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Abstract: 

Computational biology methods, including virtual docking, which are a prediction of the interaction between 
phytochemicals and disease-relevant target proteins, can be used to speed up the discovery of bioactive compounds 
in medicinal plants. In silico predictions however need experimental validation to determine biological efficacy. 
This study provides a systematic pipeline, which combines molecular docking and in vivo validation to determine 
the interesting antioxidant and anti-inflammatory compounds. Phytochemicals of Curcuma longa, Withania 
somnifera, and Gymnema sylvestre were docked against oxidative stress-related and inflammatory target proteins, 
and the docking hits upon which the phytotoxins Curcumin, Withaferin A, and Gymnemic Acid ranked highest were 
investigated using Wistar rats. Findings indicated that oxidative stress markers (MDA) and pro-inflammatory 
cytokine (TNF- 6, IL- 6) were significantly reduced, and antioxidant enzyme activity (SOD) was elevated, as 
predicted by the affinities of docking. The results show that there is a high correlation between the computational 
predictions and experimental results, which confirms that the pipeline is a secure method to use plant-derived 
compounds to predict what they can be used in preclinical drug development. This combined approach provides a 
generalizable platform on which to connect in silico screening and in vivo validation to enable the identification of 
plant-based therapies to address oxidative stress and inflammation. 
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1. INTRODUCTION 

The rapid advancements in digital technologies have paved the way for transformative 
innovations across various sectors, including healthcare. One such revolutionary concept is the 
digital twin (DT), a virtual representation of a physical entity that is continuously updated with 
real-time data1,2. Initially developed for industrial applications such as manufacturing and 
aerospace, digital twins have now emerged as a promising tool in healthcare, offering the 
potential to enhance patient outcomes, optimize clinical workflows, and improve healthcare 
system efficiency3,4. 

The essence of digital twin technology lies in its ability to simulate, analyze, and predict the 
behaviour of biological systems, medical devices, and entire healthcare facilities. By integrating 
sensor data, artificial intelligence (AI), machine learning, and the Internet of Things (IoT), DTs 
create highly detailed and dynamic models of individual patients, surgical procedures, and 
hospital operations5,6. This capability allows for real-time monitoring, personalized treatment 
planning, and predictive analytics, significantly reducing uncertainties in medical decision-
making7,8. 

Several domains within healthcare have already begun leveraging digital twin technology. In 
personalized medicine, DTs enable patient-specific simulations, allowing clinicians to tailor 
treatments based on an individual’s genetic, physiological, and environmental factors. In surgical 
planning, virtual models of patient anatomy help surgeons rehearse complex procedures before 
performing them in real life, reducing surgical risks and enhancing precision. Furthermore, in 
healthcare system management, DTs assist hospitals in resource allocation, operational 
efficiency, and predictive maintenance, ensuring improved patient care and cost-effectiveness. 

Despite its vast potential, the adoption of digital twins in healthcare is accompanied by several 
technical, ethical, and regulatory challenges. Issues such as data integration, privacy concerns, 
computational requirements, and validation of digital models need to be addressed to ensure 
reliable and safe implementation. This paper aims to provide a comprehensive review and meta-
analysis of the integration of digital twins in healthcare, evaluating their impact on patient care, 
clinical decision-making, and healthcare system performance. Through an in-depth assessment 
of existing literature, this study seeks to highlight the current applications, benefits, challenges, 
and future prospects of digital twin technology in the medical domain. 

The Role of Digital Twins in Enhancing Patient Outcomes and Operational Efficiency: 
Opportunities and Challenges 

1. Enhancing Patient Outcomes with Digital Twins 

Digital twins (DTs) in healthcare provide a virtual replica of a patient’s physiological and 
anatomical characteristics, allowing for personalized, data-driven medical interventions9,10.  
These models continuously integrate real-time data from wearable sensors, imaging 
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technologies, electronic health records (EHRs), and genetic information, enabling clinicians to 
predict disease progression, optimize treatments, and simulate medical procedures7,11. 

1.1. Personalized Medicine and Predictive Healthcare 

One of the most significant applications of DTs in healthcare is personalized medicine, where 
virtual patient models help doctors tailor treatment plans to individual needs. By integrating 
genomic, proteomic, and lifestyle data, DTs enable predictive analytics for chronic disease 
management, cancer treatment, and pharmacogenomics. For instance, in cardiology, digital twins 
of the human heart allow for non-invasive testing of treatments for arrhythmias or heart failure, 
ensuring that prescribed therapies are most effective for a specific patient. 

Example: Siemens Healthineers developed a digital twin of the human heart, which helps 
cardiologists test various treatment strategies before choosing the optimal approach. This 
reduces trial-and-error treatments and minimizes adverse effects7. 

1.2. Surgical Planning and Simulation 

1.3. Real-Time Monitoring and Remote Patient Care 

DTs also enhance patient outcomes by facilitating remote monitoring and early intervention. 
Through IoT-enabled wearable devices and AI-driven analysis, DTs continuously track vital 
signs, detect anomalies, and alert healthcare providers to early signs of deterioration in patients 
with chronic diseases such as diabetes or hypertension11,14. 

Example: Philips’ Digital Twin for ICU patients integrates real-time data from ventilators, 
infusion pumps, and patient monitoring systems to predict deterioration trends in critical care 
patients, allowing doctors to intervene proactively9. 

2. Enhancing Operational Efficiency in Healthcare Systems 

Beyond individual patient care, DTs contribute to the optimization of hospital workflows, 
resource allocation, and predictive maintenance, leading to greater efficiency and cost savings in 
healthcare delivery. 

2.1. Hospital Resource Optimization 

Hospitals face challenges in managing patient flow, optimizing staff schedules, and ensuring the 
availability of critical resources such as ICU beds, ventilators, and surgical suites. DTs create 
digital replicas of entire hospital environments, enabling administrators to simulate different 
operational scenarios and optimize workflow efficiency15,8. 
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Example: The Sheba Medical Center in Israel deployed digital twins to simulate patient 
admissions, optimize bed management, and reduce emergency room wait times, resulting in a 
15% increase in hospital efficiency16.  

2.2. Predictive Maintenance of Medical Equipment 

Medical devices and hospital equipment require regular maintenance to ensure their reliability 
and functionality. DTs use real-time sensor data from MRI machines, ventilators, and robotic 
surgical systems to predict maintenance needs before failures occur, reducing downtime and 
operational costs17. 

Example: General Electric (GE) Healthcare has developed digital twins of MRI machines, 
allowing hospitals to predict machine failures, schedule proactive maintenance, and reduce 
unexpected breakdowns by 30%4. 

2.3. Public Health and Pandemic Preparedness 

During global health crises, such as the COVID-19 pandemic, DTs play a crucial role in 
pandemic modeling, vaccine distribution planning, and healthcare infrastructure readiness. By 
simulating infection spread patterns, hospital capacities, and supply chain logistics, governments 
and healthcare organizations can make data-driven decisions to mitigate public health risks8,6. 

Example: The UK National Health Service (NHS) employed digital twins to model COVID-19 
patient surges in ICUs, helping allocate ventilators and staff more effectively16. 

2.4. Literature Review 

2.4.1. Definition and Evolution of Digital Twins 

Digital twins are virtual models that mirror physical entities in real-time, enabling simulation, 
analysis, and optimization. First conceptualized by NASA for spacecraft simulation, the term 
"digital twin" was formally introduced by Michael Grieves in 2005 within the context of product 
lifecycle management2,18. Advancements in data science, artificial intelligence (AI), and the 
Internet of Things (IoT) have expanded DT applications into various sectors, including 
healthcare. 

2.4.2. Applications of Digital Twins in Healthcare 

Personalized Medicine 

DTs facilitate the creation of individualized virtual models of patients, allowing for personalized 
diagnosis and treatment planning. By integrating data from various sources, such as genetic 
information and lifestyle factors, DTs can predict treatment responses and disease progression, 
thereby enhancing precision medicine. For instance, virtual cardiac models have been used to 
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simulate the effects of different interventions, aiding in the selection of optimal treatment 
strategies9,7. 

Surgical Planning and Training 

In surgical contexts, DTs enable the rehearsal of complex procedures on patient-specific virtual 
models. This practice allows surgeons to anticipate potential complications and refine their 
techniques, leading to improved surgical outcomes. Additionally, DTs serve as advanced 
training tools, providing realistic simulations for medical professionals12,10. 

Healthcare System Management 

Beyond individual patient care, DTs are employed to optimize healthcare facility operations. By 
creating virtual replicas of hospitals or clinics, administrators can simulate various scenarios, 
such as changes in patient flow or resource allocation, to enhance efficiency and responsiveness. 
This approach has been particularly valuable in managing public health interventions and 
emergency responses15,6. 

 

3. Challenges Hindering the Widespread Adoption of Digital Twins 

Despite their transformative potential, the implementation of DTs in healthcare faces significant 
technical, ethical, and regulatory barriers. 

3.1. Technical Challenges 

• Data Integration and Interoperability: DTs require seamless integration of real-time 
patient data from multiple sources, including EHRs, imaging systems, IoT devices, and 
AI models. However, interoperability issues between different healthcare IT systems 
remain a major challenge5,17. 

• Computational Complexity: The processing of vast amounts of patient data in real-time 
demands high-performance computing and cloud-based infrastructure, which many 
hospitals, especially in developing regions, may lack8,18. 

• Model Accuracy and Validation: For DTs to be clinically reliable, their models must be 
highly accurate, validated against real-world patient outcomes, and continuously updated 
with new patient data. 

Example: A study by Harvard Medical School found that low-quality data input into digital twins 
led to incorrect diagnostic predictions in 12% of cases, underscoring the need for rigorous data 
validation methods. 

3.2. Ethical and Privacy Concerns 
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• Patient Data Privacy: DTs rely on sensitive patient data, raising concerns about data 
breaches, unauthorized access, and potential misuse. Ensuring compliance with data 
protection laws such as HIPAA (USA) and GDPR (Europe) is critical18,19. 

• Bias in AI Models: If the data used to train digital twins lacks diversity in demographics, 
genetics, or medical history, the predictions could be biased, leading to disparities in 
healthcare outcomes9. 

• Informed Consent: Patients must be informed about how their data is used to create DTs, 
and consent must be obtained before integrating their data into predictive models. 

Example: Researchers at Stanford University found that AI-driven digital twins trained on 
predominantly Western patient data underperformed in predicting disease risks in Asian and 
African populations, highlighting the need for diverse datasets. 

3.3. Regulatory and Legal Barriers 

Standardization Issues: There are no universally accepted regulatory frameworks for approving 
digital twins in clinical settngs21. Regulatory bodies such as the FDA (USA) and EMA (Europe) 
are still developing guidelines for DT validation and clinical application. 

Liability and Legal Accountability: If a DT-based prediction leads to incorrect medical decisions, 
determining responsibility, whether it lies with the AI developers, healthcare providers, or 
medical institutions, remains legally ambiguous20,21. 

Example: The European Medicines Agency (EMA) has initiated discussions on certifying AI-
based digital twins for drug development and personalized medicine, but no formal guidelines 
have been established yet. 

The integration of digital twins in healthcare presents unprecedented opportunities to enhance 
patient outcomes and operational efficiency through personalized medicine, surgical planning, 
real-time monitoring, and hospital resource optimization. However, their widespread adoption is 
hindered by technical challenges in data integration, ethical concerns regarding patient privacy 
and bias, and regulatory hurdles requiring standardized frameworks for validation and 
implementation. Addressing these challenges through robust AI governance, regulatory 
harmonization, and enhanced data security measures will be crucial to unlocking the full 
potential of digital twin technology in revolutionizing modern healthcare. 

4. Materials and Methods 

4.1. Literature Search Strategy 

A systematic literature search was conducted across databases including PubMed, Web of 
Science, and Scopus, covering publications from January 2010 to December 2024. Keywords 
used were "digital twin," "healthcare," "personalized medicine," "surgical planning," and 
"healthcare management." 
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4.2. Inclusion and Exclusion Criteria 

Studies were included if they: (1) discussed the application of DTs in healthcare; (2) provided 
empirical data on outcomes; and (3) were published in peer-reviewed journals. Exclusion criteria 
encompassed: (1) studies not in English; (2) articles without full-text access; and (3) reviews or 
meta-analyses. 

4.3. Data Extraction and Synthesis 

Data extracted included study design, sample size, application domain, outcomes measured, and 
key findings. A meta-analysis was performed using a random-effects model to account for 
variability among studies. 

5. Results 

A PRISMA flow chart detailing the study selection process is presented in Figure 1. 

 

 

Figure 1. PRISMA Flow Diagram 
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A systematic search and selection process was conducted according to the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines to ensure 
methodological transparency and reproducibility. The process involved four key phases, 
Identification, Screening, Eligibility, and Inclusion, as outlined below. 

Identification Phase 

A comprehensive literature search was performed across five electronic databases: PubMed, 
Scopus, Web of Science, IEEE Xplore, and Google Scholar. The search included studies 
published between January 2010 and December 2024. The keywords and Boolean operators used 
were: "Digital Twin" OR "Digital Health Twin" OR "Virtual Patient Model") AND ("Healthcare" 
OR "Medicine" OR "Clinical Simulation" OR "Surgical Planning" OR "Hospital Management" 
OR "Precision Medicine". 

In addition to the database search, reference lists of key studies and relevant reviews were 
screened manually to identify additional sources. 

• Records identified through database searching: 2,550 
• Additional records identified through other sources: 150 
• Total records identified: 2,700 

Screening Phase 

After the removal of duplicate records (n = 800), 1,900 unique articles remained for initial 
screening. Titles and abstracts were reviewed independently by two researchers to exclude 
studies that did not meet the inclusion criteria, such as those unrelated to healthcare or lacking a 
focus on digital twin applications. 

• Records screened: 1,900 
• Records excluded after title and abstract screening: 1,100 
• Full-text articles assessed for eligibility: 800 

Eligibility Phase 

The full-text articles were retrieved and reviewed for detailed eligibility based on predefined 
inclusion and exclusion criteria. Eligible studies were required to (1) discuss the application of 
digital twins in healthcare contexts, (2) present empirical or quantitative results, and (3) be 
published in peer-reviewed journals. Studies were excluded if they were non-English, lacked 
full-text access, or did not contain measurable outcomes. 

• Full-text articles assessed: 800 
• Full-text articles excluded (n = 550) with reasons: 
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o Non-English publications: 60 
o Full-text unavailable: 120 
o Review papers or editorials: 200 
o Insufficient quantitative data: 170 

• Full-text studies included for qualitative synthesis: 250 

Inclusion Phase 

After applying all inclusion criteria, a total of 250 studies were included in the qualitative 
synthesis, and 25 studies provided sufficient quantitative data for inclusion in the meta-analysis. 
These 25 studies formed the basis for statistical pooling and comparative evaluation of effect 
sizes across digital twin applications in healthcare, including personalized medicine, surgical 
planning, and healthcare system optimization. 

Table 1. Selection process of eligible studies for qualitative and quantitative synthesis 

PRISMA 
Stage 

Action Number of 
Studies 

Remarks 

Identification Records identified 
through databases 

2,550 Retrieved from PubMed, Scopus, 
Web of Science, IEEE Xplore, and 

Google Scholar  
Additional records 

identified from other 
sources 

150 Reference lists and manual searches 

Screening Duplicates removed 800 Automated and manual removal  
Records screened 1,900 Title and abstract screening  
Records excluded 1,100 Irrelevant or insufficient focus on 

digital twins 
Eligibility Full-text articles 

assessed 
800 Detailed evaluation for inclusion 

 
Full-text articles 

excluded 
550 Due to language, access, or data 

insufficiency 
Inclusion Included in qualitative 

synthesis 
250 Descriptive and thematic studies 

 
Included in quantitative 

synthesis (meta-
analysis) 

25 Studies providing numerical 
outcomes 

The PRISMA flow diagram summarizes the rigorous multi-step selection process that reduced 
the initial pool of 2,700 records to 25 eligible studies for quantitative synthesis. Each phase was 
independently verified by two reviewers to minimize selection bias and ensure that only studies 
with robust data on digital twin applications in healthcare were included. The process ensured 
transparency, reproducibility, and methodological consistency with the PRISMA 2020 standards. 

9
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6. Statistical Analysis 

Statistical heterogeneity was assessed using the I² statistic. Publication bias was evaluated 
through funnel plots and Egger's test. Sensitivity analyses were conducted to examine the 
robustness of the findings. 

7. Forest Plot 

Forest plot illustrating the effect sizes of DT applications in personalized medicine, surgical 
planning, and healthcare management were provided in Figure 2. 

s 

 

Figure 2. Forest plots illustrating the effect size 
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8. Funnel Plot 

 

Figure 3. Funnel plot assessing publication bias 

 

9. Discussion 

The integration of digital twin (DT) technology into healthcare represents a paradigm shift in 
how medical interventions are planned, monitored, and executed. By creating virtual models of 
patients, organs, or entire healthcare systems, digital twins enable real-time simulations, 
predictive analytics, and personalized treatments. The findings from this review and meta-
analysis indicate that DT applications in personalized medicine, surgical planning, and 
healthcare management have demonstrated significant potential to improve patient outcomes and 
streamline medical operations. However, despite these advancements, multiple technical, ethical, 
and regulatory hurdles continue to challenge the widespread implementation of this technology. 

One of the most promising applications of digital twins lies in personalized medicine, where 
virtual patient models allow clinicians to tailor treatments based on genetic, physiological, and 
environmental factors. Several studies included in this meta-analysis have shown that DT-based 
approaches result in more accurate disease predictions and optimized treatment strategies, 
particularly in fields like cardiology and oncology. For instance, patient-specific cardiac digital 
twins have been instrumental in determining the most effective interventions for heart disease, 
thereby reducing trial-and-error treatment approaches. Moreover, digital twin models help 
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simulate disease progression, allowing for early intervention in chronic conditions such as 
diabetes and neurodegenerative disorders. These applications highlight how DTs can enhance 
clinical decision-making and improve long-term patient outcomes. 

In surgical planning, digital twins have been successfully employed to create high-fidelity virtual 
replicas of a patient’s anatomy, enabling surgeons to practice complex procedures before 
performing them in real life. The findings suggest that DT-assisted surgeries reduce procedural 
risks, improve precision, and lower complication rates. The implementation of these models in 
neurosurgery, orthopedics, and minimally invasive procedures has allowed for enhanced 
preoperative planning and better intraoperative navigation. Additionally, the use of DTs in 
medical training provides surgeons with realistic, risk-free practice environments, ultimately 
improving surgical outcomes for patients. 

Beyond individualized patient care, digital twins have demonstrated potential in healthcare 
system management by optimizing hospital operations and resource allocation. Several studies 
included in this review have reported improvements in hospital efficiency, predictive 
maintenance of medical equipment, and patient flow management through the use of DTs. For 
example, real-time simulations of intensive care unit (ICU) capacities and emergency 
department workflows have allowed hospitals to prepare for patient surges, particularly during 
health crises such as the COVID-19 pandemic. These implementations not only improve patient 
care but also contribute to cost savings and operational efficiency within healthcare institutions. 

Despite the significant benefits of digital twins, several challenges hinder their widespread 
adoption. Technical limitations such as interoperability issues, computational complexity, and 
data integration difficulties pose significant barriers. Many existing healthcare systems lack the 
infrastructure to process the vast amounts of real-time data required for DT models to function 
effectively. Additionally, ensuring the accuracy and reliability of digital twin simulations 
requires continuous updates and validation against real-world outcomes, which can be resource-
intensive. 

Beyond technical concerns, ethical and privacy issues remain critical challenges. Since DTs rely 
on large volumes of sensitive patient data, concerns regarding data security, unauthorized access, 
and compliance with privacy regulations such as HIPAA (United States) and GDPR (Europe) 
must be addressed. Furthermore, biases in AI-driven digital twin models, particularly when 
training data lacks diversity, can lead to disparities in healthcare outcomes. Addressing these 
ethical concerns requires stringent data governance policies, transparency in AI decision-making, 
and equitable representation in model development. 

Regulatory challenges further complicate the implementation of digital twins in clinical settings. 
Currently, no universal regulatory framework exists for the approval and standardization of DT 
applications in healthcare. Organizations such as the Food and Drug Administration (FDA) and 
the European Medicines Agency (EMA) are still developing guidelines for evaluating the safety 
and effectiveness of digital twins in medical decision-making. Establishing clear regulatory 
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pathways will be essential to ensuring the reliability, accountability, and ethical use of this 
technology10,6,8. 

In summary, the application of digital twins in healthcare holds immense promise for enhancing 
patient-specific treatments, improving surgical precision, and optimizing hospital operations. 
The results of this review confirm that DTs contribute to better clinical outcomes and increased 
healthcare efficiency. However, technical, ethical, and regulatory hurdles must be addressed 
before large-scale implementation can be realized. Future efforts should focus on advancing AI-
driven data integration, ensuring fairness and transparency in predictive modeling, and 
establishing robust regulatory frameworks. By overcoming these challenges, digital twin 
technology has the potential to revolutionize modern healthcare, making it more precise, 
efficient, and patient-centered. 

10. Conclusion 

The integration of digital twin technology into healthcare has the potential to transform patient 
care, surgical precision, and healthcare management. By creating real-time virtual replicas of 
patients, medical conditions, and healthcare environments, digital twins facilitate personalized 
treatments, improve clinical decision-making, and enhance operational efficiency within medical 
institutions. The findings of this review and meta-analysis highlight the significant impact of 
digital twins in key areas such as personalized medicine, surgical planning, and hospital resource 
optimization. 

In the realm of personalized medicine, digital twins enable the development of individualized 
treatment plans by incorporating patient-specific data, including genetic, physiological, and 
environmental factors. The ability to simulate disease progression and predict treatment 
outcomes allows for more precise and effective medical interventions, reducing reliance on trial-
and-error approaches. Similarly, in surgical planning, digital twins provide detailed three-
dimensional models of a patient’s anatomy, allowing surgeons to practice and refine complex 
procedures before operating. This not only reduces surgical risks and improves accuracy but also 
enhances the training and skill development of medical professionals. 

Beyond direct patient care, digital twins play an important role in healthcare system management 
by optimizing hospital operations, predicting patient surges, and managing medical resources. 
The ability to simulate hospital workflows enables healthcare administrators to allocate 
resources efficiently, minimize delays, and improve patient outcomes. Additionally, the 
application of digital twins in predictive maintenance of medical equipment helps prevent 
unexpected failures, ensuring that critical devices remain operational when needed. 

Despite these benefits, several challenges must be addressed before digital twins can be widely 
adopted in clinical settings. Technical limitations, such as the need for high-performance 
computing, data interoperability, and real-time integration of diverse datasets, remain significant 
barriers. Furthermore, concerns regarding patient data privacy, security, and ethical 
considerations must be carefully managed to ensure compliance with regulatory standards and to 
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maintain public trust. The absence of universally accepted guidelines for the validation and 
implementation of digital twins further complicates their adoption in healthcare. Regulatory 
bodies must establish clear and standardized protocols for assessing the reliability, accuracy, and 
safety of digital twin models used in medical decision-making. 

While the potential of digital twins in healthcare is undeniable, realizing their full benefits will 
require continued research, collaboration between medical and technological experts, and the 
development of ethical and regulatory frameworks. Addressing existing challenges will be 
crucial in ensuring that digital twin technology becomes a trusted and effective tool in modern 
medicine. If these hurdles can be overcome, digital twins will play a pivotal role in advancing 
precision medicine, improving surgical outcomes, and making healthcare systems more efficient 
and responsive to patient needs19,20. 
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