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The application of artificial intelligence in tissue repair 
and regenerative medicine related to pediatric and 
congenital heart surgery: a narrative review

Artificial intelligence and machine learning have the potential to revolutionize tissue repair and regenerative medicine in the 
field of pediatric and congenital heart surgery. Artificial intelligence is increasingly being recognized as a transformative force 
in healthcare with its ability to analyse large and complex datasets, predict surgical outcomes, and improve surgical education 
and training with the use of virtual reality and surgical simulators. This review explores the current applications of artificial 
intelligence in predicting surgical outcomes, improving peri-operative decision-making, and facilitating training for surgeons, 
particularly in low-income countries. By leveraging advanced algorithms and simulations, artificial intelligence can analyse 
intricate patient data and anatomical variations, enabling early detection of congenital heart defects and optimising surgical 
approaches. Ultimately, while barriers such as inconsistent data quality and limited resources remain, the advancement of 
artificial intelligence technologies offers a promising avenue to enhance regenerative medicine related to patient care and 
surgical education in pediatric and congenital heart surgery.
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Abstract

INTRODUCTION
Pediatric and congenital heart surgery is a highly 
specialized field requiring complex decision-making 
to analyse all dynamic factors involved and requires 
close collaboration among different members of 
various teams. The advent of artificial intelligence (AI) 
and machine learning offers significant opportunities 
to enhance various aspects of this field. Machine 
learning, which is a key subset of AI, utilizes algorithms 
learning from existing datasets to identify patterns, 
make predictions, and ultimately improve outcomes. 
This process typically involves several stages, including 
data preprocessing, model training, and validation by 
utilising a separate subset of data to assess its own 
accuracy and generalisability. These technologies 
facilitate more accurate data-driven decision-making 
compared to traditional evidence-based medicine. 

Moreover, deep learning, a subset of machine learning 
utilizing artificial neural networks for intricate tasks such 
as image classification, natural language processing, 
and reinforcement learning, holds significant promise 
for enhancing diagnostic accuracy and treatment 
approaches in pediatric and congenital heart surgery.

Despite the promising potential of AI already 
proven in other aspects within the field of cardiology, 
including the use of diagnostic methodologies1 and 
the treatment of arrhythmias,2 its application in 
pediatric and congenital heart surgery is still in its 
infancy. This is most probably due to the huge variety of 
congenital heart defects with more than 700 different 
diagnoses,3 many with a spectrum of morphological and 
pathophysiological presentations, with the consequence 
of more than 3000 surgical options available, and the 
extreme variability of indications based on the surgical 
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and institutional experiences, local facilities and 
resources, and socio-economic factors.3 

The large number of data derived from the multiple 
diagnoses, indications, procedures, genetic etiology 
etc. makes the preparation of AI protocols within 
pediatric and congenital heart surgery very challenging. 
To date, there exists no centralised database which 
comprehensively integrates the vast array of data 
generation from such operations. Current databases 
including the European Congenital Heart Surgery 
Association, the Society of Thoracic Surgeons Congenital 
Heart Surgery Database, and the database of the World 
Society of Pediatric and Congenital Heart Surgery, are 
all valuable, but they tend to be limited by several 
factors including variability in data entry, inconsistent 
and lack of reporting standards, limited validation of the 
acquired data, surgical outcomes limited to the early 
follow-up,  incomplete data sets for a comprehensive 
analysis. These databases often focus on specific 
geographic regions or healthcare systems, leading to 
fragmentation of information and limiting the ability to 
conduct global comparisons of surgical outcomes. AI 
offers a promising solution to these challenges by the 
use of predictive modelling, creating a completer and 
more usable dataset for clinical and research purposes. 
Surgeons could access real-time data on early and late 
outcomes, incidence and type of complications, and 
best practices from around the world, enhancing both 
clinical decision-making and research. AI and machine 
learning algorithms have been identified to be more 
accurate in predicting mortality and graft failure after 
heart transplantation compared to traditional scoring 
systems and conventional regression analysis.4 

In pediatric and congenital heart surgery, AI could 
play a transformative role in pre-operative planning, 
peri-operative decision-making, and post-operative 
care. Predictive algorithms could assist in selecting the 
most appropriate operative technique for a specific 
defect based on historical data from hundreds of 
thousands of similar cases. In the future, the integration 
of AI into pediatric and congenital heart surgery could 
not only lead to optimal patient outcomes, but also 
provide crucial tools for education and training, helping 
to bridge the gap in expertise, particularly in low-
income countries. AI simulations can recreate complex 
operations in a virtual environment, allowing surgeons 
in resource-constrained environments to practice 
and refine their skills without the need for extensive 
physical resources. These models can provide real-time 
feedback and adapt to various operative scenarios, 
aiding surgeons prepare for more rare or challenging 
cases.5, 6 

This review seeks to explore the potential utilisation 
of AI in pediatric and congenital heart surgery to 
facilitate the decision-making processes particularly in 
complex and rare cases, and also as a machine learning 
tool, including its integration into modern teaching 
modalities, and its role in overcoming geographic 
barriers in low-income countries.7-12 Additionally, 
the review examines the use of AI in analyzing the 
various available pediatric and congenital heart defects 
databases and addressing their limitations.

LITERATURE SEARCH STRATEGIES
A thorough search of electronic databases including 
PubMed, Scopus, Google Scholar and Cochrane, was 
conducted to identify relevant literature. The search 
terms included “artificial intelligence,” “congenital 
heart surgery,” “pediatric cardiac surgery,” “machine 
learning,” “decision-making,” “multidisciplinary 
teams,” “databases,” “surgical training,” and “teaching 
modalities.”

All the relevant articles were selected based on their 
focus on AI applications in pediatric and congenital 
heart surgery. Only articles published with full text 
in English language were included, excluding articles 
published in any other language, even if the abstract 
was translated in English.

ARTIFICIAL INTELLIGENCE AND OUTCOME 
PREDICTION  
Characteristics of source of evidence 
AI has already shown good evidence for predicting 
the diagnosis of congenital heart defects with the 
present limitations of two-dimensional (2D) fetal 
cardiac imaging techniques.13 While traditional 2D 
echocardiograms provide limited perspectives, AI 
can analyse three-dimensional (3D) volumetric data, 
thus offering a comprehensive view of the heart’s 
structure. This capability allows for the detection of 
subtle abnormalities that may be overlooked in 2D 
images without the need for more expensive or invasive 
imaging methodologies. Moreover, AI demonstrated 
superior capabilities in pattern recognition through the 
application of convolutional neural networks trained 
on extensive datasets comprising both normal and 
pathological cardiac images. Convolutional neural 
networks are a class of deep learning, algorithms which 
can process grid structures including images by applying 
filters to detect features and pattern to automatically 
detect and learn hierarchical features and patterns. This 
framework enables multiple levels of understanding; 
where lower layers detect basic features such as 
edges and textures, whilst higher layers combine 
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these features into more complex representations. 
This process enhances the model’s ability to identify 
subtle structural abnormalities that may confuse 
human operators. This technology has been applied 
within various fields in the care of congenital cardiac 
malformations, including AI-assisted auscultations 
for detecting congenital heart defects14 and machine 
learning for blood test analysis in pulmonary artery 
hypertension phenotype testing.15 

Within pediatric and congenital heart surgery, 
nonlinear models for predicting post-operative 
outcomes demonstrate a significant advancement in 
risk assessment. For example, traditional pre-operative 
risk assessment tools often assume a linear interaction 
between the risk factors. This does not consider the 
complex and inter-connected nature of a patient’s 
condition whereby various risk factors interact with 
each other dynamically. Machine learning frameworks, 
specifically optimal classification trees, are a type of 
decision tree model designed to analyse substantial 
datasets by dividing the data into subsets based on the 
most significant predictors. Optimal classification trees 
enhance interpretability and accuracy by identifying 
nonlinear patterns and interactions. This allows for a 
more holistic understanding of how multiple factors 
contribute to patient outcomes. 

Critical appraisal of results of evidence 
AI can enhance surgical decision-making by offering 
data-driven insights during the peri-operative period 
that surgeons may overlook if deemed not clinically 
relevant. For example, data on post-heart transplant 
immunosuppression is seldom collected because it 
was traditionally viewed as not having a key role in 
influencing mortality. However, a machine learning 
algorithm identified that a patient’s immunosuppressive 
regimen plays a significant role in predicting graft 
failure.16 By assessing a complete dataset rather than 
relying solely on what is generally deemed clinically 
relevant, AI can enhance our understanding of various 
determinants in patient outcomes.

By leveraging large datasets, optimal classification 
trees can detect these intricate relationships that 
traditional models might overlook with recent models 
showing superior predictive power to traditional 
regression analysis as verified with the Aristotle 
Complexity Score.17 These models can help the surgeon 
identify high-risk patients pre-operatively with a higher 
degree of accuracy to promote informed decision-
making and resource optimization, considering that a 
surgical approach can have dozens of variations within 
each step of the same operation. 

Examples of results based on evidence 
For instance, “functionally” single ventricle can have 
a huge spectrum of morphological features, range 
from underdevelopment of the left ventricle, like in 
hypoplastic left heart syndrome to underdevelopment 
of the right ventricle, as in pulmonary atresia with 
intact ventricular septum. This heterogeneous 
nature complicates the prediction of the details 
of each operative intervention as well as the long-
term outcomes. As such, AI and machine learning 
could represent a promising solution for improving 
prognostic predictions. Future advancements in 
AI could possibly facil itate the development of 
personalised risk assessment tools considering 
not only the anatomical and pathophysiological 
characteristics of each patient, but also including 
genetic and environmental factors.

Additionally, traditional models often rely on 
limited survival analyses that do not extend beyond 
infancy, which can hinder effective decision-making 
for families and healthcare providers for complex 
heart malformations requiring staged repair from 
early infancy to late teenage years. Studies utilising 
AI to incorporate data from various phases of care 
over time showed promising results in predicting 
transplant-free survival for patients with  hypoplastic 
left heart syndrome.18 By investigating individual patient 
trajectories, such models can help tailor interventions 
to the individual patients more precisely, and in a 
timely manner. However, it is essential to exercise 
caution against over-reliance on algorithmic prediction 
as this may encourage deterministic thinking which 
could overshadow the role of experience-based clinical 
judgement of specific surgeon and their institutions.  
Ultimately, the goal of the integration of AI into clinical 
practice should enhance, rather than replace, our 
understanding and treatment of complex congenital 
heart defects. 

SURGICAL DECISION-MAKING 
Surgical decision-making in pediatric and congenital 
heart surgery is a complex process requiring the 
integration of various peri-operative clinical factors and 
could be further enhanced using AI. For example, the 
right ventricular function is rarely monitored during 
congenital heart surgery due to the peculiar anatomy 
and the lack of an accomplished intra-operative 
monitoring. However, by utilising AI driven epidermal 
kinematics for live intra-operative videos, algorithms 
can recognise dynamically abnormal anatomical and 
functional features, allowing for timely interventions 
before chest closure.19
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Further examples of evidence
AI systems can also provide real-time guidance and 
decision support intra-operatively by integrating intra-
operative imaging, physiological data, and predictive 
modelling. These AI algorithms can offer dynamic, data-
driven insights during critical stages of the procedure. 
For example, real-time AI analysis of intra-operative 
echocardiography can highlight subtle anatomical 
variations that might otherwise go unnoticed.20 The 
integration of AI into surgical decision-making has the 
potential to transform the complexity of pediatric and 
congenital heart surgery into more manageable, data-
enhanced processes. 

It is important to highlight that although AI remains 
promising in enhancing, not replacing, surgical decision-
making, there are limitations existing in its routine 
implementation. Obstacles may include, but they are 
not limited to privacy concerns, algorithmic biases, 
and data scarcity. All these must be overcome, tested 
and validated prior to any regular deployment in 
the operating room.21 AI models trained on specific 
datasets may not be generalizable to all patient 
populations and/or clinical situations.22 For example, AI 
systems trained primarily on data from high-resourced 
hospitals may perform poorly in settings with fewer 
resources, different facilities, or more complex patient 
characteristics. Addressing these biases and ensuring 
broad generalization across different surgical contexts is 
critical for safe routine utilization.

UTILIZATION OF DATABASES 
The utilization of databases is critical for advancing AI 
applications in pediatric and congenital heart surgery. 
Current databases, such as the European Congenital 
Heart Surgery Association, the Society of Thoracic 
Surgeons Congenital Heart Surgery Database, and 
the database of the World Society of Pediatric and 
Congenital Heart Surgery, contain valuable information 
but are often hindered by inconsistencies in data 
entry and reporting standards. Additionally, the 
fragmentation of information across various regional 
and institutional databases restricts the ability to 
conduct comprehensive analyses and comparisons of 
surgical outcomes at a global scale.  Machine learning 
models can integrate heterogeneous data from various 
sources, including hospital electronic health records 
and known surgical databases, while preserving data 
integrity.23 

Existing surgical databases are increasingly being used 
to inform the design of future clinical trials. By utilising 
this data, AI can predict clinical outcomes with greater 
accuracy to allow researchers to tailor trials more 

specifically to patient subgroups rather than relying on 
broad general populations.24 This approach not only 
improves the relevance of clinical trials but also reduces 
the statistical variability that can often skew trial results. 
Utilising an AI algorithm to predict participant outcomes 
and identify those who are likely to progress rapidly 
and achieve trial endpoints sooner could result in 
shorter trial durations.25 This is crucial in pediatric and 
congenital cardiac surgery where the complexity and 
variability of conditions make it challenging to design 
one-size-fits-all trials. By identifying subgroups that 
are likely to respond similarly to certain interventions, 
clinical trials can be more focused for our younger 
patient cohort. 

However, due to the lack of a global centralized 
database and no formal data repository for pediatric 
and congenital cardiac surgery, the relatively low 
volume of data presents a significant challenge for 
developing reliable AI models. The complexity and 
heterogeneity of congenital heart defects, the limited 
amount of data collected and available, complicates the 
possibility of any meaningful analysis representing the 
malformation breadth and impact on the patients. To 
address the small sample sizes commonly encountered 
in congenital heart defects, studies have employed 
synthetic data generation to create large datasets 
from limited original data despite the introduction of 
modelling bias.26 

In the context of global pediatric and congenital 
cardiac surgery, AI can integrate surgical databases 
from low-income countries with high income countries, 
and therefore facilitate international collaboration 
to allow for the sharing of knowledge and outcomes. 
This integration can bridge the gap between regions, 
allowing for a more comprehensive understanding of 
best practices and improving surgical care worldwide. 
Ultimately, these barriers can only be overcome with 
a concerted effort to establish a global congenital 
pediatric and cardiac surgery database. Such a database 
would facilitate robust analyses that can inform best 
practices, improve patient care, and enhance the 
development of predictive models. 

SURGICAL EDUCATION AND TRAINING 
AI’s potential role in surgical education and training is 
particularly relevant in low-income countries, where 
access to specialized training can be limited. AI-
driven simulations and virtual reality tools have been 
shown to provide effective training environments for 
surgeons.27 As the complexity of surgical techniques for 
congenital heart defects continue to evolve, AI tools can 
assist in streamlining the learning process by utilizing 
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adaptive learning algorithms to tailor educational 
content to surgical trainees, based on their individual 
performance, pace, and specific areas of difficulty.28 By 
analysing interaction data, these algorithms can identify 
knowledge gaps and dynamically adjust the curriculum, 
ensuring that all surgical trainees receive a personalized 
training experience maximising their learning outcomes.

There has been a large emphasis recently on training 
with 3D silicon congenital heart defects model to 
allow trainees and caregivers to better understand 
the complexity of the anatomy involved. AI-driven 
augmented reality can utilise deep learning algorithms 
to create highly realistic surgical scenarios.29-31 This 
approach offers trainees a more realistic experience of 
a safe environment, allowing trainers to simulate the 
conditions of an operating room, where simulators can 
respond to each incision and suturing in real time.

Minimally invasive pediatric and congenital cardiac 
surgery in particular face challenges specific to steep 
learning curves and often rely on observational learning 
with varying assessment quality.32 Video-labelling could 
be utilized to automatically identify and categorize 
the critical phases of the most complex procedures to 
allow trainees and surgeons to review intra-operatively 
key moments more efficiently.34 Video-labelling 
can significantly therefore enhance the training 
process, ensuring that learners focus on the most 
relevant aspects of the procedure, thus improving skill 
acquisition and surgical outcomes.33 

LIMITATIONS
This review is missing rigorous and systematic validation 
of the AI models presented. The cases reported from 
the literature are limited in scope and are not backed 
by multicenter clinical trials, therefore reducing the 
robustness of the presented results. Furthermore, the 
review provides limited insights into the integration 
of AI into current clinical workflows, which should be 
crucial for practical implementation. 

The main reason behind these limits is the relatively 
reduced number of surgical cases suitable for the 
introduction of AI approach in daily clinical practice, 
in addition to the constant need for screening and 
reporting the outcomes, not yet compulsory in all 
countries. 

On the other side, the importance of the role of AI 
and machine learning in all aspects of regenerative 
medicine relative to congenital heart defects is 
confirmed by the huge number of publications 
appearing in the literature in the very few weeks period 
between the submission of our original manuscript and 
the end of the review process.34-45

CONCLUSIONS
The application of AI in regenerative medicine related 
to pediatric and congenital heart surgery holds great 
promise across various domains including peri-operative 
decision-making, monitoring of surgical outcomes, 
enhancing surgical education and improving care for 
congenital heart defects in low-income countries. 
While challenges exist in the implementation of AI in 
the current landscape, its ongoing evolution present a 
promising pathway to bridging gaps in care, particularly 
for vulnerable populations in resource constrained 
environments.
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