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Abstract 

Digital Twins (DTs) are reshaping healthcare by providing dynamic, digital counterparts of physical 

systems, enabling real-time interaction, simulation, and analysis. These systems leverage advanced 

modeling and real-world data integration to optimize medical training, planning, and patient-specific 

care. This paper explores the evolution of DTs in healthcare, presenting a bibliometric analysis of 

trends and outlying future directions. 

The state-of-the-art section highlights technological advances in DTs, with a particular focus on 

simulating complex physiological behaviors. These advancements align with the growing demand for 

precision in surgical training and planning. The bibliometric analysis reveals an exponential increase 

in research interest, driven by advancements in Artificial Intelligence (AI), immersive technologies, 

and real-time data processing. Cross-disciplinary efforts , combining fields such as computer science, 

biomechanics, and medical engineering, are highlighted as key enablers, expanding  the applicability  

of DTs. Future perspectives emphasize the transformative potential of DTs in remote surgical 

procedures, augmented diagnostics, and personalized medicine. The integration of Augmented 

Reality (AR) and Virtual Reality (VR) enhances the user experience by providing immersive, 

interactive environments. Additionally, the inclusion of haptic feedback and sensor-based tracking 

further augments realism, improving usability and adoption. Through the case study of the Rome 

Technopole project “Phygital Twin Technologies for Innovative Surgical Training & Planning”, this 

paper showcases how DTs are already impacting healthcare, from training simulators to patient -

specific planning tools. Furthermore, the discussion points to new frontiers, such as integ rating 

predictive analytics for proactive healthcare interventions. 

Introduction and aim 

The healthcare field has been profoundly transformed by technologica l 

advancements over the past few decades. These innovations have paved the way for 
numerous new frontiers, each reshaping how medical professionals diagnose, treat, 
and manage various health conditions. 

Digital Twins (DTs) are at the forefront of transformative innovations in healthcare, 
offering groundbreaking applications in training, planning, and personalized 

medicine. These advanced digital counterparts of physical systems allow real- time 
interaction and data-driven decision-making.  
Phygital Twin technologies represent an advanced evolution of next-generat ion 

enabling technologies, building upon the foundational concept of DTs. DTs have 
already demonstrated their versatility across a wide range of applications, includ ing 

Industry 4.0 and Connected Health (Pires et al., 2019; Bagaria et al., 2020; 
Evangeline, 2020; Aziz et al., 2024; El-Agamy et al., 2024). The Phygital approach 
emphasizes that DTs should not only replicate, monitor, predict, and optimize the 

processes and characteristics of their physical counterparts, referred to as Physical 
Twins, but also maintain real-time interconnectivity (Grieves & Vickers, 2017; Jones 
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et al., 2020; Mourtzis et al., 2023; van Dinter et al., 2022). The rapid growth of big 
data and continuous advancement in data science and artificial intelligence have the 

potential to significantly advance DTs and phygital research and development. 
Although various DTs initiatives have been underway in the industrial sector, DTs 
for health are still in their early stages (Katsoulakis et al., 2024). 

This paper provides an in-depth exploration of the current landscape, a review of 
bibliometric trends, and identifies venues for future directions. Furthermore, by 

applying established bibliometric techniques to the emerging and interdisciplinary 
field of DTs in healthcare, this study offers insights into the challenges and specific 
characteristics of analyzing the scientific literature in such rapidly evolving domains. 

It aligns with the goals of the Rome Technopole project “Phygital Twin 
Technologies for Innovative Surgical Training & Planning”. 

The state-of-the-art technologies discussed in the paper highlight a critical shift from 
traditional simulation methodologies like Finite Element Methods (FEM) to newer 
paradigms such as Physics-Informed Neural Networks (PINNs). FEM, while 

reliable, struggles with the computational demands of real-time simulation, which is 
essential for applications involving interactive digital twins. PINNs, on the other 

hand, offer a promising alternative by enabling rapid, accurate modeling of complex 
systems, including deformable tissues. This innovation is particularly relevant to the 
Rome Technopole project’s work on developing a Digital Phantom (DP), a digita l 

replica of anatomical structures designed to enhance surgical training. By simulat ing 
realistic tissue behavior in response to external forces, the DP promises to transform 
how surgeons learn and practice their craft (see Distefano et al., 2023; De Santis et 

al., 2024). 
An integral part of this advancement is the immersive environment created through 

a seamless combination of technologies. Virtual Reality (VR) and augmented reality 
(AR) frameworks are employed to offer practitioners a fully interactive experience. 
Using wearable haptic devices like WeART TouchDiver and precision tracking tools 

such as the NDI Polaris Vega XT, users can engage with digital models as if they 
were physical objects. This approach not only enhances the realism of training 

exercises but also provides additional sensory feedback, such as tactile sensations, 
visual cues, and real-time alarms, enriching the learning process. 
The Rome Technopole project has gone a step further by integrating these 

capabilities into demonstrators showcasing the possibilities of DTs. These 
demonstrators use advanced physics engines like MuJoCo to simulate 3D 

deformations in anatomical models. By optimizing computational processes through 
multithreading and synchronization techniques, these simulations achieve the real-
time responsiveness required for immersive VR applications. This marks a 

significant leap in usability and interaction quality, addressing one of the major 
limitations of earlier approaches. The main objective of this research is to map the 

technological frontiers related to DTs in the medical field, identifying the gaps in the 
literature, the main topics and clinical areas covered, and the trends and advantages 
and disadvantages of applying these technologies in the medical field. To address 

this topic, we provide a systematic literature review, supporting it with bibliometr ic 
analyses to assess trends and main topics of the state of the art literature. The paper 
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is organized as follows. The next section presents the systematic review approach. 
The following section reports the bibliometric analyses carried out. The next section 

illustrates the results of the systematic review, and the final section concludes the 
paper. 

Methods 

A systematic literature review (SLR) is a research method designed to precisely 
identify, evaluate, and summarize all relevant evidence on a specific research 

question on the base of systematic procedures to minimize human error and bias. The 
SLR carried out to identify how DTs have been used in the medical field, was 
performed following the Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA; Page et al., 2021) framework. The applied procedure 
follows Avenali et al. (2023). Key steps in conducting a SLR include: 

1. Establishing clear objectives and pre-defined eligibility criteria for study 
inclusion. 

2. Employing an explicit and reproducible methodology. 

3. Conducting a systematic search to identify all studies meeting the eligibi lity 
criteria. 

4. Assessing and screening the identified studies. 
5. Systematically presenting, describing, and summarizing the included studies. 

These steps are designed to minimize bias and ensure robust and reliable results. 

As eligibility criteria for the inclusion of the studies, this research adopts language, 
type of article and type of source. A keyword-based search was done on “Title”, 
“abstract” and “keywords” using Scopus (https://www.scopus.com/, last accessed 

17/01/2025) and Web of Science (https://www.webofscience.com/wos/woscc/bas ic-
search, last accessed 17/01/2025) databases. We selected only reviews, chapter book 

and articles in English or in Italian, published in indexed journals or indexed books. 
The query executed for both databases is as follows: 
“Digital twin” OR “Digital twins” OR “Digital phantom” OR “Digital 

phantoms” (All Fields)  
AND Practice OR Training OR "Teaching purpose" OR "Surgical training" 

OR "Robot assisted surgery" (All Fields) 
 AND healthcare OR "health care" (All Fields)  
AND NOT "industry 5.0" OR "industry 4.0" (All Fields)  

AND Article or Review Article (Document Types)  
AND English or Italian (Languages) 

According to the reproducibility characteristic of SLR, all steps related to the 
skimming of articles are reported in detail. Initially, we obtained 54 articles from 
Scopus and 101 articles from Web of Science. After collection and subsequent 

selection of articles according to the search objective and predefined selection 
criteria we obtained 104 articles. After reading and deepening these articles, 32 

articles were discarded because the main topic treated in the article was not in the 
healthcare field. 

https://www.scopus.com/
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At the end of the screening and selection process, we obtained 72 articles, which will 
be analysed below. Figure 1 reports the PRISMA diagram, detailing the performed 

screening and selection procedure. 
For each article retained, information was extracted on the technologies used or 
proposed, the advantages and disadvantages of these technologies and the clinica l 

field in which they were used. 
 

 

Figure 1. PRISMA 2020 flow diagram (Page et al. 2021). 

 

To complement our SLR and gain a comprehensive understanding of the existing 
literature, we employed several bibliometric analyses. Combining bibliometr ic 

analysis with a SLR facilitates the efficient and reproducible generation of new 
knowledge from existing research (Avenali et al., 2023). Bibliometric analys is 
leverage articles metadata to uncover insights into various aspects, such as author 

collaborations, relationships between countries, and prominent authors (see e.g. 
Broadus, 1987). Specifically, our bibliometric analyses includes: 

 An analysis of the relationships between authors' countries, keywords 
(representing key topics), and publication sources. 

 An analysis of the frequency of author keywords. 

 A factorial analysis using dimensionality reduction techniques on bigrams 

(sequences of two adjacent words) extracted from abstracts. 

 A thematic analysis using bigrams from the abstract. 
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The relationships between authors' countries, keywords (representing key topics), 
and publication sources were analyzed using a Sankey diagram (Yang, 2022), a data 

visualization technique that illustrates associations between different article 
characteristics. This diagram visually represents the magnitude of flows between 
interconnected elements. The thickness of the links between nodes (representing 

keywords, countries, or publication sources in this study) is proportional to the 
volume of interactions between them. By mapping these flows, the analysis aimed 

to uncover patterns of international research collaboration, thematic clusters, and the 
influence of various publication sources on digital twin research in the healthcare 
field. 

To further examine thematic trends, keyword occurrence analysis was conducted to 
determine the frequency and distribution of the most used terms in literature. 

Calculating keyword frequencies helped identify predominant research areas 
(Donthu et al., 2021). Beyond keyword analysis, bigram analysis of abstracts was 
performed to gain deeper insights into thematic connections and domain-specific 

vocabulary. Since keywords serve as proxies for the main topics of articles, 
analyzing abstract bigrams provided a more comprehensive understanding of 

underlying research themes. To explore key thematic areas, we applied Multip le 
Correspondence Analysis (MCA), a factorial and dimensionality reduction 
technique, to the abstract bigrams. MCA projects keywords into a two-dimensiona l 

space, revealing thematic clusters and underlying relationships within the field 
(Greenacre, 2017). This analysis highlighted distinct research themes, each 
representing a specific area of interest. Finally, co-word network analysis and 

clustering, following the method proposed by Cobo et al. (2011), were used for a 
thematic analysis of abstract bigrams. The identified clusters were positioned within 

a four-quadrant diagram based on their centrality and density, classifying them into 
central, niche, emerging/declining, or cross-cutting/basic themes. This approach 
helped delineate the primary research areas and the prevailing conceptual links 

within the field. All analyses were conducted using the R package Bibliometrix (Aria 
& Cuccurullo, 2017). 

Results from the bibliometric analyses  

This section presents the results of the bibliometric analyses conducted on the 
selected articles. Before delving into these findings, we provide a brief overview of 

the selected publications. A total of 72 articles, published between 2018 and 2024, 
were sourced from 53 journals and books. The field has experienced rapid growth, 

with an annual publication increase of 75.28%, highlighting its expanding 
significance. The average document age of 1.03 years reflects the field’s recent rise 
in research interest, largely driven by the increasing focus on DTs. 

Analysis of the relationships between authors' countries, keywords and sources 

Figure 2 visually depicts the intricate relationships between countries, author 

keywords, and publication sources within the medical research landscape. The 
central column, dominated by keywords such as artificial intelligence, digital twins, 
and machine learning, highlights a strong focus on emerging technologies and their 
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applications in medicine. The results further illustrate the dynamic nature of research 
collaborations, as shown by the connections between various countries, keywords, 

and sources. Notably, the United States emerges as a key player, exhibiting extensive 
connections across diverse research areas. Likewise, Germany, the United Kingdom, 
and Switzerland demonstrate significant research activity and strong internationa l 

collaborations. On the right-hand column, the sources primarily consist of scientific 
journals, reflecting the preferred publication venues for this research. The presence 

of journals such as IEEE Transactions on Consumer Electronics, Scientific Reports, 
and IEEE Access suggests a tendency to publish in high-impact, multidisciplinary 
outlets spanning computer science, medicine, and engineering. Overall, the find ings 

indicate that research on digital twins in healthcare is a globally collaborative effo rt, 
with major contributions from countries such as the USA, India, the United 

Kingdom, and Germany. The emphasis on keywords like digital twin, artific ia l 
intelligence, and machine learning underscores the technological advancements 
driving this field. 

 

 

Figure 2. Analysis of the relationships between authors' countries, keywords and 
sources. 

 

Analysis of the frequency of author keywords  

Figure 3 presents a frequency analysis of the keywords used by authors in the 72 
analyzed articles. The most frequently occurring keyword, "Digital Twin" appears 

in 27 articles, underscoring its central role in the research. "Artificial Intelligence" 
follows closely with 14 mentions, highlighting AI’s pivotal role in the development 

and implementation of digital twins. The keyword "Healthcare" appears 12 times, 
reinforcing the study’s domain. Additionally, terms such as "Machine Learning", 
"Metaverse", and "Deep Learning" reflect the technological foundations of digita l 
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twin solutions. Meanwhile, "Augmented Reality" and "Federated Learning" suggest 
emerging applications and privacy-preserving approaches in the field. Notably, 

"Medical Services" appears only four times, indicating a gap in research on how DTs 
translate into practical healthcare solutions. This analysis reveals a strong focus on 
the technological aspects of digital twins, while the relatively lower frequency of 

"Medical Services" suggests the need for further exploration of their real-world 
applications in healthcare. 

 

 

Figure 3. Keyword frequency analysis of the authors of the selected articles. 

 
Factorial analysis results 

Figure 4 presents a factorial analysis of bigrams extracted from the abstracts of 72 
articles, revealing two dominant dimensions, Dim 1 and Dim 2, that together account 
for 61.64% of the variance in the data. Dim 1 (32.41%) captures the contrast between 

clinical applications and technological advancements. On one end, terms related to 
clinical decision-making, drug discovery, and research highlight the practical 

application of DTs in healthcare. On the other end, terms such as deep learning, 
neural networks, and proposed systems emphasize the technical foundations of DTs 
technology. Dim 2 (29.23%) differentiates between theoretical exploration and 

practical implementation. One pole, characterized by terms like “healthcare system” 
and “patient care”, underscores the real-world impact of digital twins on healthcare 

delivery. The opposite pole, with terms such as “potential applications” and “smart 
healthcare” suggests an ongoing discussion on future possibilities and advancements.  
The analysis identifies three distinct research clusters. The first, located in the top 

right quadrant of Figure 4, focuses on the clinical applications of DTs, with terms 
such as "clinical decision", "drug discovery", and "clinical practice" indicating an 

interest in how DTs can enhance patient care, from diagnosis and treatment planning 
to drug development. The second, situated in the left quadrant, highlights the 
technological advancements driving DTs development. Bigrams such as "deep 
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learning", "neural networks", and "proposed system" suggest a strong focus on 
artificial intelligence, machine learning, and other cutting-edge technologies that 

enhance DTs models for healthcare. The third cluster, positioned in the bottom right 
quadrant, emphasizes the integration of DTs within the healthcare system. Bigrams 
such as "healthcare system", "healthcare industry", and "patient care" suggest a focus 

on how DTs can be implemented and scaled within existing healthcare structures to 
improve efficiency, decision-making, and patient outcomes. Overall, the find ings 

reveal a dynamic research landscape that balances theoretical exploration with 
practical implementation. The strong emphasis on clinical applications reflects a 
growing interest in translating DTs research into real-world patient care solutions. 

The focus on technological advancements highlights ongoing efforts to refine neural 
networks and deep learning techniques that support DTs development. Finally, the 

emphasis on healthcare system integration underscores the importance of seamless 
adoption within healthcare organizations. However, further exploration is needed to 
bridge the gap between technological innovation and its practical applications in 

healthcare. 
 

 

Figure 4. Factor analysis (MCA) of the abstract bi grams of the selected articles. The 

color of the points represents the cluster to which they belong. 

 
Thematic analysis  

Figure 5 presents a thematic map of the bigrams extracted from the abstracts of the 

72 selected articles, revealing several distinct thematic clusters. A key cluster, 
located in the upper right quadrant, includes the bigrams “digital twin”, “artific ia l 

intelligence”, and “machine learning.” This cluster represents the motor (or core) 
themes of the field, highlighting areas of rapid technological advancement and active 
scholarly research. The presence of these concepts suggests their transformative 

potential in healthcare and their role at the forefront of innovation. Another 
significant group of core theme clusters, also in the upper right quadrant, consists of 

“clinical practice”, “personalized medicine”, “healthcare”, “augmented reality”, and 
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“digital technology”. These motor themes serve as the foundational principles for 
DTs applications in healthcare, providing the structural basis upon which more 

advanced solutions are built. The only basic theme identify is “deep learning” 
(bottom right quadrant). Given that deep learning serves as the backbone for many 
cutting-edge technologies in this domain, further exploration of its applications and 

implications is essential. This theme will be discussed in greater detail in the next 
section. In the upper left quadrant, a niche theme emerges, encompassing “potentia l 

applications”, “proposed systems”, and “enabling technologies.” This cluster aligns 
with previous analyses, reinforcing the notion that emerging technologies are still in 
the early stages of adoption. The literature is gradually engaging with these 

innovations, but widespread implementation remains limited. Finally, clusters 
related to “surgical robot”, “complex medical”, “recent advancements” and 

“computed tomography” are identified as emerging themes. These concepts 
represent highly promising yet specific applications of DTs within the broader 
healthcare landscape, indicating areas of ongoing exploration and future potential. 

 

 

Figure 5. Thematic analysis of abstract bigrams. The chart is divided into 4 

quadrants (starting from the top left quadrant and proceeding clockwise): niche 

themes, driving themes, basic themes and declining/emerging themes. 

 
The bibliometric analysis presented highlights the rapid growth of interest in digita l 

twins and the use of high technology in healthcare and the need for scientific 
maturation. Research efforts increasingly focus on AI-driven simulations, cross-
disciplinary technologies, and real-time data integration, underscoring the expanding 

role of DTs across various domains. As this momentum builds, the Rome 
Technopole project positions itself at the cutting edge of these developments, 
particularly by advancing personalized surgical planning and enabling remote 

procedures with high-fidelity feedback systems. 
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Results from the SLR 

As we presented in the previous Section, the application of DTs within the healthcare 

sector doesn’t appear as an isolated technology, but they are often integrated with 
multiple types of other technologies, coming from different fields, such as medical 
engineering or computer science. We identified a diverse landscape of these 

technologies, categorized into several distinct but interconnected domains. Artific ia l 
intelligence (AI) and machine learning (ML) emerged as a foundational pillar, with 

applications spanning from image analysis using models like YOLOv3 and ResNet, 
(Zinchenko et al., 2021) to the development of explainable, human-centered, and 
trustworthy AI systems. Generative models such as ClinicalGAN (Chandra et al., 

2024) and advanced learning paradigms like federated learning (Ali M. et al., 2023), 
split learning and FedAVG (Stephanie et al., 2024) were also noted, alongside 

specialized applications like neural radiance fields (NeRFs), Neuralange lo 
(Kleinbeck et al., 2024), and models for medical dialogue such as Med-PaLM 
(Vidovszky,et al., 2024) Furthermore, AI-powered digital health tools like Wysa and 

Ada Health (Abilkaiyrkyzy et al., 2024) were observed, indicating a trend towards 
personalized and accessible healthcare solutions. Virtual and augmented reality 

(VR/AR) technologies play a crucial role in creating immersive and interact ive 
digital twin environments. AR and VR serve as pivotal tools for bridging the gap 
between the real world and its virtual counterpart. By enabling immers ive 

visualization and interaction, VR and AR play a crucial role in enhancing the 
practical application of DTs in clinical settings, such as simulating surgeries for 
training or for planning or modelling complex physiological processes. Platforms 

like Unity 3D (Sunt et al., 2023; Balasubramanyam et al., 2024; Zackoff et al., 2023), 
coupled with hardware such as Meta Quest 2 (Balasubramanyam et al., 2024), 

Oculus Quest 2 (Zackoff,et al., 2023), HTC Vive Pro (Balasubramanyam et al., 
2024), and HoloLens (Barcali et al., 2022; Seetohul et al., 2023; Aliani et al., 2024; 
Mikolajewski et al., 2024; Prasad et al., 2024; Balasubramanyam et al., 2024), are 

employed for diverse applications, including surgical training (e.g., Simbionix 
ArthroMentor, Simendo arthroscopy simulator) and visualization of complex 

anatomical structures (e.g., UCSF ChimeraX, YASARA). The use of haptic training 
and specialized VR/AR systems like VisAR (Seetohul et al., 2023), MetaMedicsVR 
(Hulsen et al. 2024), and Narupa iMD (Hulsen et al. 2024) further underscores the 

growing importance of these technologies in medical education and procedural 
planning. Biomedical imaging and diagnosis are significantly enhanced by DTs 

through the integration of advanced imaging modalities. Techniques such as shear-
wave elastography (Bjelland et al., 2022), CBCT imaging (Lee et al., 2023), digita l 
breast tomosynthesis (Pinto et al., 2023), and 3D echocardiography (Sachdeva et al., 

2024) provide detailed anatomical and functional data that can be integrated into DTs 
models. Medical imaging equipment from manufacturers like Philips (e.g., 

IntelliVUE MX800) and GE Healthcare (e.g., Vivid S6), along with vein 
visualization technologies like AccuVein and NextVein (Seetohul et al., 2023), 
contribute to more precise diagnostics and treatment planning within the digital twin 

framework. Robotic surgery and medical planning represent another area where DTs 
are transforming healthcare. Surgical robots like the DaVinci system (Seetohul et al., 
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2023), along with advanced planning software such as Virtual Cardiac Surgery 
Planning, ImmersiveView Surgical Plan, iPlan Flow, HeartFlow Analys is 

technology (Wu et al., 2022), Philips HeartNavigator, Acorys Mapping system and 
Feops' HEARTguide (Sun et al., 2023), enable surgeons to simulate and optimize 
procedures before execution. This integration of robotic systems with digital twin 

technology allows for greater precision, minimally invasive approaches, and 
improved patient outcomes. Biomedical simulation models form the core of many 

DTs applications. Tools and platforms such as BioSecure (Elkefi, et al., 2022), 
HumMod (Montgomery et al., 2023), Archimedes (Montgomery et al., 2023), UCSF 
ChimeraX (Hulsen et al. 2024), and the concept of the Digital Human Twin are used 

to simulate physiological processes, disease progression, and treatment responses. 
These models, often addressing specific surgical simulation challenges (e.g., 

EndoVis, SAR-RARP50, CATARACTS), provide valuable insights for personalized 
medicine and clinical decision-making. Information systems and digital health 
infrastructure are essential for the effective implementation of digital twins in 

healthcare. Electronic health records, personal wearables and remote monitor ing 
devices, cloud-based personal health record systems, and platforms like Ali Health 

(Liu et al., 2019), Baidu Medical Cloud (Liu et al., 2019), Health@Hand (Elkefi et 
al., 2022), CloudDTH (Liu et al., 2019), eHealth systems (Liu et al., 2019), 
HospiTwin (Elkefi et al., 2022), and HealthVault (Liu et al., 2019) facilitate data 

collection, integration, and analysis within the digital twin environment. This 
interconnectedness promotes better communication between healthcare providers 
and patients, enabling more proactive and personalized care. Furthermore, 3D 

modeling and project tools like Autodesk Revit (Madubuike et al., 2023), Rhino 
(Wang et al., 2024), CAD modeling software, AnyLogic Simulink 

(Balasubramanyam, et al., 2024), COMSOL Multiphysics (Balasubramanyam et al., 
2024), and Bentley Architecture (Madubuike et al., 2023) are used to create detailed 
representations of physical spaces and medical devices within the digital twin 

framework. Algorithms and networks, including the pendulum algorithm (Jiang et 
al., 2022), Levenberg-Marquardt algorithm (Sai et al., 2024), Damped Least-Squares 

algorithm (Sai et al., 2024), Time Sensitive Networking (Lu et al., 2023), and DetNet 
(Lu et al., 2023), provide computational grounds for simulating complex interact ions 
and optimizing system performance. Specialized devices like building information 

models, DTs for 3D print clouds, VITASCOPE (Wang et al., 2024), Eclipse Ditto 
(Balasubramanyam et al., 2024), eMI MED, and MoodPath (Abilkaiyrkyzy et al., 

2024) further contribute to the diverse applications of DTs in healthcare. Robot and 
human collaboration platforms like ManipulaTHOR (Long et al., 2023), iGibson 
(Long et al., 2023), ThreeDworld (Long et al., 2023), SAPIEN (Long et al., 2023), 

dVRL platform (Long et al., 2023), and AMBF platform (Long et al., 2023), along 
with technologies for education, metaverse, and recognition, including Virtual 

Classroom (Preshaw et al., 2024), DTCoach (Elkefi et al., 2022), Metaversespina l, 
MeTAI metaverse (Wang et al., 2022), face and posture emotion recognition using 
techniques like Haar classifiers, highlight emerging trends in training, 

communication, and personalized interventions within digital twin-enab led 
healthcare environments. Given the technologies presented, the use of haptics and 
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deep learning technologies (in particular PINNs) in the context of the Rome 
Technopole project relating to ‘phygital’ is fully in the new growth technologies in 

use in this field, positioning itself at the existing technology frontier. Considering the 
wide world of medicine, however, it is necessary to investigate which clinical areas 
have been involved in DTs works in the past.  

The distribution of research on DTs across various clinical fields reveals a 
concentration of interest in several key areas (Table 1). Medical education, surgery, 

and orthopedics emerge as prominent domains, each represented by a substantia l 
number of articles (11, 10, and 10, respectively). In surgery, DTs emerge as 
transformative tools that enable preoperative planning, intraoperative guidance, and 

postoperative evaluation. By creating highly detailed virtual replicas of a patient’s 
anatomy, DTs empower surgeons to simulate procedures, identify potential 

complications, and optimize surgical strategies, adapting them to specific cases. This 
capability not only enhances surgical precision but also reduces risks, shortens 
recovery times, and improves overall patient outcomes. In precision medicine, DTs 

provide a personalized approach to treatment by leveraging patient-specific data. 
These models integrate information from imaging, genomics, and other diagnostic 

tools to predict how an individual might respond to various treatments. This 
approach enables clinicians to adapt interventions to the unique characteristics of 
each patient. The distribution of clinical application suggests a strong focus on 

utilizing DTs for training purposes, surgical planning and simulation, and the 
management of musculoskeletal conditions. Precision medicine and preventive care 
also represent a significant area of investigation (9 articles), indicating a growing 

interest in leveraging digital twins for personalized healthcare strategies and 
proactive interventions. The use of DTs in precision medicine also includes disease 

management, such as monitoring disease progression and adjusting treatments to 
evolving situations. By offering interactive and immersive learning environments, 
DTs allow medical students and trainees to practice procedures, face complicated 

physiological systems, and visualize the effects of interventions in a risk-free setting. 
Several other clinical fields demonstrate a moderate level of research activity. 

Cardiovascular applications, diagnosis and treatment methodologies, oncology, and 
neurosurgery are each represented by a smaller but notable number of articles (5, 5, 
4, and 4, respectively), highlighting the potential of DTs in addressing complex 

conditions and optimizing therapeutic approaches within these specialties. Pharmacy 
and drug discovery also feature in the literature (4 articles), suggesting the 

exploration of digital twins for accelerating drug development and personalized 
pharmaceutical interventions. 
Specific medical disciplines such as rehabilitation, telemedicine, cardiology, and 

radiology are represented by a smaller number of studies (3 articles each), indicat ing 
emerging interest in these areas and potential for future expansion of digital twin 

applications. Other areas, such as pulmonology and dentistry, have two articles each. 
Finally, a selection of highly specialized clinical areas, including brain diseases, 
urology, gastrointestinal conditions, maxillofacial surgery and mental health, are 

each represented by a single article. While these areas currently have a limited 
number of publications related to digital twin technology, their inclusion suggests a 
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broadening scope of investigation and the potential for future growth as technology 
matures and its applications become more widely explored across diverse medical 

specialties.  
 

Table 1. Distribution of research on digital twins across various clinical fields . 

Clinical application 

Clinical field Number of 
articles in this 

field 

Reference(s) 

Medical education  11 Balasubramanyam et al. (2024); 
Edgar et al. (2024); Hulsen (2024); 
Sai et al. (2024); Cellina et al. 
(2023); Kim & Kim (2023); Lee et 
al. (2023); Zackoff et al. (2023); 
Barcali et al. (2022); Denecke & 
Baudoin (2022); Zhang & Tai (2022) 

Surgery 10 Aliani et al. (2024); Ding et al. 
(2024); Baumann et al. (2023); Long 
et al. (2023); Jiang et al. (2022); 
Razek (2023); Sun et al. (2023); 
Barcali et al. (2022); Denecke & 
Baudoin (2022); Zinchenko & Song, 
(2021) 

Orthopaedics 11 Sun et al. (2023) ; Barcali et al. 
(2022); Bjelland et al. (2022); 
Lisacek-Kiosoglous et al. (2023); 
Seetohul et al. (2023); Liang et al. 
(2024); Ding et al. (2024); Aliani et 
al. (2024); Prasad et al. (2024); 
Zsidai et al. (2023); Zhou et al. 
(2024) 

Precision medicine and 
preventive care 

9 Sun et al. (2023); Vallée (2023); 
Suchetha et al. (2024); Sai et al. 
(2024); Bruynseels et al. (2018); 
Balasubramanyam et al. (2024); Liu 
et al. (2019) ;Venkatesh et al. 
(2024); Milne-Ives et al. (2022) 

Cardiovascular 5 Sun et al. (2023); Wu et al. (2022); 
Ding et al. (2024); Aliani et al. 
(2024); Rouhollahi et al. (2023) 

Diagnosis and treatment 5 Sun et al. (2023); Pregowska & 
Perkins (2024); Balasubramanyam 
et al. (2024); Venkatesh et al. 
(2024); Sharma et al. (2024) 

Pharmacy and drug discovery 4 Sun et al. (2023); Balasubramanyam 
et al. (2024); Cellina et al. (2023); 
Venkatesh et al. (2024) 
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Oncology 4 Barcali et al. (2022); Wu et al. 
(2022); Aliani et al. (2024); Prasad et 
al. (2024) 

Neurosurgery and neuroscience 4 Barcali et al. (2022); Seetohul et al. 
(2023); Prasad et al. (2024); Fekonja 
et al. (2024) 

Rehabilitation 3 Denecke & Baudoin (2022); 
Mikolajewski et al. (2024); Tao et al. 
(2024) 

Telemedicine 3 Denecke & Baudoin (2022); Kim & 
Kim (2023); Hulsen (2024) 

Cardiology 3 Seetohul et al. (2023); Mikolajewski 
et al. (2024); Sachdeva et al. (2024) 

Radiology 3 Pesapane et al. (2022); Geissler et al. 
(2021); Panayides et al. (2020) 

Pneumology 2 Zhang & Tai (2022); Montgomery et 
al. (2023) 

Dentistry 2 Lee et al. (2023); Preshaw et al. 
(2024) 

Brain diseases 1 Wu et al. (2022) 

Urology 1 Kim & Kim (2023) 

Gastrointestinal 1 Seetohul et al. (2023) 

Maxillofacial surgery 1 Aliani et al. (2024) 

Mental health 1 Abilkaiyrkyzy et al. (2024) 

 
Despite the various instruments and clinical applications in literature, considering 
how sensitive the medical field is, it is important to evaluate the advantages and 

disadvantages identified. This is necessary to assess the benefits and costs of using 
frontier technologies and DTs in a field where patients' lives are at stake. This step 

is critical before we can have full deployment of these technologies. Disadvantages 
and advantages identified in the literature are presented in Table 2 (advantages) and 
Table 3 (disadvantages). The reviewed literature highlights a range of advantages 

associated with the application of digital twin technology in healthcare. The most 
frequently cited benefit pertains to improvements in patient care (20 articles), 

encompassing enhancements in both pre-clinical and post-clinical phases, and 
facilitating more personalized treatments. This broad category is supported by 
numerous studies (e.g., Lisacek-Kiosoglous et al., 2023; Kim & Kim, 2023; 

Zinchenko & Song, 2021; Chandra et al., 2024), indicating a strong consensus on the 
potential of digital twins to revolutionize patient management. Several other key 

advantages emerged prominently. Digital twins were frequently reported to improve 
physicians' accuracy in surgery and decision-making (10 articles), with studies such 
as Wu et al. (2022), Bjelland et al. (2022) and Lu et al. (2023), providing evidence 

for this claim. Similarly, the technology's potential to enhance medical education 
through flexible and adaptable online learning was highlighted in 10 articles (e.g., 

Long et al., 2023; Preshaw et al., 2024). Real-time data extraction, precise 
treatments, and improved predictive abilities were each identified as advantages in 
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nine articles. Studies such as Sun et al. (2023), Lee et al. (2023), and Pinto et al. 
(2023) support the role of digital twins in enabling timely data analysis, tailoring 

interventions to individual patient needs, and forecasting disease progression or 
treatment outcomes. Improvements in surgery, including applications with robotic 
systems, were noted in eight articles (e.g., Yang, 2023; Wang, 2024; Vallée, 2023), 

further emphasizing the technology's impact on surgical practice. Enhancements in 
diagnosis were reported in six articles (e.g., Zhang & Tai, 2022, Yang, 2023, Bhattad 

& Jain, 2020), while interoperability and improvements to healthcare structures were 
each mentioned in five articles (e.g., Bjelland et al., 2022; Yang, 2023; Wang, 2024). 
Real-time monitoring was identified as a benefit in three articles (e.g., Liu et al. 2019; 

Venkatesh et al., 2024), and improvements in security and increasing drug 
development were each noted in two articles (e.g., Upreti et al., 2024; Hulsen, 2024). 

Finally, several more specific advantages were each mentioned in a single article : 
the use of finite element (FE) methods for non-invasive, controllable, and repeatable 
procedures (Sun et al., 2023), efficiency of visualization and reduction of exposure 

to ionizing radiation (Barcali et al., 2022), and the establishment of a link between 
the real and virtual worlds (Garg et al., 2022). This distribution of reported 

advantages underscores the multifaceted impact of digital twins technology across 
various aspects of healthcare, from patient care and surgical precision to medical 
education and drug development. The concentration of articles on patient care, 

surgical accuracy, and medical education suggests these areas are currently the 
primary focus of research and application, while the presence of more specific 
advantages indicates the potential for further exploration and development in diverse 

sub-domains. At the same time, several disadvantages associated with digital twin 
technology in healthcare were identified in the reviewed literature. Security and 

privacy concerns emerged as the most frequently cited drawback, mentioned in 16 
articles (e.g., Zhang & Tai, 2022; Denecke & Baudoin, 2022; Stephanie et al., 2024). 
This highlights the critical need for robust data protection measures and ethical 

considerations surrounding the sensitive information managed within digital twin 
systems. The scarcity, accuracy, and quality of data were identified as a significant 

challenge in 10 articles (e.g., Sun et al., 2023, Wu et al., 2022; Geissler et al., 2021). 
This underscores the importance of reliable data sources and rigorous data validat ion 
processes to ensure the integrity and effectiveness of digital twin models. Ethical, 

social, and legal risks were also frequently discussed, appearing in seven articles 
(e.g., Sun et al., 2023, Pregowska & Perkins, 2024; Vidovszky et al., 2024), 

emphasizing the need for careful consideration of the broader societal implicat ions 
of this technology. High costs associated with implementation and maintenance were 
noted in four articles (e.g., Bjelland et al., 2022; Lisacek-Kiosoglous et al., 2023) 

highlighting the economic barriers that may hinder widespread adoption. The 
dependency on the accuracy of simulations and potential model errors was identified 

as a disadvantage in three articles (Sun et al., 2023; Barcali et al., 2022; Kim & Kim, 
2023), emphasizing the importance of continuous model refinement and validat ion. 
Medical interoperability, referring to the ability of different systems and devices to 

exchange and utilize data, was also mentioned in three articles (e.g., Yang, 2023; 
Ding et al., 2024; Khater et al., 2024). Several disadvantages were noted in two 
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articles each: the need for further validation of digital twin models (e.g., Sun et al., 
2023; Wu et al., 2022), challenges in establishing accurate and intuitive action 

mapping between human input devices and surgical robots (e.g., Long et al., 2023; 
Jiang et al., 2022), the potential for incorrect connections between the real and virtua l 
worlds due to sensor reliability and accuracy (e.g., Seetohul et al., 2023; Liu et al., 

2019), and the presence of biases in data or model design (e.g., Gwon et al., 2024, 
Pesapane et al., 2022). A range of highly specific disadvantages were each 

mentioned in a single article: vergence-accommodation conflict in VR/AR 
applications (Barcali et al., 2022), challenges in connecting phenomena at different 
scales and calibrating model parameters (Wu et al., 2022), technological limitat ions 

related to computational techniques, model selection, validation, uncertainty 
quantification, and data interoperability (Zhang & Tai, 2022), dependence on 

Magnetic Resonance Imaging (MRI) (Bjelland et al., 2022), discomfort associated 
with wearable devices (Kim & Kim, 2023), the difficulty of building realist ic 
physical simulations with high-fidelity scene visualization (Long et al., 2023) the 

influence of ambient air humidity during the setting phase (a phenomenon that is not 
always easily simulated, Lee et al., 2023), inconsistency in delivery and assessment 

methods across online learning platforms (Preshaw et al., 2024), the need for 
advanced haptic training tools (which has a huge impact in the diffusion and in the 
costs of implementation of the different solutions available, Preshaw et al., 2024), 

concerns related to distribution through virtual pharmacies (Yang, 2023), challenges 
in real-time modeling of tissues (especially computational problems, Razek, 2023), 
limitations in real-time information updates and bi-directional coordination in 

hospital facilities management (Madubuike et al., 2023), and the potential lack of 
individualization in certain applications (Milne-Ives et al., 2022). This diverse array 

of disadvantages highlights the ongoing challenges and areas for improvement in the 
development and implementation of digital twin technology in healthcare. The 
prevalence of concerns related to security, data quality, and ethical considerat ions 

underscores the need for careful planning and robust safeguards to ensure 
responsible and effective utilization of this technology. Of the various advantages 

and disadvantages identified, the Rome Technopole project is at the forefront in 
several respects. Firstly, the development of real-time soft tissue simulation systems 
using computational capacity reduction techniques required (using PINNs) makes it 

possible to solve one of the problems listed above. Other projects in the Rome 
Technopole are currently working on solving another of the problems listed above, 

namely that of security and data. In the future, the implementation of phygita l 
technology within the project will have to take account of what has been identified, 
especially in relation to the communication and sensor issues adopted to avoid the 

serious problem of poor data quality. 
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Table 2. Advantages identified in the literature on the application of DTs and 

emerging technologies in the medical field. 

Advantages Number of 
articles 

Reference(s) 

Patient care (improving pre-clinical 
phase and post-clinical phase, 
reducing the distance for personalised 
treatments) 

20 Lisacek-Kiosoglous et al. (2023); 
Kim & Kim (2023); Zinchenko 
& Song, (2021); Preshaw et al. 
(2024); Yang (2023); Gwon et al. 
(2024); Liang et al. (2024); Jiang 
et al. (2022) ; Upreti et al. 
(2024); Mikolajewski et al. 
(2024); Razek (2023); Suchetha 
et al. (2024); Sai et al. (2024); 
Cellina et al. (2023); Elkefi & 
Asan (2022); Subramanian et al. 
(2022); Hulsen (2024); Tao et al. 
(2024); Stephanie et al. (2024); 
Chandra et al. (2024) 

Improves the physicians' accuracy in 
surgery and decision making 

10 Wu et al. (2022); Bjelland et al. 
(2022); Liang et al. (2024); 
Balasubramanyam et al. (2024); 
Cellina et al. (2023); Elkefi & 
Asan (2022); Montgomery et al. 
(2023); Kleinbeck et al. (2024); 
Khater et al. (2024); Lu et al. 
(2023) 

Improves medical education 
(Flexibility and adaptability of online 
learning) 

10 Long et al. (2023); Preshaw et al. 
(2024); Yang (2023); Pregowska 
& Perkins (2024); Aliani et al. 
(2024); Edgar et al. (2024); 
Mikolajewski et al. (2024); 
Razek (2023); Vallée (2023); 
Jamshidi et al. (2023)  

Real-time data extraction 10 Abilkaiyrkyzy et al. (2024); Ding 
et al. (2024); Sun et al. (2023); 
Zhang & Tai (2022); Denecke & 
Baudoin (2022)Lisacek-
Kiosoglous et al. (2023); Wang 
(2024); Garg et al. (2022); Bhatia 
(2024); Joo et al. (2024) 

Precise treatments 9 Sun et al. (2023); Lee et al. 
(2023)  
Seetohul et al. (2023); Milne-Ives 
et al. (2022); Kim & Kim (2023); 
Elkefi & Asan (2022); Chandra 
et al. (2024); Khater et al. (2024); 
Bhattad & Jain (2020) 
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Improves predicting ability 9 Lisacek-Kiosoglous et al. 
(2023);Upreti et al. (2024); 
Zsidai et al. (2023); Panayides et 
al. (2020); Vallée (2023); 
Pesapane et al. (2022); Khater et 
al. (2024); Kulkarni et al. (2024); 
Pinto et al. (2023) 

Improves surgery 8 Yang (2023); Liang et al. (2024); 
Jiang et al. (2022); Baumann et 
al. (2023); Vallée (2023); Ding et 
al. (2024); Wang (2024); Khater 
et al. (2024) 

Improves diagnosis 6 Zhang & Tai (2022); Yang 
(2023); Sharma et al. (2024); 
Vidovszky et al. (2024); 
Sachdeva et al. (2024); Bhattad 
& Jain (2020) 

Interoperability 5 Bjelland et al. (2022); Yang 
(2023); Ding et al. (2024); Prasad 
et al. (2024); Balasubramanyam 
et al. (2024) 

Improves healthcare structures 5 Wang (2024); Lisacek-
Kiosoglous et al. (2023); Yang 
(2023); Madubuike (2023); 
Vidovszky et al. (2024) 

Real time monitoring 3 Liu et al. (2019); Venkatesh et al. 
(2024); Bhatia (2024) 

Improves security 2 Upreti et al. (2024); Bhatia 
(2024) 

Increasing drug development 2 Vidovszky et al. (2024); Hulsen 
(2024) 

non-invasiveness and repeatability 1 Sun et al. (2023) 

Efficiency of visualization 1 Barcali et al. (2022) 

Reduction of exposure to ionizing 
radiation 

1 Barcali et al. (2022) 

Link between real world and virtual 
world 

1 Garg et al. (2022) 
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Table 3. Disadvantages identified in the literature on the application of DTs and 

emerging technologies in the medical field. 

Disadvantages Number of 
articles 

Reference(s) 

Security and privacy 16 Zhang & Tai (2022); Denecke & 
Baudoin (2022); Preshaw et al. 
(2024) 
Gwon et al. (2024); Upreti et al. 
(2024); Khater et al. (2024); 
Stephanie et al. (2024); Suchetha 
et al. (2024); Bruynseels et al. 
(2018); Balasubramanyam et al. 
(2024); Cellina et al. (2023); 
Venkatesh et al. (2024); Hulsen 
(2024); Garg et al. (2022); Ali et 
al. (2023); Wang (2024) 

Scarsity, accuracy and quality of 
data 

10 Sun et al. (2023); Wu et al. 
(2022); Upreti et al. (2024); 
Baumann et al. (2023); Pesapane 
et al. (2022); Cellina et al. 
(2023); Milne-Ives et al. (2022);  
Rouhollahi et al. (2023); 
Geissler et al. (2021); Vidovszky 
et al. (2024) 

Ethical, social and legal risks 9 Sun et al. (2023); Pregowska & 
Perkins (2024); Upreti et al. 
(2024); Suchetha et al. (2024); 
Bruynseels et al. (2018); 
Balasubramanyam et al. (2024); 
Vidovszky et al. (2024); Zhou et 
al. (2025); Joo et al. (2024) 

High costs 4 Bjelland et al. (2022); Lisacek-
Kiosoglous et al. (2023); Liang 
et al. (2024); Lu et al. (2023) 

Dependency from accuracy of 
simulation and model's errors 

3 Sun et al. (2023); Barcali et al. 
(2022); Kim & Kim (2023) 

Medical interoperability 3 Yang (2023); Ding et al. (2024); 
Khater et al. (2024) 

Need for further validation 2 Sun et al. (2023); Wu et al. 
(2022) 

Scarse mechanism between 
human input device and surgical 
robots 

2 Long et al. (2023); Jiang et al. 
(2022) 

Incorrect connection between 
(sensor reliability and accuracy) 

2 Seetohul et al. (2023); Liu et al. 
(2019) 

Biases 2 Gwon et al. (2024); Pesapane et 
al. (2022) 
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Vergence-accomodation conflict 1 Barcali et al. (2022) 

Scales and calibration of model 
parameters 

1 Wu et al. (2022) 

Technological limitations  1 Zhang & Tai (2022) 

Dependence on MRI 1 Bjelland et al. (2022) 

Discomfort of the wearable 
devices 

1 Kim & Kim (2023) 

Complexity in realistically and 
faithfully simulating physical 
interactions 

1 Long et al. (2023) 

Humidity of the ambient air 
during the setting phase 

1 Lee et al. (2023) 

Inconsistency in delivery and 
assessment methods across 
online platforms 

1 Preshaw et al. (2024) 

Haptic training required 1 Preshaw et al. (2024) 

Virtual Pharmacies using 
Extended Reality are complex to 
implement 

1 Yang (2023) 

Real time modeling of tissues 1 Razek (2023) 

Lack of real time information 1 Madubuike et al. (2023) 

Lack of individualization 1 Milne-Ives et al. (2022) 

 
Preliminary Conclusions 

Looking ahead, the future of DTs in healthcare lies in broader applications of these 
technologies. Personalized medicine, adaptive diagnostics, and real-time surgica l 
interventions are among the key areas of expansion. The Rome Technopole project 

exemplifies this forward-thinking vision by emphasizing not only immediate training 
applications but also the potential for remote and augmented surgical systems to 

redefine medical practices. Through its innovative use of AI, haptics, and immers ive 
technologies, the project has already made significant strides. Its publications, 
including studies on haptic interactions with virtual deformable objects, reflect this 

progress. Indeed, this project, drawing upon existing literature and through the 
integration of various haptic technologies and VR technologies, is moving towards 

highly evolved phygital twins technology, also known as autonomous twins (Zhang 
et al., 2024). Autonomous twins operate independently while seamlessly interact ing 
with the physical world, potentially creating metaverses populated by autonomous 

virtual entities. This evolution promises to revolutionize healthcare through 
applications such as autonomic DTs brains for personalized interventions, realist ic 

surgical training with tailored feedback, and ultimately, the realization of precision 
medicine by accelerating medical discoveries and improving treatment outcomes. As 
digital twins evolve towards this autonomous stage, their integration into healthcare 

will undoubtedly lead to new standards of precision, efficiency, and accessibility, 
paving the way for revolutionary advancements in medical care. 
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