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Abstract :- Virtual copies of biological systems, or digital twin technologies, are becoming a game-changing 

tool in preclinical testing and contemporary drug discovery. Digital twins simulate illness progression, drug 

metabolism, and therapeutic results prior to clinical trials by combining real-time patient data, computational 

modeling, and multi-scale physiological data. This makes it possible to forecast drug toxicity, efficacy, and 

customized dosing plans in silico. The technique creates "virtual humans" for precision medicine applications 

by bridging systems pharmacology, bioinformatics, and artificial intelligence³⁴¹⁷¹⁸²⁷. Standardization, data 

interoperability, and ethical issues, however, continue to be major obstacles⁵⁷⁸⁹. The architecture of digital 

twins, their uses in PK/PD modeling, and potential future paths for regulatory adoption in drug development 

are all examined in this review²⁶²¹. 
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Introduction 

In order to assess the safety, effectiveness, and pharmacokinetic properties of potential drugs prior to clinical 

trials, preclinical testing is still an essential phase in the drug discovery process²⁶²¹. Conventional preclinical 

methods, however, have a number of drawbacks, such as exorbitant expenses, protracted development periods, 

moral dilemmas surrounding animal experimentation, and notable discrepancies between animal models and 

human physiology¹². The high incidence of drug candidate attrition during clinical development is frequently 

caused by these constraints. 

In silico simulations and computational modeling have become potential methods in recent years to 

supplement and, in certain situations, partially replace conventional preclinical experiments³⁴¹⁷¹⁸²⁷. Researchers 

can more effectively and economically forecast drug behavior, adjust dosing plans, and assess possible 

toxicities by using methods including molecular docking, physiologically based pharmacokinetic (PBPK) 

modeling, and systems pharmacology²⁶²¹. 

Recently, the biomedical field has adopted the Digital Twin (DT) idea, which was first created for engineering 

and industrial applications²⁵. Molecular, cellular, organ-level, and patient-specific data are all continuously 

integrated into a dynamic, virtual representation of a biological system, which is known as a DT⁵. As "virtual 

humans," DTs provide a platform for personalized medicine and predictive pharmacology in the context of 

drug development by simulating illness progression, drug metabolism, and therapeutic responses²⁶²¹. 

With a focus on its conceptual architecture, real-world applications, benefits, and the moral and legal issues 

surrounding its use, this review aims to give a thorough overview of digital twin technology in drug design 

and preclinical testing⁵⁷⁸⁹. This study seeks to emphasize how DTs have the potential to revolutionize drug 

discovery in the future by showcasing current developments and ongoing studies. 

 

Table.1  Difference between Digital Twin Approach and Traditional Preclinical Testing 

 

2. Concept of Digital Twin Technology 

In order to accurately depict physiological and pathological states, a digital twin (DT) is a dynamic, virtual 

representation of a biological system that continuously integrates and updates data from real-world sources¹². 

Feature Digital Twin Approach Traditional Preclinical Testing 

Cost Lower Higher 

Ethical Concerns Reduced animal use Significant animal use 

Prediction Accuracy High (multi-scale integration) Variable, model-dependent 

Personalization Yes (patient-specific simulations) No 

Speed of Development Faster Slower 
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To provide a prediction framework for comprehending disease progression, treatment response, and patient-

specific therapy results, DTs are made to mimic the behavior of organs, tissues, cells, or even entire human 

systems in the biomedical context²⁶²¹. 

 

A DT's architecture usually consists of three primary parts³⁴: 

1. Physical Entity: The actual patient or biological system that is used as a benchmark for validation and 

simulation. 

 

2. A virtual model: is a computer representation that combines information on anatomy, physiology, 

molecules, and diseases. This approach makes it possible to simulate biological processes in a variety of 

settings. ³⁴¹⁷¹⁸²⁷. 

 

3. Data Connection: An ongoing feedback loop that adds real-time data from wearable technology, high-

throughput omics analysis, clinical assessments, or experimental research to the virtual model. This guarantees 

that the DT will continue to be a precise and flexible representation of the physical entity¹⁶. 

 

Digital twins can be categorized according to their application and degree of detail: 

1. Organ-level twins: Dedicated to certain organs, including the kidney, liver, or heart; frequently used 

for toxicity prediction and PK/PD modeling²⁶²¹. 

 

2. Cellular or molecular twins: Target identification and drug mechanism studies are aided by cellular 

or molecular twins, which represent cellular networks or molecular pathways³⁴. 

 

3. Whole-body digital humans: Virtual clinical trials and individualized treatment plans are made 

possible by whole-body digital people, which combine several organ and cellular models to offer a thorough 

simulation of human physiology and systemic reactions⁵⁶. 

 

4. Digital twins are a potent tool for precision medicine and predictive pharmacology since the creation 

of these models depends on multi-scale data integration, computational biology, machine learning algorithms, 

and high-performance computing³⁴¹⁷¹⁸²⁷. 
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Table.2  Digital Twin (DT) synthesis across various biological scales 

 

3. Architecture and Data Integration 

Digital twins (DTs) are used in drug discovery because of their architecture, which integrates data from various 

biological scales to accurately simulate intricate physiological and pathological processes¹². A key component 

of this paradigm is multi-scale modeling, which predicts system-wide reactions to therapeutic interventions by 

combining dynamics at the molecular, cellular, tissue, and organ levels³⁴¹⁷¹⁸²⁷. For preclinical and translational 

research, DTs offer a thorough grasp of disease processes and drug behavior by recording interactions at 

several scales²⁶²¹. 

 

High-throughput genomes, transcriptomics, proteomics, metabolomics, and clinical imaging datasets 

including MRI, CT, and PET scans³⁴ are some of the many data sources for digital twins. In order to maintain 

the virtual model's reflection of the biological system's current physiological condition, several diverse datasets 

are constantly combined to update it¹⁶. The prediction power of the model is further improved by adding real-

time clinical data from biosensors and wearable technology¹⁶. 

 

Artificial intelligence (AI) algorithms, machine learning frameworks, and systems biology models are among 

the computational tools that support DTs. These techniques allow for adaptive simulation of biological 

processes and dynamic model updating³⁴¹⁷¹⁸²⁷. To facilitate dosage optimization and inter-individual variability 

Scale Level Primary Data Sources Computational Models DT Output/Function 

Micro 

(Molecular/Cellular) 

Genomics, 

Transcriptomics, 

Proteomics, Metabolomics 

(Multi-omics)  

Cellular/Molecular 

Twins, Systems Biology 

Models  

Target identification, 

Drug mechanism 

studies, Pathway 

simulation  

Meso 

(Tissue/Organ) 

Clinical Imaging (MRI, 

CT, PET scans), 

Histopathology  

Organ-level twins (Heart, 

Liver, Kidney models)  

Toxicity prediction 

(e.g., hepatotoxicity), 

PK/PD modeling at the 

organ level  

Macro 

(Systemic/Whole-

Body) 

Real-time clinical data, 

Wearable devices, 

Biosensors, Clinical 

measurements  

Whole-body digital 

humans, Physiologically 

Based Pharmacokinetic 

(PBPK) models  

Virtual clinical trials, 

Personalized dosing, 

Simulation of systemic 

responses 
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assessment, for instance, Physiologically Based Pharmacokinetic (PBPK) models are a fundamental 

component for modeling drug absorption, distribution, metabolism, and excretion in virtual humans²⁶²¹. 

Real-time data synchronization across many sources is made possible by the combination of cloud computing 

and the Internet of Medical Things (IoMT), enabling dispersed and scalable computation while preserving data 

security and integrity⁵⁶. With the use of this computational infrastructure, DTs can reliably and effectively 

enable virtual clinical trials, customized medicine, and predictive pharmacology²⁶²¹. 

 

5. Applications in Drug Discovery and Preclinical Testing 

By offering predictive, patient-specific simulations that can expedite the development pipeline and lessen 

dependency on conventional experimental models, digital twin (DT) technology offers revolutionary 

applications in preclinical testing and drug discovery. 

 

4.1 Lead optimization and virtual screening 

Before chemical synthesis, researchers can forecast binding affinities, effectiveness, and possible off-target 

consequences thanks to DTs, which allow in silico simulation of receptor–ligand interactions under 

physiologically realistic conditions¹². In the early phases of drug development, DTs save time and money by 

combining structural, molecular, and cellular data to optimize molecular characteristics, speed up lead 

discovery, and enable high-throughput virtual screening³⁴¹⁷¹⁸²⁷. 

 

4.2 Modeling PK/PD 

Pharmacokinetics (PK) and pharmacodynamics (PD) can be advancedly simulated across virtual patient 

populations using digital twins. Drug-drug interactions can be predicted, inter-individual variability can be 

identified, and exact dose optimization is made possible by DTs' modeling of absorption, distribution, 

metabolism, and excretion (ADME) profiles²⁶²¹. When incorporated into DTs, physiologically based 

pharmacokinetic (PBPK) models offer a mechanistic comprehension of drug behavior at the organ and 

systemic levels, facilitating safer and more efficient preclinical evaluation²⁶²¹. 

 

 4.3 Predicting Toxicity 

Prior to clinical trials, organ-specific toxicity, including hepatotoxicity and nephrotoxicity, can be predicted in 

silico using organ-specific digital twins, such as liver or kidney models⁵. In line with the 3Rs (replacement, 

reduction, refinement) in preclinical research, this predictive ability lessens reliance on animal models, 

promotes safer candidate selection, and makes early identification of negative effects easier¹⁵. 
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4.4 Personalized medicine and clinical translation 

Individualized therapeutic responses can be replicated by patient-specific DTs, allowing for customized 

dosage schedules and flexible therapy approaches. ⁶. Wearable technology and IoMT integration enable 

continuous real-time monitoring, enabling feedback-based therapeutic modifications that support precision 

medicine and better clinical results¹⁶. Virtual clinical trials and customized medication development are made 

possible by these apps, which close the gap between preclinical testing and clinical practice²⁶²¹. 

 

Table.3  Drug Discovery Stage in Digital Twin Application 

 

5. Advantages and Challenges 

While digital twin (DT) technology has many benefits for preclinical testing and drug discovery, there are also 

major obstacles that need to be overcome before it can be widely used. 

 

 

 

 

Digital Twin Application 

DT Function 

and Benefit Relevant Section 

 

 

Drug 

Discovery 

Stage 

Early 

Discovery 

Virtual 

Screening & 

Lead 

Optimization 

Enables in silico simulation of receptor–ligand interactions to 

predict binding affinity and optimize molecular properties, 

reducing cost and time. 

Preclinical 

Development 

PK/PD 

Modeling 

Simulates Pharmacokinetics (PK) and Pharmacodynamics (PD) 

using integrated PBPK models to achieve precise dose 

optimization and identify inter-individual variability. 

Preclinical 

Testing 

Toxicity 

Prediction 

Utilizes Organ-specific digital twins (e.g., liver, kidney) to 

predict organ-specific toxicity (in silico), facilitating safer 

candidate selection and supporting the 3Rs. 

   

Clinical 

Translation 

Personalized 

Medicine & 

Virtual 

Clinical Trials 

Patient-specific DTs simulate individualized therapeutic 

responses and enable adaptive treatment strategies. This bridges 

the gap to clinical practice and paves the way for virtual trials. 
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5.1 Benefits 

Because virtual simulations can either replace or supplement resource-intensive animal research and early-

phase human trials, one of the main advantages of DTs is the decrease in preclinical and clinical trial costs¹². 

By including multi-scale physiological data and continuously updating the virtual system with real-world 

knowledge, DTs also offer higher predictive accuracy than conventional in vitro and in vivo models³⁴¹⁷¹⁸²⁷. 

Additionally, by enabling patient-specific simulations to optimize dosage schedules, anticipate side effects, 

and customize treatment plans, DTs enable personalized therapeutic interventions and help to further the 

objectives of precision medicine²⁶²¹. 

 

5.2 Difficulties 

Notwithstanding these benefits, a number of obstacles prevent digital twins from being fully used in drug 

research. Robust infrastructure and advanced algorithms are necessary to enable accurate and timely 

simulations due to high computing load and data heterogeneity³⁴¹⁷¹⁸²⁷. Regulatory bodies' approval of DT 

models is restricted by the absence of established validation procedures, which also makes benchmarking 

against traditional preclinical methodologies more difficult. The incorporation of patient-specific data into 

virtual models raises ethical questions about data privacy, security, and ownership⁵⁷⁸⁹. Furthermore, there is 

still regulatory ambiguity surrounding the use of model-based evidence in medication approval procedures, 

which calls for precise standards for clinical translation, repeatability, and validation⁸⁹. 

 

Leveraging the full potential of DTs in drug development will require addressing these issues through ethical 

frameworks, regulatory harmonization, and technological innovation. 

6. Ethical and Regulatory Perspectives 

To ensure responsible use, a number of ethical and regulatory issues are brought up by the use of digital twin 

(DT) technology in personalized medicine and drug discovery. Since DTs depend on the integration of 

sensitive clinical, genetic, and real-time monitoring data, patient permission and data security are crucial⁵⁷⁸⁹. 

Patient privacy may be jeopardized by unauthorized access or exploitation of such data, hence strong 

cybersecurity safeguards and explicit informed consent procedures are required⁵⁷⁸⁹. 

Algorithmic bias presents another ethical dilemma. Unfair predictions or treatment recommendations may 

result from AI models employed in DTs inadvertently reflecting biases found in training datasets³⁴¹⁷¹⁸²⁷. To 

reduce bias, foster stakeholder trust, and guarantee that forecasts are understandable and justified, transparent 

AI frameworks and explainable models are essential³⁴¹⁷¹⁸²⁷. 
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Table.4 Major obstacles hindering the widespread implementation of Digital Twins (DTs) in the 

pharmaceutical pipeline 

 

Standards for the validation and acceptance of in silico evidence, including DT-based simulations, in 

preclinical and clinical decision-making are being investigated by regulatory bodies like the European 

Medicines Agency (EMA) and the U.S. Food and Drug Administration (FDA)⁸⁹. Prior to influencing 

regulatory approvals, these rules are intended to guarantee that model-based forecasts satisfy strict safety and 

scientific standards⁸⁹ 

 

International projects like the Virtual Physiological Human (VPH) Project encourage computational model 

standardization and interoperability by offering structures for data integration, reproducibility, and cooperative 

study. For the safe, efficient, and fair use of digital twins in drug discovery and precision medicine, it will be 

crucial to harmonize ethical norms, legal requirements, and technical specifications⁵⁷⁸⁹. 

7. Future Perspectives 

Advances in data integration, computational modeling, and safe information management are expected to 

determine the future of digital twin (DT) technologies in preclinical testing and drug discovery³⁴¹⁷¹⁸²⁷. The 

incorporation of multi-omics data, such as transcriptomics, proteomics, metabolomics, and genomes, into AI-

driven predictive models is a significant advancement that can improve the precision of individual-level 

therapy response predictions and disease simulations¹². 

 

Barrier Category Specific Challenge Description/Impact 

Technical/Data 

High Computational 

Demand and Data 

Heterogeneity 

Requires robust infrastructure and sophisticated algorithms for 

accurate and timely simulations of diverse multi-scale data. 

Scientific/Validation 

Lack of Standardized 

Validation 

Frameworks 

Limits regulatory acceptance and complicates benchmarking against 

conventional preclinical methods. 

Ethical/Legal 

Data Privacy, 

Security, and 

Ownership 

Integration of sensitive patient-specific information requires robust 

cybersecurity and clear informed consent protocols. 

Regulatory/Trust 

Regulatory 

Uncertainty and 

Algorithmic Bias 

Lack of clear guidelines for the acceptance of in silico evidence in drug 

approval and the risk of bias in AI models used in DTs. 
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Another frontier is the creation of real-time adaptive digital twins, which are made possible by wearable 

technology and biosensors that continuously track physiological parameters¹⁶. Based on real-time patient data, 

these adaptive DTs can dynamically update virtual models, enabling more accurate dosage optimization, early 

adverse effect detection, and customized therapeutic modifications²⁶²¹. 

DTs can be used in conjunction with blockchain technology to alleviate privacy and data security issues by 

offering a decentralized, impenetrable platform for exchanging biological data²³. This facilitates cross-

institutional collaborative research while guaranteeing transparency, traceability, and trust⁵⁷⁸⁹. 

 

A fully virtual clinical trial ecosystem, where patient-specific digital twins replicate drug efficacy, safety, and 

pharmacokinetics across various virtual populations, is the ultimate goal for DTs in the future²⁶²¹. A paradigm 

change in personalized medicine and regulatory science could result from such a platform, which could 

improve predictive accuracy, speed up research timeframes, lower costs, and supplement traditional trials²⁶²¹. 

 

These developments underscore the necessity of ongoing interdisciplinary cooperation, standardization, and 

ethical supervision while showcasing the revolutionary potential of DTs to reshape drug discovery, preclinical 

testing, and clinical translation⁵⁷⁸⁹. 

8. Conclusion 

By making it possible to create "virtual humans" that faithfully replicate physiological, pathological, and 

therapeutic responses, digital twin (DT) technology is revolutionizing drug discovery and preclinical testing. 

DTs provide a predictive platform that can enhance preclinical evaluation's efficacy, cost-effectiveness, and 

ethical standards while lowering dependency on animal models by combining computer modeling, systems 

pharmacology, and artificial intelligence. 

 

However, a number of crucial elements must come together for DTs to be successfully incorporated into 

standard pharmaceutical pipelines. For model-based forecasts to be dependable and scientifically sound, 

regulatory approval and the development of transparent validation mechanisms are necessary. To support 

repeatability and cooperative research, data formats and modeling platform interoperability must be 

standardized. Furthermore, to safeguard patient privacy and stop the exploitation of sensitive biomedical 

information, strong data governance and ethical monitoring must be put in place. 

 

In the future, achieving the full potential of DTs will require sustained interdisciplinary cooperation between 

computer scientists, pharmacologists, doctors, and regulatory bodies. Digital twins are anticipated to be crucial 

to virtual clinical trials, customized medicine, and precision pharmacology as the technology advances, 

ultimately speeding up drug development and enhancing patient outcomes. 
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