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Abstract

Digital Twins (DTs) are virtual, patient-specific representations that integrate real-time data to model,
predict, and optimize biological and clinical processes. In neonatology, DTs are gaining attention as
powerful tools for managing the profound physiological complexity and variability of newborns,
particularly preterm infants requiring intensive care. Emerging applications include
cardiopulmonary modeling, prediction of sepsis and necrotizing enterocolitis (NEC), optimization of
mechanical ventilation, individualized nutrition, and longitudinal monitoring of neuromotor
development. This review synthesizes current research on neonatal digital twins, highlighting
clinical use cases and ethical considerations. We discuss persistent challenges, including limited data
availability, rapid developmental change, model validation, and regulatory oversight. Finally, we
outline a roadmap for integrating DTs into neonatal intensive care units (NICUs) and identify future
research priorities, including multi-organ integration, predictive closed-loop systems, and
personalized life-course care trajectories.

Keywords: digital twin; neonatology; NICU; preterm infants; mechanical ventilation;
neurodevelopment; microbiome; sepsis

1. Introduction

The concept of a Digital Twin originated in engineering, where virtual replicas of physical
systems are used to monitor performance, test interventions, and optimize outcomes. In healthcare,
this concept has evolved into patient-specific digital models that combine real-time clinical data with
computational representations of physiology. These models aim to mirror an individual’s biological
state, predict future trajectories, and support clinical decision-making [1].

Neonatology is a particularly compelling domain for digital twins. Preterm and critically ill
newborns exhibit rapid physiological changes, immature organ systems, and extreme vulnerability
to adverse events. Care in the NICU involves continuous adjustment of high-risk interventions—such
as mechanical ventilation, cardiovascular support, infection management, and nutritional
optimization—often under conditions of uncertainty. Conventional monitoring tools and population-
based predictive models struggle to capture this level of individual variability and temporal
dynamics [2].

Digital twins offer a way to bridge this gap. By continuously integrating multimodal data and
updating patient-specific models over time, DTs can move beyond static prediction toward
individualized simulation and scenario testing. Rather than asking only “what is the risk?”, clinicians
can explore “what might happen if we intervene in this way now?”

This review aims to:

1. Summarize current applications of digital twins in neonatology, including respiratory,
cardiovascular, infectious, microbiome, neurodevelopmental, and device-focused models.
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2. Discuss ethical, legal, and regulatory challenges specific to digital twins in neonatal care.
3. Highlight future directions for research and clinical implementation.

We conducted a comprehensive literature search across PubMed, Scopus, Web of Science, arXiv,
and SSRN. Search terms combined “digital twin” with neonatal-specific keywords, including
neonatology, NICU, preterm infants, mechanical ventilation, neurodevelopment, microbiome, and
sepsis.

We included peer-reviewed articles, preprints, reviews, and project reports published in English
between 2018 and 2025, with particular emphasis on work from 2022-2025 reflecting recent
technological advances. Studies focusing exclusively on adults or older pediatric populations without
neonatal relevance were excluded.

In total, more than 20 studies were identified and thematically grouped into respiratory,
cardiovascular, sepsis-related, microbiome, neurodevelopmental, and device-level applications.

These studies formed the basis for a narrative synthesis and identification of current gaps.

2. Clinical Applications and Evidence

Current clinical applications of digital twins in neonatology span multiple domains, including

respiratory support, cardiovascular modeling, sepsis prediction, microbiome analysis,
neurodevelopmental monitoring, and device-level optimization (Table 1).
Table 1. Neonatal digital twin application domains.

Applicati Pri linical Digital twi K
PP 1ca. ion r1mar¥ clinica Data sources igital twin ey
domain aim approach references

Individualized . o
. Ventilator Mechanistic
. ventilator )
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o optimization; lung- . . . [3-7]
ventilation . gases, oxygenation DTs with patient-
protective L. . . .
. indices specific calibration
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Modeling
t itional
IjanSI 1(?na . Identifiable closed-
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inference of BP, flow data DTs: hvbrid model
hidden s; hybrid models
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Early risk Time-evolving DT
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. stratification; o architectures with
Sepsis . longitudinal EHR . [12-15]
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2.1. Respiratory Digital Twins and Mechanical Ventilation

Mechanical ventilation is a cornerstone of neonatal intensive care for preterm infants with
respiratory distress syndrome (RDS). At the same time, it can contribute to ventilator-induced lung
injury and increase the risk of bronchopulmonary dysplasia (BPD). One of the main problems with
current ventilation strategies is that they often rely on population-based targets and “average” lung
behavior, even though preterm lung mechanics are highly individualized, nonlinear, and can change
quickly over hours or days [3].

Respiratory digital twins offer a way to make ventilation more personalized. In simple terms,
these models are built to reflect the physiology of a specific infant and to simulate how that infant’s
lungs might respond to different ventilator settings. This makes it possible to explore “what if”
scenarios—such as changing pressure, volume, or oxygen targets—before applying changes at the
bedside [4].

A significant progress in this field was made by Saffaran et al [5], who created fully mechanistic
digital twins for preterm infants on mechanical ventilation who have respiratory distress syndrome.
They modified a high-fidelity cardiopulmonary simulator to match the specific needs of newborns
and personalized it using data collected over time from ventilated neonates. Their models included
features unique to neonates, such as lower lung flexibility, changes in lung blood vessel resistance,
higher oxygen binding capacity of fetal hemoglobin, and uneven matching between air flow and
blood flow in the lungs. When these models were adjusted based on blood gas levels and ventilator
settings, they showed high accuracy, with errors in key breathing measurements under 6%.
Moreover, the models were able to estimate important physiological factors that were not directly
measured, showing they can offer more than just fitting data - they can reveal insights into the body’s
actual functioning.

This represents clear progress beyond earlier in silico work, which often relied on static
simulations or single-patient demonstrations. For instance, Forster et al. [6] developed patient-
specific computational lung models to explore high-frequency oscillatory ventilation in preterm
infants. By incorporating imaging-based airway geometry and lung mechanics, they showed how
adjusting mean airway pressure and oscillation frequency could improve oxygenation while
reducing lung strain. Although these models were not designed for continuous updating or
bidirectional interaction, they helped establish the foundational idea that individualized simulation
can support lung-protective strategies.

More recent respiratory digital twin frameworks build on this foundation by enabling ongoing
recalibration and personalization across patient cohorts. In particular, the twins proposed by Saffaran
et al. [5] were designed to support virtual clinical trials, allowing clinicians and researchers to test
alternative ventilator strategies without exposing fragile infants to additional risk. This is especially
relevant in NICUs, where ventilation practices differ across settings and achieving stable oxygen and
carbon dioxide targets can be difficult in routine care.

Support for this direction also comes from the broader respiratory medicine literature. Reviews
of digital twins in chronic lung disease highlight how connected respiratory devices, cyber—physical
systems, and physiologic modeling increasingly enable real-time, patient-specific monitoring and
prediction [7]. While much of that work focuses on adults and older children, the core principles
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translate well to neonatology, where ventilators already generate continuous high-resolution data
streams.

Overall, the evidence suggests that respiratory digital twins are moving from experimental
prototypes toward clinically useful decision-support tools. If validated and integrated into NICU
workflows, they could help guide lung-protective ventilation, reduce practice variability, and
ultimately lower long-term pulmonary morbidity in preterm infants.

2.2. Cardiovascular Digital Twins in Neonates

The neonatal cardiovascular system undergoes rapid and profound adaptation after birth,
particularly in preterm infants transitioning from fetal to postnatal circulation. During this period,
infants are especially vulnerable to hemodynamic instability, and growing evidence suggests that
early cardiovascular alterations may contribute to increased disease risk later in life. Cardiovascular
digital twins offer a non-invasive way to study these complex processes and generate individualized
insights that are difficult to obtain with conventional bedside measurements alone.

A key contribution in this area comes from the work of Walker May et al. [8], who developed
personalized computational models of the neonatal circulation using prospectively collected
ultrasound and hemodynamic data. Their closed-loop, zero-dimensional models simulated blood
pressure and blood flow across the neonatal cardiovascular system and were specifically designed to
be identifiable, meaning that model parameters could be uniquely estimated from available clinical
data. When applied to late preterm infants, these digital twins revealed early increases in vascular
resistance within weeks of birth, suggesting that cardiovascular remodeling may begin far earlier
than previously recognized and potentially contribute to long-term risk.

This emphasis on identifiability and physiological interpretability sets neonatal cardiovascular
digital twins apart from many purely data-driven monitoring systems. In contrast, several
cardiovascular digital twin platforms developed for disease detection rely primarily on deep learning
and large-scale sensor integration [9]. Although these approaches can achieve strong predictive
performance, their direct applicability to neonates is limited. Neonatal physiology differs
substantially from that of adults, data availability is more constrained, and clinicians require
transparent, explainable outputs to support high-stakes decision-making in neonatal care.

Hybrid modeling approaches further expand the potential of cardiovascular digital twins. In
pediatric populations with congenital heart disease, models that combine mechanistic
electrophysiology with machine learning surrogates have enabled rapid personalization, uncertainty
estimation, and individualized treatment planning [10]. While most of this work has focused on older
children, it illustrates how multi-scale cardiovascular digital twins could be adapted to neonatal
conditions such as patent ductus arteriosus or congenital cardiac malformations.

Complementary advances in fetal and perinatal monitoring also point toward continuity across
the perinatal transition. Digital twin-based approaches have been used to integrate cardiovascular
modeling with predictive analytics for heart rate variability and acid-base balance in prenatal
settings [11]. Although these models primarily operate before birth, they highlight the potential for
longitudinal digital twins that span fetal and neonatal life, capturing cardiovascular adaptation
across this critical developmental window.

Taken together, current respiratory and cardiovascular digital twin applications provide strong
proof-of-concept evidence for individualized physiological modeling in neonatology. Respiratory
digital twins are the most clinically mature, with validated mechanistic models capable of simulating
ventilation strategies and supporting virtual clinical trials. Cardiovascular digital twins, while less
widely deployed, show substantial promise for understanding early-life hemodynamic adaptation
and long-term disease trajectories. Together, these developments reflect a broader shift away from
static prediction toward dynamic, patient-specific decision support and lay the groundwork for
future multi-organ digital twin integration in the NICU.

2.3. Digital Twins for Sepsis Prediction and Management
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Neonatal sepsis remains a leading cause of morbidity and mortality worldwide, particularly
among preterm infants and in low-resource settings. Early diagnosis is challenging because
symptoms are often subtle and non-specific, while laboratory confirmation can be slow. As a result,
clinicians frequently initiate antibiotics empirically, which may lead to overtreatment and contribute
to antimicrobial resistance [12]. Digital twins, especially when combined with advanced machine
learning, offer a pathway toward earlier, more individualized risk assessment and adaptive decision
support.

Most existing sepsis prediction models rely on static risk scores or retrospective machine
learning classifiers trained on electronic health records. A recent systematic review of Al approaches
to neonatal sepsis highlights growing use of methods such as logistic regression, random forests,
support vector machines, k-nearest neighbors, and gradient boosting [13]. While these models can be
useful, many function as “snapshot” predictors and do not update continuously as an infant’s
condition evolves. This limits their ability to capture the highly dynamic physiology of neonatal
sepsis.

Digital twin-based approaches address this limitation by treating the patient as a time-evolving
system. Danesh et al. [14] proposed a digital twin architecture integrated with dynamic ensemble
learning for sepsis prediction in intensive care. Using high-resolution longitudinal data from the
MIMIC-IV database, they developed layered models that update physiological and laboratory
variables over time, enabling real-time risk stratification. Their approach outperformed traditional
static classifiers and incorporated explainability techniques, allowing clinicians to understand which
variables drove individual predictions—an essential requirement for clinical trust and adoption.
Although this work focused on adult ICU populations, the underlying framework is highly relevant
to neonatology. Neonatal physiology evolves rapidly, and clinical data streams are often incomplete
or noisy. In this setting, digital twins are particularly appealing because they can integrate partial
information and revise risk estimates as new data become available.

Support for this direction also comes from studies in low-resource neonatal settings. Lowther et
al. [15] developed multivariable statistical and machine learning models to predict early-onset
neonatal sepsis using routine data collected through the Neotree digital health platform in
Zimbabwe. Although not explicitly framed as digital twins, these models embody key digital twin
principles: individualized risk estimation, robust handling of missing data, and seamless integration
into point-of-care digital workflows. Their models, including LightGBM and k-nearest neighbors,
achieved modest but clinically meaningful performance, demonstrating that data-driven sepsis
prediction is feasible even in settings with limited diagnostic resources.

Overall, the emerging evidence suggests that digital twin-based approaches to neonatal sepsis
are moving beyond early prototypes toward clinically relevant decision-support tools. Their primary
advantage lies not only in improved prediction accuracy, but in their ability to model disease
trajectories over time, continuously update risk, and support more nuanced antibiotic stewardship—
capabilities that conventional sepsis scores typically lack.

2.4. Digital Twins of the Neonatal Microbiome and NEC

Disruptions to the early-life gut microbiome are increasingly recognized as important
contributors to necrotizing enterocolitis (NEC) and to later neurodevelopmental impairment in
preterm infants. Interpreting microbiome data in clinical practice, however, remains challenging.
Microbial communities change rapidly after birth, vary widely between infants, and are strongly
influenced by factors such as antibiotics, feeding, and the NICU environment. As a result, single time-
point measurements often provide limited clinical insight. Digital twins address this limitation by
modeling the microbiome as a dynamic, evolving system rather than as a static snapshot.

A clear example of this approach is the work of Sizemore et al. [16], who developed a generative
digital twin of the infant gut microbiome. Using longitudinal microbiome data, their model was able
to forecast how microbial communities are likely to evolve over time and to predict adverse
neurodevelopmental outcomes. Importantly, the digital twin went beyond risk prediction: it enabled
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counterfactual simulations that explored how specific, targeted interventions might alter an
individual infant’s microbiome trajectory. These in silico experiments suggested that certain
interventions could reduce risk for some infants, while the same interventions might be neutral or
even harmful for others.

This ability to test personalized “what if” scenarios is a defining strength of the digital twin
paradigm. In the context of NEC and microbiome-informed care, it highlights how digital twins could
eventually support more precise nutritional, probiotic, or microbiome-based strategies —tailored to
the unique developmental trajectory of each infant rather than applied uniformly across populations.

2.5. Digital Twins for Neurodevelopmental and Neuromotor Monitoring

Long-term neurodevelopmental outcomes are among the most critical concerns for infants born
preterm. Yet, current follow-up and monitoring strategies largely depend on periodic clinical
examinations and milestone-based assessments. While valuable, these approaches can be subjective,
infrequent, and may fail to capture subtle early deviations in development—particularly during the
first months of life, when rapid neurodevelopmental changes are occurring.

Neuromotor digital twins offer a different perspective by aiming to model each infant’s
developmental trajectory continuously and quantitatively. Rather than focusing on isolated
assessments, these twins are designed to evolve over time, integrating information from multiple
sources to reflect how motor and neurological function gradually emerges.

A prominent example is the framework proposed by Montagna et al. [17], which combines
clinical history, neuroimaging, standardized developmental assessments, and quantitative motor
metrics derived from wearable sensors or video-based movement analysis. Together, these data
streams form an evolving digital representation of an infant’s neuromotor development. Importantly,
the goal is not simply to predict or classify outcomes, but to model how motor function develops and
adapts over time—an approach that closely mirrors clinical reality.

By capturing developmental change at a fine-grained level, neuromotor digital twins have the
potential to identify atypical trajectories earlier than traditional methods. This could support more
timely and targeted interventions, such as physiotherapy or caregiver-guided stimulation, during
periods of heightened neuroplasticity when interventions are most likely to have lasting benefit.

2.6. Digital Twins of NICU Devices and the Care Environment

In addition to patient-centered models, digital twins are increasingly being applied to NICU
devices and the surrounding care environment. This reflects a growing recognition that neonatal
outcomes depend not only on clinical decisions and infant physiology, but also on the reliable
performance of equipment and the stability of environmental conditions. Preterm infants are
particularly sensitive to factors such as temperature, humidity, oxygen concentration, and noise,
making even small deviations clinically meaningful.

Digital twins of neonatal incubators illustrate this systems-level approach [18]. By continuously
modeling device behavior using real-time sensor data, these twins can detect patterns that suggest
impending faults or environmental instability before traditional alarms are triggered. This shift from
reactive monitoring to predictive oversight has the potential to improve safety, reduce equipment-
related disruptions, and enhance the overall resilience of NICU operations.

More exploratory efforts extend digital twinning beyond physiology and devices into
psychosocial domains. For example, digital twins have been proposed as tools for virtually testing
socially assistive technologies—such as robotic or interactive systems designed to support infants
and families during prolonged NICU stays [19]. By simulating interactions in a virtual environment,
these approaches allow researchers to evaluate potential benefits and risks without experimenting
directly on vulnerable patients.

Together, these applications highlight the broader systems-level potential of neonatal digital
twins. Rather than focusing solely on the infant, digital twinning can encompass devices,
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environments, and interactions within the NICU, supporting safer, more holistic, and more family-
centered care.

2.7. Digital Twins as Enablers of Personalized Medicine in Neonatology

Personalized medicine seeks to tailor diagnosis, treatment decisions, and care pathways to the
unique biological and environmental characteristics of each patient [20]. This approach is particularly
critical in neonatology, where preterm and critically ill infants display extreme physiological
variability, rapid developmental change, and very narrow therapeutic margins. Population-based
guidelines, while essential, often struggle to account for this complexity. Digital twins offer a practical
way to bridge this gap by transforming diverse streams of patient data into dynamic, individualized
computational models that evolve with the infant over time [21].

Recent reviews increasingly describe digital twins as a cornerstone of next-generation
personalized medicine. Unlike static risk scores or single-purpose machine learning models, digital
twins are designed to integrate real-time data, predict future physiological states, and simulate the
effects of alternative clinical interventions [22]. Crucially, they are not fixed at a single moment in
time; instead, they continuously recalibrate as new physiological, laboratory, imaging, and
environmental data become available. This adaptability is especially valuable in neonatology, where
organ function, drug metabolism, and vulnerability to adverse effects can change substantially over
just days or weeks [23].

From a methodological standpoint, digital twins naturally bring together mechanistic and data-
driven approaches. Mechanistic components encode established physiological knowledge—such as
cardiopulmonary interactions, pharmacokinetics and pharmacodynamics, or cerebral perfusion—
while data-driven elements help personalize model parameters and capture patterns that are difficult
to describe using first principles alone. Hybrid architectures are therefore increasingly viewed as the
most clinically appropriate design. They offer a balance between interpretability and predictive
performance, a balance that is particularly important in neonatal care, where clinician trust,
transparency, and regulatory acceptance are essential [24].

Experience from other medical fields underscores the potential of this approach. In areas such
as cardiology, oncology, and pharmacogenomics, digital twins have been used to support
individualized therapy planning, outcome prediction, and virtual testing of interventions [25].
Although many of these applications focus on adult patients, the underlying principles translate well
to neonatology. Patient-specific neonatal digital twins could allow clinicians to explore alternative
strategies—such as adjusting ventilator settings, modifying cardiovascular support, tailoring
antibiotic dosing, or optimizing nutrition—through “what if” simulations, without exposing fragile
infants to unnecessary risk.

In neonatal and pediatric infectious diseases, digital twins are increasingly discussed as tools to
improve antimicrobial stewardship [26]. By integrating developmental pharmacokinetics,
biomarkers of the host response, and pathogen-related information, these models could support more
precise antibiotic dosing, earlier de-escalation when appropriate, and better-informed decisions
about treatment duration. This is particularly important in neonates, where drug clearance and
toxicity risks vary markedly with both gestational and postnatal age [27].

Beyond immediate treatment decisions, digital twins can support broader personalized
medicine goals, including risk stratification, long-term outcome prediction, and continuity of care.
By integrating multiple organ-specific models —spanning respiratory, cardiovascular, microbiome,
and neurodevelopmental domains—neonatal digital twins could offer a more holistic view of each
infant’s trajectory. Such integrated models could inform discharge planning, guide the intensity and
focus of follow-up care, and help identify infants at higher risk for long-term complications. Some
authors even envision longitudinal digital twins that extend beyond NICU discharge, supporting
personalized care across early childhood [28].

Despite these advantages, routine clinical adoption of digital twins in neonatology remains
limited. Key challenges include fragmented and scarce data, the absence of standardized validation
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frameworks, computational demands, and unresolved ethical and regulatory issues related to
pediatric data governance. Encouragingly, advances in neonatal monitoring technologies, health-
data interoperability, and Al-driven modeling are steadily reducing these barriers. From a
personalized medicine perspective, digital twins should not be seen merely as sophisticated
prediction tools, but as clinical aids that support clinician reasoning, enhance safety, and help deliver
truly individualized care to vulnerable newborns [29].

3. Ethical, Legal, and Regulatory Challenges

The introduction of digital twins into neonatal care raises a set of ethical, legal, and regulatory
challenges that go beyond those associated with many other health technologies. Neonates are among
the most vulnerable patient populations, and digital twins are highly personalized, data-intensive
systems that are designed to evolve over time. Unlike conventional clinical tools, a neonatal digital
twin may persist well beyond a single hospital admission, intensifying familiar concerns about
pediatric data use while also introducing new questions about consent, autonomy, responsibility,
and long-term governance [30,31].

3.1. Consent, Data Governance, and Longitudinal Privacy

Neonatal digital twins depend on the continuous use of sensitive data, including physiological
signals, imaging, genetic or microbiome information, environmental exposures, and long-term
developmental outcomes. Because infants cannot provide consent, parents or legal guardians
authorize data use and the creation of the digital twin. Ethical analyses in pediatric digital twin
research, however, highlight an inherent tension: parental consent is typically time-limited, while a
digital twin may be intended for long-term —or even lifelong —use [32].

This mismatch raises important questions about data ownership, the right to withdraw, and the
child’s future autonomy. A neonatal digital twin may accumulate extensive personal data long before
the individual is able to express preferences about how that information is used. As the child grows
older, ethical conflicts may arise if continued use of the digital twin no longer aligns with the
individual’s wishes. These concerns are amplified when digital twins are reused for secondary
purposes, such as research, quality improvement, or population-level modeling [33].

Existing legal frameworks, such as the EU General Data Protection Regulation (GDPR), provide
important protections, including purpose limitation and enhanced safeguards for children’s data
[23]. However, these regulations were not designed with dynamic, continuously updating digital
replicas in mind. Ongoing data integration, secondary analyses, and cross-border data sharing
challenge traditional consent models. As a result, governance approaches such as layered consent,
dynamic re-consent, and transparent data lifecycle management are increasingly being proposed to
better align with the realities of digital twins [34].

3.2. Autonomy, Trust, and Human Oversight

Clinical decisions in neonatology are made on behalf of the infant, often under conditions of
uncertainty and emotional stress. Digital twins may influence these decisions by providing
predictions or simulated outcomes associated with different clinical choices. International guidance
from organizations such as the World Health Organization and UNESCO consistently emphasizes
that Al systems should support—not replace—human judgment and that meaningful human
oversight must be maintained [35].

The high degree of personalization offered by digital twins can enhance clinical understanding
and support shared decision-making with families. At the same time, it introduces the risk of over-
reliance, particularly if model outputs are interpreted as deterministic rather than probabilistic.
Because neonatal prognoses are uncertain and ethically sensitive, it is essential that digital twin
outputs are communicated clearly, with explicit representation of uncertainty, and framed as
decision-support inputs rather than definitive answers [36].
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3.3. Bias, Equity, and Generalizability

Bias is a significant concern in neonatal digital twins because available datasets often
overrepresent high-resource hospitals, specific clinical practices, or particular demographic groups.
Models trained or calibrated on such data may perform less well for underrepresented populations.
This is especially important in neonatology, where outcomes and physiology vary with gestational
age, sex, ethnicity, and social context [37].

Addressing these risks requires intentional efforts, including diverse data collection, systematic
evaluation of bias, and transparent reporting of model limitations. Digital twins intended for use in
global health contexts —such as sepsis prediction in low-resource neonatal units —must be evaluated
in the settings in which they will be deployed. Without such validation, there is a real risk that digital
twins could inadvertently reinforce existing health inequities rather than reduce them [38].

3.4. Regulation and Clinical Deployment

Many neonatal digital twins are likely to be classified as medical devices, as they support
diagnosis, monitoring, prediction, or treatment decisions. In the European context, such systems may
fall under the Medical Device Regulation (MDR) and increasingly under the EU Artificial Intelligence
Act, which designates many healthcare Al applications as high-risk and imposes requirements for
safety, transparency, oversight, and post-market monitoring [39].

Digital twins challenge traditional regulatory pathways because they are adaptive: their
performance may change as they incorporate new data over time. Additionally, digital twins that
serve multiple purposes—such as clinical care, research, and device optimization—blur the boundary
between regulated medical devices and research tools. Regulators therefore face the task of defining
when model updates require re-certification and how responsibility should be shared among
developers, clinicians, and healthcare institutions [40].

Liability remains another unresolved issue. If a digital twin contributes to a harmful clinical
decision, it may be unclear whether responsibility lies with the clinician, the healthcare organization,
or the model developer. This uncertainty underscores the need for clear governance structures and
shared accountability frameworks before widespread clinical deployment [41].

3.5. Toward Ethical-by-Design Digital Twins

Addressing these challenges requires an ethical-by-design approach, in which ethical, legal, and
regulatory considerations are integrated throughout the entire lifecycle of digital twin development
and deployment. In neonatology, this means involving clinicians, parents, ethicists, data scientists,
and regulators from the earliest stages; clearly communicating what a digital twin can and cannot do;
and continuously monitoring real-world impacts after deployment. Ethics and regulation should be
treated as core design requirements rather than external constraints added late in the process [42].

In summary, while digital twins have the potential to significantly improve neonatal care, their
use must be guided by robust safeguards related to consent, privacy, autonomy, equity, and
accountability. These considerations are not merely regulatory obstacles—they are essential for
building trust and ensuring that digital twins genuinely serve the best interests of vulnerable infants
and their families [43].

4. Future Directions

Most applications of digital twins in neonatology are still at a proof-of-concept or early
translational stage. Nevertheless, rapid advances in computational medicine, systems biology, and
pediatric research suggest several clear directions in which the field is likely to evolve. Broadly, future
progress will occur along three intersecting pathways: deeper biological modeling, wider system-
level integration, and more direct clinical impact [44]. Future research directions for neonatal digital
twins are outlined in Table 2, highlighting anticipated transitions from single-organ models to
integrated, life-course digital twin frameworks.
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Direction

Description

Expected clinical impact

Key references

Linking respiratory,

Multi-organ cardiovascular, More realistic physiological
integration neurodevelopmental, and modeling [45-47]
microbiome DTs
In silico Virtual control arms; synthetic More efficient and ethical trial
neonatal trials patients design [48,49]
Perinatal
DTs spanning fetal-neonatal Earlier risk detection and
continuum [50,51]
transition continuity of care
DTs
Closed-loo
o p DT-guided, human-in-the-loop .
decision . Safer, adaptive NICU care
recommendations [52,53]
support
Life-course Extension beyond NICU Personalized follow-up and
digital twins discharge prevention [54,55]

4.1. From Single-Organ Models to Multi-Organ and Cross-Scale Integration

To date, most neonatal digital twins have focused on a single organ system or clinical problem,
such as respiratory support, cardiovascular adaptation, or neurodevelopment. A key next step will
be integration across organ systems. Neonatal physiology is highly interconnected: changes in
respiratory support influence cardiovascular loading and brain perfusion, affect oxygen delivery to
developing organs, and may alter microbiome composition and long-term neurodevelopment.
Treating these systems in isolation limits the ability of digital twins to reflect real clinical complexity
[45].

Future digital twins will therefore need to capture cross-organ feedback loops and interactions.
This systems-level approach may be extended further through multi-scale modeling. Emerging
research on single-cell or molecular digital twins— currently more common in antenatal and preterm
birth research—points toward models that integrate molecular, cellular, organ-level, and clinical data
[46]. Applied to neonatology, such models could enable more refined personalization of immune
therapies, nutrition, or pharmacological interventions based on biological signatures rather than
gestational age alone [47].

4.2. Digital Twins, Synthetic Data, and In Silico Neonatal Trials

One of the most promising future applications of neonatal digital twins is their use in in silico
clinical trials. Clinical trials in neonatology face well-known challenges, including small eligible
populations, ethical constraints, high costs, and slow recruitment. Conceptual work suggests that
digital twins and synthetic data could help address these barriers by enabling virtual control arms,
counterfactual outcome estimation, and more efficient trial design [48].

In neonatology, this approach could be particularly valuable for rare but severe outcomes such
as necrotizing enterocolitis or severe bronchopulmonary dysplasia. Patient-specific digital twins
could simulate expected outcomes under standard care, allowing smaller trials to focus more directly
on the effect of new interventions. While in silico trials will not replace randomized controlled trials
in the near future, they could improve trial planning, identify subgroups most likely to benefit, and
help prioritize which interventions warrant testing in vulnerable infant populations [49].

4.3. Extending Across the Perinatal and Early-Life Continuum
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Another important direction is extending digital twins across pregnancy, birth, and early
childhood. Digital twin research is increasingly exploring fertility and pregnancy, including placental
modeling and maternal—fetal pharmacokinetics, although most of this work remains at an early stage.
Advances in fetal circulation modeling and perinatal life-support research further suggest that digital
twins could bridge prenatal and postnatal physiology [50].

In practice, this could mean initiating a digital twin during pregnancy, adapting it through birth
and early physiological transition, and refining it throughout the NICU stay. Such continuity would
provide stronger baseline modeling, allow earlier identification of risk, and better integrate antenatal
and postnatal decision-making. Over time, this approach could reduce fragmentation across perinatal
care pathways [51].

4.4. Toward Real-Time, Closed-Loop, Learning NICU Systems

Digital twins may also become integral components of learning NICU ecosystems. In broader
healthcare contexts, digital twins are increasingly described as tools for real-time monitoring,
prediction, and adaptive optimization. In neonatology, this could support closed-loop systems that
continuously adjust ventilation, nutrition, or environmental parameters in response to incoming data
[52].

Importantly, these systems do not need to be fully autonomous. A more realistic near-term
vision is a “clinical copilot” model, in which digital twins generate scenario-based recommendations
with explicit uncertainty estimates, while clinicians retain full authority over final decisions. At the
institutional level, federated learning approaches could allow multiple NICUs to improve digital
twin models collaboratively without sharing raw patient data, helping to balance privacy with
robustness and generalizability [53].

4.5. Life-Course Digital Twins and Precision Neonatology

Finally, neonatal digital twins may ultimately extend beyond NICU discharge. Prematurity is
associated with increased risks of respiratory, cardiovascular, metabolic, and neurodevelopmental
problems later in life. Longitudinal digital twins could support more personalized follow-up, earlier
preventive interventions, and tailored monitoring throughout childhood [54].

This vision aligns with a broader life-course approach to precision medicine, in which early
biological and environmental influences shape long-term health trajectories. In this sense,
neonatology may represent a critical entry point for precision healthcare across the lifespan. By
starting digital twins early in life, care could shift from reactive management of complications to
anticipatory, preventive pediatrics—potentially improving outcomes not only in infancy, but well
into adulthood [55].

5. Conclusions

Digital twins represent a promising paradigm for addressing the complexity, variability, and
uncertainty inherent in neonatal care. By enabling patient-specific, continuously updated models that
integrate diverse data streams, digital twins move beyond static prediction toward dynamic,
scenario-based decision support.

Early successes in respiratory and cardiovascular modeling demonstrate feasibility, while
emerging applications in sepsis, microbiome research, neurodevelopment, and device safety
illustrate the breadth of potential impact. Significant challenges remain—particularly around data,
validation, ethics, and regulation—but these reflect the early stage of the field rather than
fundamental limitations.

With  coordinated interdisciplinary collaboration and careful, clinician-centered
implementation, digital twins may become enabling tools for next-generation precision neonatology,
improving outcomes for some of the most vulnerable patients in medicine.
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