h
and placed in the tank. The simulator was filled with 0.25% concentrated saline and heated
to 37 ◦C (Figure 4A,B). Five RCA lesions were performed on the posterior wall, the lateral
wall, and the anterior wall using the unidirectional ThermoCool SmartTouch SF ablation
catheter (Biosense Webster Inc., Irvine, CA, USA), as shown in Figure 4C. Their surface
areas were measured digitally using Fuion360, as shown in Figure 4D. The process was
repeated for the three ablation settings illustrated in Table 1.

Table 1. The settings used to ablate the open test phantoms. Five ablation lesions were performed on
each side.

Settings 45 W Lower Power
Non-Irrigated (LPNI)

45 W Lower Power
Irrigated (LPI)

75 W Higher Power
Irrigated (HPI)

Catheter Used Thermocool
SmartTouch SF

Thermocool
SmartTouch SF

Thermocool
SmartTouch SF

RF Generator SMARTABLATE
Stockert

SMARTABLATE
Stockert

SMARTABLATE
Stockert

Catheter Setting 4 mm Catheter SF 4 mm Catheter
Max. Power 45 W 45 W 75 W

Time 30 s 30 s 5 s
Target Temp. 65 ◦C 65 ◦C 65 ◦C
Cut-off Temp. 85 ◦C 85 ◦C 85 ◦C

Min. Flow 0 mL/min 2 mL/min 2 mL/min
Max. Flow 0 mL/min 8 mL/min 8 mL/min

2.6. Clinical Evaluation

The Heartroid simulator was set up as per manufacturer instructions. The experimen-
tal simulator was set up as shown in Figure 5A–C, with a 3 mm thick biatrial thermochromic
phantom with the same internal geometry as that used by S. Wang et al. [13]. The abla-
tion catheter was placed inside of the CARTO VIZIGO™ Bi-Directional Guiding Sheath
(Biosense Webster Inc., Irvine, CA, USA) and used for mapping and ablation during the
simulations. Seven operators at different levels of experience (4 on Heartroid and 3 on the
experimental simulator) were each granted one hour to enter tools into the right atrium,
map the chamber, pass tools across the atrial septum, map the left atrium, and perform
ablation lesions in the pattern of pulmonary vein isolation. The experimental simulator
was ablated using the HPI settings from Table 1, and the power was lowered to 4 W for the
Heartroid. Operators answered a questionnaire (24 questions) to evaluate the performance
of the simulators for atrial CA training. The survey was separated into sections assessing
“catheter entry”, “phantom geometry”, “X-ray appearance”, and “mapping and ablation”.
Operators were free to answer or omit any questions, scoring each aspect on a Likert scale
from 1 to 5. Scores from each section were compared using a two-tailed unpaired t-test at
5% significance.
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Figure 5. (A,B) The experimental simulator set up for atrial ablation. The six external reference
patches (1) are hooked to the lid and to the bottom of the tank, placing them in contact with the
saline. The blue grounding patch (2) is placed on the posterior inferior side of the tank, simulating
placement on the lower back. The biatrial cardiac phantom (3) is secured to the base, and its position
can be adjusted using the locking system (4). The spine phantom (5) is held posteriorly to the cardiac
phantom in the anatomical position. Ablation lesions are performed on the pulmonary veins (right
lower pulmonary vein (9)) following the patterns of polmunary vein isolation. (C) The experimental
simulator’s catheter entry block (6) uses a silicone hemostatic valve (7) to host the Vizigo steerable
sheath (8). (D) A portion of the experimental simulator’s biatrial phantom. The segment comprises
the right lower pulmonary vein and the surrounding ablation points (9).

3. Results
3.1. X-ray Visibility

The spine phantom was comprised the thoracic vertebrae T4-T9 and could be mounted
underneath the heart phantoms on the base (Figure 6A,B). The MAC of Anycubic Basic
clear resin was calculated to be 0.1787 cm2/g. The MACs of BaSO4 and CaCO3 at 80 keV
were calculated to be 2.4134 cm2/g and 0.2462 cm2/g, respectively. The average CT number
for the thoracic vertebrae was 92.8 ± 10.5 HU, whereas, for the disks, it was 47.6 ± 9.4 HU.
The literature reports that spongy bone has a CT number between 148 and 661 HU, while
soft tissue has a CT number between −700 and 225 HU, as displayed in Figure 6D. The
heart, the spine, and the transeptal hole were visible during operation, though the spine
lacked the darker outline of cortical bone that is visible in patients. Fluoroscopy contrast
of the spine was marginally higher in the simulator when compared to patient images, as
shown in Table 2. Unlike real vertebrae, the phantom vertebrae lack cortical bone on their
borders, making the boundary less defined.
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Figure 6. (A) The final, fully assembled spine. (B) The fully assembled base with the X-ray spine
phantom. (C) High-dose fluoroscopy image of the fully assembled simulator, including the spine.
(D) The mean CT number acquired from the vertebrae (92.8 ± 10.5 HU) compared to spongy bone
(148 to 661 HU) and the intervertebral disks (47.6 ± 9.4 HU) compared to soft tissue (−700 to
225 HU) [21].

Table 2. Average fluoroscopy contrast between the vertebral bodies and the background.

Simulator Fluoroscopy Patient Fluoroscopy

Mean Vertebral Intensity 107.2 106.0
Mean Background Intensity 108.0 111.8

Contrast 6.2% 5.3%

3.2. Electrical Properties

The internal resistance of the system was measured at 0.00 ± 0.00 kΩ. Figure 7A shows
that samples with greater salinities showed lower levels of resistivity. The average value of
resistivity measured for pig myocardium was 7.6 ± 0.6 Ωm (Figure 7B). Layfomm40 soaked
for 24 h in 1.35% saline had a resistivity of 7.0 ± 0.3. It was the only salinity analyzed which
showed no statistically significant difference to porcine myocardium (p = 0.0530).

M. Barkagan et al. [22] define 131–180 Ω to be the intermediate impedance for RCA
simulations, and 90–130 Ω to be low impedance. Figure 7C shows that impedance and salin-
ity followed an inverse relationship. Intermediate impedance was consistently achieved
when the tank was filled with 0.25% saline (impedance = 150.0 ± 5.8 Ω). A tank salinity of
0.4% (110.4 ± 4.2 Ω) consistently achieved values of low impedance.
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Figure 7. (A) Resistivity of stacked painted Layfomm40 slices (3 mm). (B) Resistivity of stacked
painted Layfomm40 slices (3 mm) in comparison to fresh porcine myocardium. (C) The inverse
relationship between system impedance and tank salinity using a painted Layfomm40 phantom
(3 mm walls soaked in 1.35% concentration saline for 24 h).

3.3. Ablation Lesions

As noticeable in Figure 8, the lateral and anterior lesions became progressively more
streaked. Figure 8C shows that the 45 W Lower Power Irrigated (LPI) settings produced
small, unreliable lesions that were often undetectable post ablation. The 45 W Lower Power
Non-Irrigated (LPNI) settings produced lesions with areas of 4.1 ± 2.7 mm2, 5.6 ± 2.5 mm2,
and 86.5 ± 22.4 mm2 on the posterior, lateral, and anterior walls of the phantom, respec-
tively. The 75 W Higher Power Irrigated (HPI) settings produced lesions with areas of
12.1 ± 1.1 mm2, 8.7 ± 3.5 mm2, and 69.4 ± 9.3 mm2 on the posterior, lateral, and anterior
walls of the phantom, respectively. As shown in Figure 8A,B, the shape of the anterior
lesions achieved with HPI settings are more streaked than those observed with LPI settings,
showing the original point of contact with the catheter.
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3.4. Clinical Evaluation

Answers to the questionnaire showed that the two simulators performed similarly in
all fields except for X-ray imaging (Table 3). Operators were able to perform more ablation
lesions on the Heartroid simulator on average; however, the difference was not statistically
significant. On multiple occasions, comments reported that the experimental cardiac
phantom felt too hard on the catheter, while the Heartroid phantom felt too large. One user
reported that the catheter “fell too” easily into the transeptal holes during mapping of the
right atrium when trying the commercial system.

Table 3. Performance of the experimental simulator compared to the commercial state-of-the-art
system.

Questionnaire
Section

Experimental
Simulator

Commercial
Simulator

Unpaired
Multi-Variance
t-Test p Value

Cather Entry 3.90 ± 0.88 4.13 ± 1.06 0.5551
Phantom Geometry 4.11 ± 0.93 3.33 ± 1.56 0.1709

X-ray Visibility 3.66 ± 1.30 1.55 ± 1.22 0.0001
Mapping and Ablation 3.41 ± 1.01 3.25 ± 1.54 0.5864

OVERALL SCORE 3.65 ± 1.05 3.00 ± 1.64 0.0033
Number of Ablations 27 ± 16 57 ± 42 0.2621

Table 4 shows that the experimental heart sustained heat during ablation, while the
Heartroid had to be maintained at lower temperatures to avoid damage. Both systems
showed impedance drops during the ablation tests and maintained realistic levels of
impedance while delivering ablation.

Table 4. Electrophysiological ablation outcomes achieved from 15 ablation points performed on the
simulators. The experimental simulator was ablated using the HPI settings. The Heartroid simulator
was ablated using the HPI settings with the power set to 4 W.

Settings Experimental Simulator Commercial Simulator

Max. Power 76 W 5 W
Mean Power 41 W 5 W

Max. Temperature 45 ◦C 30 ◦C
Mean Temperature 37 ◦C 25 ◦C
Max. Impedance 141 Ω 171 Ω
Mean Impedance 125 Ω 149 Ω
Min. Impedance 109 Ω 134 Ω

Max. Impedance Dorp 23 Ω/s 22 Ω/s
Mean Impedance Drop 16 Ω/s 6 Ω/s

4. Discussion

Myocardial electrical conductivity is reported to be 0.06–0.4 S/m [23,24]; therefore,
the electrical resistivity derived from this range is 2.5–16.7 Ωm. The average resistivity
exhibited by myocardium in this study (7.6 ± 0.6 Ωm) agrees with these literature values,
thus validating the methodology. Layfomm40 soaked in 1.35% saline produced the best
results, having no statistically significant difference from the control. However, resistivity
values of Layfomm40 soaked with saline from 0.9% to 2.5% all fall within the literature
range. During the simulations, the Layfomm40 was placed in the tank with saline at lower
concentrations, meaning it would lose salinity over time and increase its resistivity. To
maintain realistic resistivity for the longest duration, 1.35% saline was therefore the optimal
phantom salinity. Future investigations should test the significance of change in phantom
resistivity over simulation time. Intermediate impedance, as described by M. Barkagan
et al. [22], was reliably achieved at 0.25% tank salinity. As higher impedance reduces lesion
size [22], intermediate impedance would produce more concise ablation points than low
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impedance, allowing users to gauge lesion size and deduce the original position of the
catheter. Consequently, 0.25% saline was chosen to fill the tank during RCA experiments
involving Layfomm40 phantoms.

Experimental data show that ablation lesions created on the lateral and posterior walls
were smaller (1–15 mm2) than ablation lesions generated on the anterior wall (50–120 mm2).
The streaking shape of the ablation lesions suggests that this change may be caused by the
thermal movement of water during ablation, resulting from the lack of flow in the system.
As the water around the catheter heats up, it decreases in density and travels upwards,
collecting on the top (anterior walls). Irrigation in the catheter controls temperature,
resulting in smaller lesions on the anterior wall. The HPI settings produced the best results,
resulting in larger lesions on the posterior and lateral walls, but smaller lesions on the
anterior wall. Additionally, the streaked shape of the HPI lesions still allows the user to
track the original catheter location. Though these settings produced more precise results,
the shape was still affected by the movement of hot water. Future efforts should aim
to eliminate this phenomenon by investigating the effects of flow, like in the Heartroid
simulator, to disrupt the formation of thermal streams during ablation.

The overall scores from the questionnaire suggest that both simulators are effective
and realistic training systems for CA training. The experimental simulator made effective
use of 3D printing and laser cutting to improve and consolidate the methods previously
proposed by S. Wang et al. [13]. The silicone leg block for catheter entry provided a useful
and effective layer of realism during catheter manipulation. The two simulators compared
in this study performed similarly in the field of catheter entry (p = 0.5551), with scores
of approximately 4. The 3D printed phantoms in the experimental simulator provide
radiographic landmarks to trainees. The sedimentation of the contrast powders during
printing of the vertebrae caused the resins to exhibit a lower CT number than expected;
however, the contrast of the spine was realistic against its surroundings. The vertebral
phantoms aimed to recreate the average CT number of the vertebrae; future iterations
should render the outlines of the vertebrae more evident by adding a layer of cortical bone.
In the Heartroid simulator, the lack of radiopaque phantoms and the presence of metal
components obstructing the field of view caused it to significantly underperform during
X-ray imaging. The placement of patches inside the saline made the electrical connections
in the experimental simulator more reliable and robust than in the Heartroid simulator,
which was often subject to contact failures; however, this feature increases the costs of
operation. Despite the versatility presented by the laser cut tank, its large volume (48 L)
makes the assembly process more laborious and impractical. Conversely, the Heartroid
system has a volume of only 6 L, making it more practical to fill and drain with saline.
3D printing was an effective manufacturing modality to replicate the geometry of the
heart in both simulators. Both simulators achieved high scores in the field of phantom
geometry, showing that they both have satisfactory anatomical realism to fit the needs of
atrial CA training. In this field, the difference was statistically insignificant (p = 0.1709).
The Heartroid had excellent geometry, containing the necessary physical landmarks for
atrial and ventricular CA, whereas the experimental phantom was only adapted to atrial
CA. Physiologists suggested that it may be “too easy” to access the left atrium through the
transeptal apertures in the Heartroid, while, in the experimental simulator, the transeptal
hole was considered “too stiff” or “hard”, making it more difficult to maneuver, especially
as the contact response between catheter and model is specific to the model material and
the behavior of the catheter within the beating heart is observed to be different. Both of the
3D-printed phantoms could be mapped and ablated with ease; however, the higher number
of ablations performed on the Heartroid suggests that it was easier to navigate through
the commercial simulator. Comments indicate that this was caused by the stiffness of
Layfomm40, which complicated navigation and manipulation through the transeptal hole.

The new simulator prototype proposed in this article successfully made use of the
concepts previously presented by S. Wang et al. [13] to create a more realistic and reliable
training system. The large tank design enabled users to place the patches in realistic
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positions away from the fluoroscopy field of view. As reported in the feedback, the
addition of the leg phantom and the spine phantom improved the overall realism of the
system. The use of the HPI setting, paired with the more realistic electrical environment
inside the tank, result in a more predictable ablation outcome compared to the previous
simulator prototype.

5. Conclusions

To make simulation-based interventional electrorheology training more accessible and
promote the training of new operators, this article describes how to construct and utilize an
experimental cardiac ablation simulator, based on concepts introduced by S. Wang et al. [13].
The system presented herein boasts comparable, or even enhanced, training capabilities to
the commercial state-of-the-art system, offering a realistic customizable alternative for train-
ing centers. Though construction may pose challenges, the implementation of experimental
simulators can match commercial standards and offer a more tailored training approach.
For medical institutions with engineering capabilities, such as university hospitals, this
investigation presents a viable method by which to prepare an effective, realistic, reliable,
and even custom-made training scenario for interventional electrophysiologists.
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