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Abstract

Introduction

Medical education continues to face challenges relative to teaching complex human cardiac anatomy to a broad range of learners,
especially in the subject of congenital heart defects. Traditional educational methods, such as cadaver dissection, textbooks and
the study of human specimens, al face some limitations; e.g, such as specimen availability and student comfort. Employing
newer technologies, like virtual reality (VR) offer amore profound learning experience for learners and mentors.

Methodology

Anonymized CT scans of patient heart images were used to create high-fidelity 3D cardiac models; employing Materialise
Mimics Core and 3-matic Medical. These models were next integrated into an Unity powered VR application, designed for meta
quest devices. Generated features, included: interactive 3D models, dynamic visuaizations, and multiplayer functionalities for
real time collaborative learning.

Results

Our VR application allowed users to interact with detailed 3D models of both cyanotic and acyanotic CHDs. Developed features
include, allowing the user to generate multiplanar cuts and real time multiplayer visualization for collaborative teaching.
Conclusion

Our developed VR application offers innovative approaches for the teaching of complex cardiac anatomy including those of
patients presenting with a CHD. Future work should focus on more readily available Al integrations for mobile devices and also
adding more hearts and organs models, as well as performing long-term efficacy studies.
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Introduction

Medical education continues to face challenges relative to teaching complex human cardiac anatomy
to a broad range of learners, especially in the subject of congenital heart defects. Traditional
educational methods, such as cadaver dissection, textbooks and the study of human specimens, all
face some limitations; e.g, such as specimen availability and student comfort. Employing newer
technologies, like virtual reality (VR) offer a more profound learning experience for learners and
mentors.

Methodology

Anonymized CT scans of patient heart images were used to create high-fidelity 3D cardiac models;
employing Materialise Mimics Core and 3-matic Medical. These models were next integrated into an
Unity powered VR application, designed for meta quest devices. Generated features, included:
interactive 3D models, dynamic visualizations, and multiplayer functionalities for real time
collaborative learning.

Results

Our VR application allowed users to interact with detailed 3D models of both cyanotic and acyanotic
CHDs. Developed features include, allowing the user to generate multiplanar cuts and real time
multiplayer visualization for collaborative teaching.

Conclusion

Our developed VR application offers innovative approaches for the teaching of complex cardiac
anatomy including those of patients presenting with a CHD. Future work should focus on more
readily available Al integrations for mobile devices and also adding more hearts and organs models,
as well as performing long-term efficacy studies.

Keywords: Medical education; Virtual reality; Congenital Heart Defects; Anatomy; Innovation.

Introduction

Background

Current curriculums in medical education often face the challenges of keeping pace with newly
developed teaching methods: e.g., those introduced by technological advancements, such as the use
of web applications, virtual reality (VR), and/or extended reality (XR) (1). The study of complexities
and variations within human anatomy has historically been based on the uses of fresh cadavers,
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hearts preserved in formaldehyde, and/or the study of anatomy textbooks (2,3). Using new
technologies for medical education, such as XR or VR, is of particular importance considering the
complex spatial architectures with the human heart, this becomes even more complex when
considering the cases of teaching congenital heart defects (CHD). These deviations from normal can
be quite varies, hence presenting significant cognitive challenges for students; due to their
intertwined vascular structures, dynamic relationships between structures, and/or the high degrees of
variabilities of such defects that can occur within a given patient (4-6).

The uses of traditional dissection and the study of macroscopic anatomy as well as generated human
models, while of particular importance in acquiring practical skills that are difficult to replace(7-9),
are methods with numerous limitations. Today many medical school anatomy laboratories have
difficulties maintaining adequate quantities of specimens in needed conditions for educational study.
The practice of only studying surface anatomy falls short when one needs to understand complex
anatomical details, such as: vasculature, complexities of nervous innervations, associated congenital
heart defects, and other intricate aspects. It should also be noted that some students don’t have access
to a dissection opportunity and in others such environments can be a source of stress and anxiety
(7,10-12). In this regard, the integration of Extended Reality (XR) technologies into medical
education represents a significant advancement for many learners in the applications of better
understandings of complex human anatomical and clinical knowledge required in healthcare or the
medical device field.

XR technologies, is an umbrella term that encompasses Virtual Reality (VR), Augmented Reality
(AR), and Mixed Reality (MR) educational tools (13,14). In general, VR is typically described as a
computer-generated three-dimensional space that simulates the presence of physical objects through
multisensory interactions, creating immersive experiences in which users perceive artificial worlds as
if they were real. It can also be characterized by its capacity to be a computer-generated space where
multiple users can have simultaneous access and thus participate in shared activities. (15-17). While
different types of metaverse share common features such as Head-mounted displays (HMDs) for
virtual immersions, motion tracking (6DoF) for real-time interactions, haptic feedbacks, and/or
spatial audio to create a more immersive experience (15,18), VR differs from XR in that XR
superimposes digital information on the users real surrounding physical environment. Again, VR
completely isolates the user from the outside world, immersing the players in fully virtual simulated
environments with which they can interact (15,19).

Prior work

According to recently reported studies on knowledge construction, perhaps a more effective way to
better retain knowledge is through "active learning” or "learning by doing,"”. This implies that
individuals better acquire critical knowledge through interactive and self-directed activities, such as
those offered by virtual reality (VR) (20). The advantages of VR in education settings are that VR
can be used in the absence of physical barriers. This also allows for collaboration among multiple
users, which in turn generates a greater degree of freedom to create new applications or initiate new
activities; i.e., through the virtualizations of knowledge in which students can engage in self-directed
learning, allowing them to resolve their questions with a higher level of autonomy (6,21). Within the
Visible Heart® Laboratory, virtual platforms with interactive 3D models have been successfully
utilized by medical students and residents for training relative to both cardiac physiology and
transesophageal echocardiography (22,23). By leveraging an extensive collection of over 650
perfusion-fixed human cardiac specimens, our laboratory continues to generate high resolution 3D
computational models that in turn facilitate precise virtual placements of medical devices.

https://preprints.jmir.org/preprint/ 74429 [unpublished, non-peer-reviewed preprint]



JMIR Preprints Muneton et &l

Additionally, multiple applications have been developed and utilized in the field of pre-surgical
planning; using VR in our facilities, and the unique availability of an extensive range of fixed human
hearts. This approach has been the cornerstone for generating multiple educational and collaborative
tools such as our Stenting simulator, Seldinger technique guidewire simulator, and augmented reality
applications like the “Heart to Learn App” (6,24,25).

To evaluate the relative efficacy of utilizing VR for human anatomic education, multiple research
groups have consistently described the associated improvements this approach offers. For instance,
Minouei and Liu et al., in a systematic review, found that VR commonly enhanced the students’
academic progresses in terms of theoretical knowledge, practical proficiency, as well as overall
satisfaction when used as supplementary methods to other teaching approaches (26,27). Similarly
Baek et al. described 6 VR applications for the visualizations and study of anatomical structures.
They recommend that the use of these applications should be tailored to the student's needs and
suggested several ideal conditions for the uses of VR applications (28). Other educators have
conducted a controlled clinical study, examining the roles of interactive 3D models in medical
anatomy education; in such, 200 medical students were surveyed, and the results showed a
statistically significant improvement in post-test knowledge when compared to the control group
(29). Further, Garcia-Robles and Salimi et al., in their meta-analyses, demonstrated that XR
generated increases in knowledge compared to traditional learning methods; especially when used
with complementary resources. They noted that these learning approaches were most beneficial for
undergraduate students, of whom 80% reported that when they used such VR tools that were useful
for learning complex anatomies (30,31). Similarly, Liu and Wang et al. reported a higher satisfaction
rating in groups of healthcare workers and students who used VR compared to other learning
methods (27).

Noteworthy, it is also important to consider the limitations of VR use in some individuals; which can
generate adverse effects such as visually induced motion sickness (VIMS). In a pilot study, VIMS
was reported in 32% of participants, of which 40% stated that experiencing VIMS could negatively
impact their learning process when using VR educational tools (32).

One should also consider that gaps currently persist in the specific implementation of video game
engines for applications in educational cardiac modeling; this is particularly true in the field of
congenital heart defects (CHD) (33,34). Our present study proposes an innovative pipeline that
combines high-fidelity 3D modeling based on real tomographic data with dynamic visualization of
myocardial layers and blood volume, and the implementations of such in Unity 3D with customized
haptic interactions (35). Thus, our work should contribute to the field of digital medical education by
providing a reproducible framework for developing immersive cardiac simulators, while
simultaneously addressing technical and pedagogical aspects. Note, that unlike commercial VR
solutions, our approaches prioritize didactic customizations, facilitating curricular adaptations.

Materials and methods

The employed methodologies of our work were developed in several sequential stages, beginning
with the acquisitions and processing of medical images. First, anonymous DICOM images from
patients were obtained through computed tomography (CT) from cases shared by Hospital La Cardio
(Bogota, Colombia) and from the anonymous database within the Visible Heart® Laboratories,
(University of Minnesota, Minneapolis, USA). These image datasets were processed using
Materialise Mimics Core 27.0 software, to perform semi-automatic segmentation of cardiac
structures. As these investigations and development of de-identified 3D computation models did not
directly involve human participants or use identifiable personal data: i.e., it did not require approval
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from an ethics committee.

In general, the segmentation process included automatic image alignments to ensure anatomical
symmetry, followed by blood volume segmentations of ventricles, atria, and great vessels using
adaptive thresholding (HU: approximately 200 to 1500) via the software's CT Heart tools. For a
given heart, specific cardiac defects were identified, such as: interventricular communications,
interatrial communications, patent ductus arteriosus, and/or others. Anatomical borders were
manually refined using the Edit Masks function, achieving precision up to 1 mm, and internal
hollowing was applied to simulate cardiac cavities.

Subsequently, these segmented congenital heart models were exported to Materialise 3-matic
Medical 19.0 for optimization and final 3D modeling. At this stage, topological mesh repair was
performed, eliminating non-manifold triangles, and cardiac valves were added using a parametric
model library, adjusting their scale to the specific dimensions of each patient’s heart. Anatomical
textures were applied, and surfaces were smoothed using the Smooth Surface software module. The
final models were exported in OBJ format, with mesh parameters optimized for VR performances.

During the development of the VR based educational application, Unity software 2021.3 LTS with
XR Interaction Toolkit 2.3 was used. The generated 3D heart models were then obtained from 3-
matic and were imported to Unity as optimized mesh assets. To ensure complete visualizations of the
cardiac structures, backface culling was disabled, letting the users to actively “cut” into the heart and
analyze the internal structures of the given 3D heart model.

To optimize anatomical accuracies, custom shader based materials were added with deoxygenated
and oxygenated blood volumes color-coded with blue and red, respectively, as well as myocardium
rendered in flesh tones, and the various pathological defects were highlighted: remaining visually
coherent under dynamic real-time clipping system, developed using shader programming.

A floating in-world Canvas menu, was designed using Unity’s XR Ray Interactor system, allowing
for the users to have seamless navigations between heart models, toggling different cardiopathies and
scrolling texts. Beyond single-user exploration, this unique educational application was designed to
support real-time multiplayer interactions, using Unity’s Netcode for GameObjects (NGO): users can
communicate in real time using integrated Vivox Voice Chat and Photon PUN networking.

While the initial release targets PC-based VR setups, a standalone version was optimized for lower-
performance hardware using texture compressions, and GPU instancing to maintain rendering
efficiency. Compatibility with OpenXR ensures broader accessibilities across multiple headsets,
including the Valve Index, HTC Vive, and Oculus Rift.

Results

Our developed educational application includes a floating menu that categorizes heart defects into
cyanotic and non-cyanotic (Fig. 1); with dynamic descriptive text incorporated within relative to
each heart condition to be studied and explanatory images of predictive blood flows. Users have the
ability to move the menu in the VR space as needed. The main functionalities allow users to
manipulate cardiac models, including scaling, free rotations, and the abilities to perform multiplanar
cuts using Shader Graph. Additionally, there is an incorporated pointer feature which any of the users
can use to mark the given defect to be mentioned or mark a specific location on the heart (Fig. 2).

https://preprints.jmir.org/preprint/ 74429 [unpublished, non-peer-reviewed preprint]
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Multiple users can also freely interact with a heart with normal anatomy, which is animated to
visualize how different structures of a normal heart, such as valves and myocardial walls, interact
during the cardiac cycle of systole and diastole. Additionally, users can interact with various
pathological models adapted from real tomographies, such as: for non-cyanotic heart defects, a
ventricular septal defect (VSD), a sinus venosus type atrial septal defect (ASD) (Fig. 3), a patent
ductus arteriosus (PDA), an atrioventricular septal defect (AVSD), a coarctation of the aorta (CoA);
and for cyanotic heart defects, with truncus arteriosus, transposition of the great arteries, and
tetralogy of Fallot (ToF) (Fig. 4).

To facilitate collaborative teaching, a multiplayer architecture was implemented using Netcode for
GameObjects, allowing synchronization of 3D models and actions across multiple devices in
different global locations (Fig. 5). This enables the use of a virtual classroom where the teacher has
the abilities to instruct anatomy classes in real-time, point out defects with simultaneous
visualizations by students, and guide anatomical tours, while students can access interactive menus
and communicate with each other as well as the teacher for more immersive eXEerienceS.

Cyanotic

Tetralogy of
Fallot

PDA Truncus
Arteriosus

Sinus Transposition of
Venosus Greal Vessals

[ Double
Coarctation Ventricular

Of Aorta Defect

AVSD

Animated Heart

Fig. 1 Congenital Heart Defects floating menu with animated normal heart.
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Fig. 2 Pointer and plane cutting VR tools.

4

Atria| Septal defects “

t
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Fig. 3 Atrial Septal Defect (Type Sinus venosus) heart model.
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Anatomical description:

; defect;
! aortic root and valve;

and 4) right ventricular hypertrophy, ===
Tatralnnv of Fallnt has its develnnmeantal

Fig. 4 Collaborative multiplayer environment.

Discussion

Our present educational tool is an innovative virtual reality (VR) application for teaching complex
human cardiac anatomy, there exist other similar applications (33,34), but we have uniquely
integrated high-fidelity 3D models based on real medical images. Additionally, this application can
be utilized simultaneously by multiple international users which represents a significant
advancement in digital medical education.
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Developed educational VR applications in general offer multiple advantages over traditional learning
methods. Here we discuss the abilities to allow for multiplayer visualization, real-time interactivity
with complex cardiac structures, active and collective learning in a virtual classroom, and increased
accessibility. These features require the use of VR, a valuable supplement to traditional education
methods, potentially helping to reduce stress and anxiety for some students (10,30,31); but some may
induce undesired side effects.

To date, feedback on our application from users, align with other authors who have developed
anatomical learning apps such as Sharecare YOU Anatomy, 3D Organon VR Anatomy, Human
Anatomy VR, Everyday Anatomy VR, and VR4Health. (28,34): in which VR educational tools have
been shown to improve students' practical skills and overall satisfaction.

Despite its potential learning advantages, it is important to consider some limitations of VR use,
which can cause adverse effects such as visually induced motion sickness or "cybersickness" that
may negatively impact or even limit the uses of these learning experiences for some users. (32,36),
Additionally, the technological learning curves can vary from user to user, depending on their initial
familiarities with controls and video game usages. Further for some, implementation costs can also
be a factor, including: expenses associated with hardware, software, and human resources such as
systems engineers, computer scientists, graphic designers, healthcare personnel, and researchers,
among others (6). Additionally, a potential novelty bias associated with VR educational technologies
by some instructors should be acknowledged.

For future research relative to the utilization of these educational tools, it would be valuable to
incorporate the uses of artificial intelligence (AI) with a knowledge database on congenital heart
diseases. This could be used to provide real-time feedback with greater student autonomy, allowing
for increased numbers of anatomical models, and improve their quality through multidisciplinary
collaborations with other professionals. Furthermore, long-term comparative controlled clinical
studies should be designed and performed associated with our developed VR platform, to assess
knowledge retention in students and/or patients with congenital heart diseases.

It is important to also consider other ethical implications of using VR of real patient anatomies in
medical education. Additionally, the costs of such technologies could in part create educational
inequalities in regions with fewer economic resources. Finally, it is essential to ensure that students
do not develop an excessive dependence on VR, neglecting other essential practical skills such as
direct tissue manipulations and/or dissections.

Conclusions

The VR educational application we present is an example of the important modernization within
medical education: our supplementary resources could potentially be effective tools for teaching
congenital heart defects (CHD). Furthermore, its ongoing development and continuous collaboration
between multiple research centers and academic institutions could have a substantial impact on the
training of future healthcare professionals and in patient education. The VR platform we described
here could help all types of learners better understand CHDs, provide a means for clinicians around
the world to discuss complex CHD and treatment approaches, as well aid medical device designers
relative to future innovations.
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Collaborative multiplayer environment.
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