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Abstract

The Virtual Reality Trainer for the Prenatal Detection of Congenital Heart Disease
and Associated Malformations project addresses the need to improve specialized train-
ing in prenatal diagnosis through immersive technologies. Its theoretical module “My
Friend the Lung” gamifies learning about fetal cardiovascular anatomy through 3D puz-
zles, timed challenges, and badges, achieving good results in its pilot test, is notewor-
thy. The practical module simulates ultrasounds with haptic devices, reducing diagnos-
tic errors and enabling the generation of personalized ultrasounds. A database with
1,200 labeled studies was consolidated as a fundamental source of information. The
implementation aims to initially reduce clinical errors, with the potential to decrease
perinatal mortality. This project fuses technological innovation, medical rigor, and in-
teractive pedagogy, positioning gamification as an essential tool in medical education
and laying the groundwork for its expansion to other specialties.

Keywords: virtual reality, congenital heart disease, gamification, prenatal diag-

nosis, medical training, clinical simulation.
INTRODUCTION

Congenital heart defects are one of the leading causes of perinatal and infant
mortality worldwide, with an incidence of 6 to 8 cases per 1,000 live births. In Cuba,
these anomalies are the second leading cause of death in children under one year of
age, highlighting the need to improve the training of specialists in prenatal diagnosis.
Fetal echocardiography is the technique of choice for identifying these pathologies;
however, its training requires years of experience and access to real-life cases, limiting
its reach in regions with limited resources.
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Faced with this challenge, the joint Cuba-Russia 2025 project emerged, whose
objective is to develop a virtual reality (VR) trainer for the prenatal detection of con-
genital heart disease and associated malformations. This initiative seeks to integrate
emerging technologies, such as VR and gamification, to create an accessible and stand-
ardized continuing education system. The project is based on the experience of the
William Soler Cardiocenter in Cuba and on collaboration with academic and technolog-
ical institutions in both countries, promoting innovation in medical education and re-
ducing disparities in healthcare.

RELATED WORKS

Ultrasound is the imaging technique of choice for fetal studies. Intrauterine, and
echocardiography is irreplaceable for the identification of cardiac structures and the
analysis of fetal physiology. The fundamental purpose of prenatal diagnosis is obtain
genetic, anatomical, biochemical, and physiological information about the fetus, and
analyze whether any abnormalities are expected that will impact both the fetal and
postnatal periods. However, there is no non-imaging-based test, whether genetic or
biochemical, capable of diagnosing congenital heart disease. To date, it is the only
method for identifying the specific type of cardiovascular malformation.

Beginning in 1982, interest in the application of echocardiography to the study
of congenital heart disease began in Cuba, and its inclusion in some departments across
the country, particularly the William Soler Pediatric Teaching Hospital. With exemplary
modesty on the part of its professionals, in the Cardiology Department of this hospital,
and initially self-taught, the first diagnoses were made in children with congenital mal-
formations and acquired heart diseases, primarily rheumatic carditis. This was followed
by courses and training both within and outside the country, thus ushering in the sec-
ond great cardiological revolution of the 20th century, and with it, the era of echocar-
diography.

The progressive decline in infant mortality, which had already been achieved by
those years thanks to a series of factors, such as improved living conditions and nutri-
tional status, the drastic reduction in diarrheal and acute respiratory diseases, and the
eradication of numerous infectious diseases through immunization, led to a radical
change in the epidemiological profile, with other more relevant causes now taking a
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significant role in infant mortality. Congenital malformations have since become the
second leading cause of death in children under one year of age, half of which are car-
diovascular. The incidence of these malformations ranges between 6 and 8 per 1,000
live births, of which 25% are complex, difficult to treat, and have a poor prognosis.

Since its inception, the Cuban program has attracted the attention of other in-
ternational centers in France, Great Britain, and the United States. Although they all
share the inclusion of four-chamber imaging in routine obstetric examinations as a fac-
tor in suspecting heart disease, the Cuban program is the only one in which 100% of
pregnant women could be screened, thanks to the organization of its National Public
Health System. This led to the creation of a large database of cases that were properly
diagnosed and digitized in multiple formats. This program addressed the problems aris-
ing from the Comprehensive treatment of heart disease, including morphological ex-
amination of the heart, treatment of fetal arrhythmias, monitoring of high-risk preg-
nant women, and genetic counseling by the prenatal diagnostic team, comprised of
pediatric cardiologists, obstetricians-gynecologists, geneticists, embryologists, ultra-
sound technicians, and pediatricians. This phase lasts for a decade, and begins another
phase requiring greater use of information and communications technologies (ICTs).

In the last 5 decades, prenatal diagnosis has been perfected and has achieved an
impact favorably in sensitive health indicators such as perinatal and infant mortality.
The Cuban center is requesting specialized training of greater scope and accessibility
from different parts of Latin America. At the same time, progress continues to be made
not only in diagnosis, but also in other important areas, such as physiology, the dynam-
ics of placental circulation and its impact on pregnancy outcomes, cardiac rhythm dis-
orders, fetal pharmacology (about which almost nothing is known), and the treatment
of fetal heart disease, whether pharmacological, through interventional catheteriza-
tion, or fetal surgery. In a context where knowledge products are important sources of
income for countries, the Cuban program is advancing the intensive use of computer
technology to strengthen training and diagnostic systems as high- quality professional
services. In this regard, progress is being made in the development of joint projects
with the University of Informatics Sciences.

The Interactive Technologies Center (VERTEX) belonging to the University of
Computer Sciences has specialized for 12 years in products associated with video
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games, virtual reality and augmented reality. In this context, it has participated in the
creation of car driving simulators [1], virtual laboratories [2] and serious video games
for the rehabilitation of different disabilities [3, 4]. Since 2016, collaboration relations
began with the Medialab center, belonging to the Institute of Information Systems and
Intelligent Systems of the Kazan Federal University, Russia. It has extensive experience
in the application of virtual reality for the training of surgeons and in platforms for the
creation of multi-user simulators with immersion in virtual environments for coopera-
tive learning. In the period 2016-2024, there has been a cooperative contribution to
the development of trainers for appendectomy surgeries [5, 6] and more recently to a
trainer for the birthing process which uses emerging technologies such as interaction
through hand gestures [7].

Echocardiography has different procedures that involve a complex learning
curve. Manual dexterity, pattern recognition and image interpretation are necessary
skills to achieve an effective diagnosis. The use of echocardiography simulators has
evolved from mannequins [8] to the use of virtual reality [9]. Its use has proven to be
effective in the training of specialists with demonstrated levels of effectiveness [10].
This technology is already recognized as fundamental in medical training and in the
case of echocardiography, recent studies summarize a path of success in its application
[11]. However, in relation to prenatal echocardiography, no trainers of this type have
been identified, mainly due to the complexities and current state of medical research.

RESULTS

The Virtual Reality Trainer for Prenatal Detection of Congenital Heart Disease
and Associated Malformations project works in several directions, from the creation of
innovative technological tools to the validation of their impact on medical training. Be-
low are several results achieved so far, with special emphasis on the theoretical gami-
fication module “My Friend the Pulmonary,” designed to revolutionize the learning of
fetal cardiovascular anatomy.

Integrated Clinical Case Database
A database with more than 1,200 prenatal ultrasound studies was consolidated,

Compiled from the historical archive of the “William Soler” Cardiocenter (1982-2025).
Each case includes:
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e Video classification: Types of heart disease (e.g., tetralogy of Fallot, ventricular
septal defect) and associated malformations (e.g., Holt-Oram syndrome) were
segmented.

e C(linical metadata: Gestational age, postnatal findings, treatments applied and
long-term outcomes.

e Collaborative labeling: This was performed by pediatric cardiologists and prena-
tal diagnosticians, ensuring accurate classification.

An accessible search engine was configured using a smart search interface that
allows users to filter cases by complexity, frequency of occurrence, or clinical rele-
vance, serving as an educational and reference resource for future research.

Theoretical Module My Friend the Pulmonary

This module, a pioneer in the gamification of fetal cardiovascular anatomy, fo-
cuses on teaching the layout of the pulmonary arteries and cardiac structures through
immersive game mechanics. The layout of the pulmonary vessels and arteries is pre-
sented as personal, with varying levels of relationship to conditions. A visual-textual
and visual-textual association approach seeks to reinforce comparative associative
learning. The layout of the pulmonary artery, aorta, and vena cava is analyzed based
on size and position. Different combinations of these allow for prediagnosis of most
known pathologies.

Gamified Narrative: Users take on the role of “medical explorers” who must
identify the correct anatomy of the vascular structures of a virtual heart affected by
malformations. The narrative is structured into missions (minigames), with each level
corresponding to a specific heart condition.

e 3D Puzzles: Reconstruction of pulmonary arteries and cardiac chambers by drag-
ging anatomical components.

e Time Challenges: Rapid identification of anomalies in rotating 3D models, with
scoring based on accuracy and speed.

e Achievements and Badges: Badges awarded for completing challenges (e.g.,

Valve Master for mastering aortic stenosis identification). Each progression in

the minigames unlocks relevant aspects of the Knowledge Catalog, which can be
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converted into general-purpose or customized resources for improved system

performance.

Complementing the theoretical module is the ultrasound training process. This
focuses on simulating ultrasound imaging in a realistic virtual environment with inter-
action through haptic devices. The main components are:

e Immersive 3D Environment: Virtual patient models with anatomical variations

(e.g., fetal position, maternal obesity) that affect image acquisition.

e Haptic Devices: Simulation of resistance when moving the virtual transducer,
replicating the sensation of a real exam.
e Calculation of correspondence between real ultrasound and virtual movement:

A neural network guides the visualization of a study using the movements of the

virtual transducer as input.

e Performance Indicators: Real-time metrics on transducer angle, imaging depth,
and accurate diagnosis.

CONCLUSIONS

The development of the Virtual Reality Trainer for Prenatal Detection of Congen-
ital Heart Disease represents a significant advance in specialized medical training, inte-
grating immersive technologies and gamification to address critical challenges in pre-
natal diagnosis. The theoretical module, “My Friend the Lung,” proved transformative,
increasing anatomical knowledge retention and reducing the time to identify anoma-
lies in pilot tests with residents. Its gamified design, based on interactive mechanics
such as 3D puzzles and timed challenges, not only improves user motivation but also
facilitates the intuitive understanding of complex cardiac structures. These results un-
derscore the potential of virtual reality to democratize access to high-quality training,
especially in resource-constrained regions, while establishing a replicable model for
other medical specialties.

The Cuba—Russia collaboration, based on clinical experience with the Cardiocen-
ter “William Soler” and the technological expertise of the University of Computer Sci-
ences and Kazan Federal University have set a precedent in educational innovation in
healthcare. The implementation of the beta version of the trainer in medical centers in
Latin America and Russia not only suggests an opportunity to improve birth rates but
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also opens the door to commercializing this technology as a global service. Future re-
search should expand the database with international cases and evaluate the long-
term impact on perinatal mortality.
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AHHOMayusa

MpoeKT pa3paboTKu TpeHaXkepa BUPTyasIbHON peanbHOCTM ANA NPeHaTaNbHOro
BbIABNEHMA BPOXKAEHHbIX MOPOKOB Cepala U COnyTCTBYOWMX 3a601eBaHNIA Hanpas-
JIeH Ha yny4lleHue cneunann3mpoBaHHOM NoAroTOBKM B 061acTK NpeHaTanbHOW AuMa-
FTHOCTUKM C MOMOLLbIO MMMEPCUBHbIX TEXHONOTMIA. OCOBEHHO 3acnyKMBAeT BHUMaHWUA
TeopeTuyecknint moaynb « Mo gpyr — nerkoe», KOTopbi NO3BOJIAET B UTPOBOMN popme
M3y4yaTb aHAaTOMMIO CEPAEYHO-COCYAMUCTOM CUCTEMbI NAoAa € nomoubio 3D-ronososo-
MOK, 3aaHWUI Ha Bpems 1 belaxen, ,obnBaAack XOpoLKNX pe3ynbTaToB B XO4€e NUNOT-
HOro TecTMpoBaHuA. MpaKkTUYecKin moaynb UMUTUPYET Y3 ¢ NOMOLLBbIO TaKTUNAbHbIX

yCTpOﬁCTB, CHUXaA KONMHECTBO ANAarHOCTUHECKNX owKnboK 1 nos3Bonsn co34aBaTb nep-
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COHa/nM3MpoBaHHble Y3W. B KayecTBe OCHOBHOMO UCTOYHMKA MHPOpMaUnUK bbina co-
6paHa 6a3a AaHHbIX ¢ 1200 MapKMPOBaHHbIMK UCCNeA0BaHUAMKU. Peanmsaumsa npo-
€KTa HanpaB/iieHa Ha NepBOHAYaIbHOE CHUMKEHME KOIMYECTBA KINMHUYECKUX OLLIMOOK,
YTO MOXKET NPUBECTU K CHUNKEHWNIO NEPUHATANbHON CMEPTHOCTU. TOT NPOEKT 06beam-
HAET TEXHO/I0TMYECKME MHHOBALMU, MEAMLNHCKYIO CTPOrOCTb U MHTEPAKTMBHYIO Neaa-
FOrMKYy, NO3NLMOHUPYS reMMUPUKALMIO KaK BaXKHbIN MHCTPYMEHT B MeAULNHCKOM 06-
Pa3oBaHMM M 3aKNagblBas OCHOBY A/1A €ro PacnpOCTPaHEHMA HA Apyrue cneunanbHo-
CTU.

Knarouesble cnoea: supmyasnbHAsa pPeasbHOCMb, 8POHOEHHble MOPOKU cepoua,
eelimugpukayus, npeHamasnbHas OUA2HOCMUKA, MeOUYUHCKoe 0byYeHue, KAUHUYecKoe
mooenuposaHue.
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