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Abstract  Digital dentistry is rapidly evolving from isolated digital workflows toward integrated, patient-specific 
systems capable of supporting diagnosis, treatment planning, simulation, and longitudinal monitoring. Digital twins 
represent an emerging concept in this transition, providing dynamic virtual representations of patients that can 
integrate multimodal and longitudinal data from CBCT, intraoral and facial scanning, clinical records, artificial 
intelligence, and other digital technologies. This review explores the concept and technological foundations of dental 
digital twins and examines their emerging applications across prosthodontics, implant dentistry, orthodontics, 
restorative dentistry, oral and maxillofacial surgery, periodontology, endodontics, maxillofacial prosthetics, and 
preventive dentistry. 
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1. Introduction 

The evolution of dentistry from predominantly 
analogue workflows toward digitally integrated care has 
transformed diagnosis, treatment planning, and clinical 
execution. Digital radiography, cone-beam computed 
tomography (CBCT), intraoral scanning, computer-aided 
design and manufacturing (CAD/CAM), three-
dimensional (3D) printing, and artificial intelligence (AI)-
based tools have progressively expanded the ability to 
acquire, process, and reproduce patient-specific 
information. These technologies have also enabled more 
efficient communication and increasingly integrated 
clinical and laboratory workflows. [1] 

The next step in this progression is the development of 
integrated, patient-specific digital representations that 
extend beyond isolated digital records or static 3D models. 
By combining data from multiple sources, including 
CBCT, intraoral and facial scans, clinical records, and 
longitudinal patient information, these systems can 
provide a more comprehensive representation of an 

individual's oral and maxillofacial characteristics. Such 
integration creates the technological foundation for 
patient-specific simulation, treatment planning, and 
monitoring. [2] 

The concept of the digital twin (DT), originally 
developed in engineering and manufacturing, has 
increasingly entered healthcare and is now emerging in 
dentistry. A digital twin can be broadly described as a 
patient-specific virtual representation that integrates 
multidimensional data and can be updated over time to 
support simulation, monitoring, prediction, and clinical 
decision-making. Importantly, a conventional digital 
model represents selected patient characteristics at a 
particular point in time, whereas a digital patient may 
integrate multiple sources of information without 
necessarily maintaining a dynamic connection with the 
individual. A true digital twin is distinguished by its 
patient-specific nature, ongoing data linkage, and capacity 
to generate clinically meaningful predictions or inform 
decisions. [3] 

Although still an emerging concept in dentistry, digital 
twins have potential applications across prosthodontics, 
implant dentistry, orthodontics, restorative dentistry, oral 
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and maxillofacial surgery, periodontology, endodontics, 
and maxillofacial prosthetics. A recent scoping review 
identified applications involving patient-specific modeling, 
treatment simulation, predictive analysis, performance 
monitoring, and dental education, while also highlighting 
the limited number of studies and the need for stronger 
clinical validation. [4] This review therefore aims to 
examine the concept and technological foundations of 
digital twins in dentistry, critically discuss their current 
and emerging clinical applications, and evaluate their 
potential to support personalized, predictive, and 
increasingly adaptive oral healthcare. 

2. Digital Twins: Concept and 
Technological Foundations 

2.1. What Is a Digital Twin? 
A digital twin is a dynamic, patient-specific virtual 

representation of a physical entity that is continuously 
informed by data from its real-world counterpart and can 
be used for simulation, monitoring, prediction, and 
decision support. In healthcare, a patient digital twin may 
integrate multidimensional clinical, imaging, 
physiological, and other patient-specific information to 
model the current state of an individual and explore 
potential future outcomes. [5] 

A key distinction exists between a conventional digital 
model and a true digital twin. A digital model generally 
represents selected anatomical or clinical characteristics at a 
particular point in time, whereas a digital twin incorporates 
dynamic data exchange and computational capabilities that 
allow the virtual representation to evolve with the patient. 
Thus, patient specificity, dynamic updating, integration of 
multiple data sources, and the ability to support simulation 
or prediction are important characteristics of a true digital 
twin. However, there is currently no universally accepted 
definition of a patient digital twin, and many systems 
described as digital twins in healthcare do not yet fulfill all 
of these characteristics. [6] 

2.2. Evolution from Digital Models to Digital 
Twins 

The development of dental digital twins represents a 
progression from increasingly sophisticated forms of 
digital patient representation. Digital records initially 
enabled the electronic storage and retrieval of clinical 
information, while digital radiography and other imaging 
technologies introduced increasingly detailed 
representations of oral structures. Subsequently, 2D and 
3D digital models generated from CBCT, intraoral 
scanning, and CAD/CAM systems enabled more accurate 
visualization and manipulation of patient anatomy. 
Integration of these individual datasets has led to the 
concept of the virtual patient, in which multiple 
anatomical and clinical datasets are combined into a 
unified digital representation. Digital twins extend this 
concept further by introducing dynamic updating, 
computational simulation, and predictive capabilities that 
connect the virtual representation with the patient's 

evolving clinical state. [7] Figure 1 

 
Figure 1. Evolution of digital dentistry towards digital twins 

2.3. Essential Components of a Dental Digital 
Twin 

A dental digital twin requires integration of multiple 
sources of patient-specific information rather than reliance on 
a single imaging modality. CBCT and other radiographic 
imaging provide information regarding teeth, bone, and 
craniofacial structures, while intraoral scanning captures 
detailed dental surface morphology and facial scanning 
provides extraoral soft-tissue and facial information. Clinical 
photographs, electronic health records, treatment history, 
periodontal findings, and other patient-reported or functional 
information can further enrich the virtual representation. 
Recent dental literature identifies multimodal imaging, 
artificial intelligence, and computational modeling as 
important technological foundations for constructing patient-
specific digital twins. [8]  

AI and computational modeling can facilitate 
segmentation, registration, reconstruction, pattern 
recognition, and prediction within the digital-twin 
framework. Longitudinal data are particularly important 
because they allow the digital representation to reflect 
changes in anatomy, disease status, treatment response, 
and other patient characteristics over time. Consequently, 
the value of a dental digital twin lies not simply in 
creating a highly detailed 3D model, but in integrating 
multimodal and longitudinal data into a dynamic 
computational representation capable of supporting 
clinical decision-making. [9] 

2.4. Development of a Dental Digital Twin 
The development of a dental digital twin can be 

conceptualized as a sequential but iterative process. Data 
acquisition begins with the collection of relevant 
anatomical, clinical, imaging, and functional information. 
These datasets are then integrated and registered to create 
a comprehensive three-dimensional representation of the 
patient's oral and maxillofacial structures. AI-based 
segmentation and computational techniques may be used 
to generate and refine the virtual patient model. [8] 

Once established, the digital twin can be used for 
simulation, treatment planning, monitoring, and prediction. 
For example, alternative treatment strategies may be 
modeled virtually before clinical intervention, while 
computational analyses may be used to estimate potential 
treatment outcomes. Importantly, the process does not end 
with creation of the initial model. As new clinical or 
imaging data become available, the digital twin can be 
updated to reflect the patient's changing condition, 
creating a potentially continuous cycle of data acquisition, 
integration, simulation and prediction, clinical 
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intervention, and subsequent updating. Current dental 
evidence, however, remains largely at the conceptual or 
prototype stage, with limited clinical validation and 
substantial variation in how digital twins are developed 
and defined. [9] Figure 2 

 
Figure 2. Development of a dental digital twin 

3. Clinical Applications of Digital Twins 
in Dentistry 

Digital twins have the potential to extend digital 
dentistry from static visualization and treatment planning 
toward patient-specific simulation, prediction, and 
longitudinal monitoring. However, the current evidence 
base remains limited, with a scoping review identifying 
only seven eligible dental studies, primarily involving 
orthodontics, prosthodontics, endodontics, and dental 
education. Most available studies remain conceptual or 
prototype-based, emphasizing the need to distinguish 
established digital workflows from emerging true digital-
twin applications. [10] 

3.1. Prosthodontics 
Prosthodontics is particularly suited to digital-twin 

applications because successful rehabilitation requires 
integration of dental, skeletal, facial, and functional 
information. Multimodal datasets from CBCT, intraoral 
scans, facial scans, photographs, and digital wax-ups can 
contribute to a patient-specific virtual model for diagnosis 
and treatment planning. Such models may facilitate  
virtual smile design, occlusal analysis, complete-mouth 
rehabilitation, and prosthetic outcome simulation. Integration 
of DICOM and STL files is already an established digital 
workflow in prosthodontics, while the digital-twin concept 
could extend this approach by incorporating longitudinal 
changes and predictive analysis. [11] 

Digital twins may also improve communication among 
prosthodontists, technicians, and patients by allowing 
proposed restorations to be visualized and evaluated 
before treatment. In complete-mouth rehabilitation, virtual 
articulation and occlusal simulation could potentially 
allow alternative treatment designs to be compared before 
clinical intervention. For esthetic rehabilitation, 
integration of facial and intraoral data may support 
facially driven treatment planning and patient-specific 
prosthesis design. Nevertheless, most current applications 
represent advanced virtual-patient workflows rather than 

fully dynamic digital twins. [12] 

3.2. Implant Dentistry 
In implant dentistry, digital twins may support patient-

specific assessment of anatomy, implant positioning, 
prosthetic requirements, and surgical risk. Integration of 
CBCT data with intraoral scans allows three-dimensional 
visualization of bone, teeth, and prosthetic structures, 
facilitating prosthetically driven implant planning. Virtual 
implant placement and surgical simulation can help 
evaluate implant position, angulation, available bone, and 
the relationship between the proposed implant and the 
definitive restoration. [13] 

The digital-twin framework could further connect 
virtual planning with guided surgery and subsequent 
clinical data, allowing the planned and achieved implant 
positions to be compared and the patient's digital 
representation updated. Such an approach could ultimately 
support prediction of treatment outcomes and longitudinal 
monitoring of peri-implant conditions. Current evidence, 
however, is stronger for integrated digital implant 
workflows than for validated predictive dental digital 
twins. [14] 

3.3. Orthodontics 
Orthodontics represents one of the most extensively 

explored areas for dental digital-twin development. 
Multimodal integration of CBCT, intraoral scanning, 
facial scanning, and orthodontic treatment data can 
generate patient-specific models for diagnosis and 
treatment planning. Digital twins may facilitate virtual 
tooth movement, individualized treatment simulations, 
and assessment of alternative treatment strategies before 
appliance delivery. [15] 

In clear-aligner therapy, computational and 
biomechanical models may be used to simulate tooth 
movement and evaluate the effects of different treatment 
protocols. Continuous integration of intraoral scans and 
clinical observations could further enable treatment 
monitoring and adaptive modification of treatment plans. 
Predicting individual biological and biomechanical 
responses remains challenging, but this represents one of 
the major future applications of digital twins in 
orthodontics. [16] 

3.4. Restorative Dentistry 
Digital twins may facilitate tooth-specific restorative 

planning by integrating three-dimensional tooth 
morphology, occlusion, imaging, and functional 
information. Digital restoration design can be evaluated 
virtually before fabrication, while occlusal simulation may 
help assess the interaction between proposed restorations 
and the existing dentition. Such approaches may be 
particularly useful for complex restorative cases requiring 
precise control of anatomy and occlusion. Longitudinal 
digital data could eventually allow restoration 
performance, wear, fracture, marginal changes, and other 
outcomes to be monitored over time. However, evidence 
for these predictive applications remains limited, and 
current capabilities largely derive from conventional 
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digital restorative workflows rather than clinically 
validated dynamic digital twins. [17] 

3.5. Oral and Maxillofacial Surgery 
Digital twins may provide a comprehensive platform for 

patient-specific surgical planning by integrating CBCT, 
facial scans, intraoral scans, and other anatomical 
information. In craniofacial and orthognathic surgery, 
virtual surgical planning can be used to simulate skeletal 
movements and evaluate the anticipated postoperative facial 
and occlusal relationships. Patient-specific surgical guides 
and digitally manufactured components can then facilitate 
transfer of the virtual plan to the operating room. [18]  

A more advanced digital-twin approach could compare 
the planned surgical outcome with postoperative imaging 
and update the patient's virtual representation. This could 
facilitate postoperative assessment, longitudinal follow-up, 
and potentially prediction of functional or esthetic 
outcomes. At present, however, these applications should 
largely be considered extensions of virtual surgical 
planning rather than mature, continuously synchronized 
digital twins. [18] 

3.6. Periodontology 
Periodontology may benefit from digital twins through 

longitudinal integration of periodontal measurements, 
radiographic imaging, intraoral scans, and clinical records. 
Serial datasets could provide patient-specific 
representations of periodontal tissues and allow changes in 
gingival architecture and alveolar bone levels to be 
monitored over time. 

Such models could potentially support individualized 
periodontal risk assessment, disease progression 
monitoring, and evaluation of treatment response. Future 
systems may combine longitudinal clinical data with 
predictive algorithms to identify patients at greater  
risk of periodontal deterioration and facilitate risk-based 
preventive interventions. Nevertheless, periodontal 
applications remain less mature than those in prosthodontics 
and orthodontics, with current evidence focusing primarily 
on monitoring and longitudinal documentation rather than 
validated predictive modeling. [19] 

3.7. Endodontics 
In endodontics, digital-twin concepts may assist in 

representing complex root and canal anatomy through 
integration of CBCT and other three-dimensional imaging 
data. Patient-specific anatomical models could facilitate 
identification of additional canals, assessment of 
challenging morphology, and treatment planning before 
clinical intervention. 

Computational simulation may further allow clinicians 
to evaluate instrumentation pathways or other treatment 
strategies in complex cases. Longitudinal integration of 
postoperative imaging and clinical findings could 
eventually support outcome assessment and refinement of 
patient-specific models. Current evidence, however, 
remains limited, with endodontic digital-twin applications 
still primarily focused on anatomical modeling, treatment 

planning, and precision rather than dynamic predictive 
systems. [20] 

3.8. Maxillofacial Prosthetics 
Maxillofacial prosthetics represents a particularly 

promising application because rehabilitation frequently 
requires integration of facial anatomy, soft-tissue contours, 
intraoral structures, and surgical information. Digital 
facial and intraoral scanning combined with CBCT can 
facilitate three-dimensional reconstruction of defects and 
development of patient-specific virtual models. These 
models may support the design of orbital, auricular, nasal, 
and other facial prostheses and improve coordination 
between surgical and prosthetic treatment planning. [21,22] 

Digital twins could further enable simulation of 
prosthetic contours and their relationship with surrounding 
facial structures before fabrication. Repeated scanning 
could also support longitudinal monitoring of tissue 
changes and prosthesis fit, allowing the virtual model to 
evolve with the patient. However, evidence specifically 
demonstrating dynamic digital-twin workflows in 
maxillofacial prosthetics remains limited. [23] 

3.9. Preventive and Community Dentistry 
The application of digital twins to preventive and 

community dentistry is more prospective than established. 
By integrating clinical records, intraoral imaging, 
radiographs, behavioral information, and longitudinal 
disease data, patient-specific models could potentially 
support caries and periodontal risk assessment. Predictive 
analytics could identify individuals at increased risk and 
facilitate targeted preventive interventions rather than 
relying solely on population-level risk categories. 

At the individual level, longitudinal digital monitoring 
could support personalized prevention and early detection 
of changes in oral health. At the community level, 
aggregated and appropriately anonymized data could 
potentially support risk stratification and targeted oral-
health programs. However, these applications require 
substantial longitudinal datasets, validated predictive 
models, interoperability, and careful attention to privacy 
and equity before routine implementation can be 
considered. [24] 

4. Integration with Emerging Digital 
Technologies 

Digital twins do not function as isolated technologies; 
their clinical utility depends on integration with 
complementary digital systems that enable data 
acquisition, analysis, visualization, fabrication, and real-
time feedback. In dentistry, artificial intelligence, 
extended reality, CAD/CAM, additive manufacturing, 
sensors, and robotic systems can collectively transform a 
static virtual representation into a more interactive and 
clinically useful digital twin. However, current dental 
implementations remain largely conceptual or at the 
prototype stage. [25] 
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4.1. Artificial Intelligence and Machine 
Learning 

AI and ML provide the analytical capabilities required 
to transform large, heterogeneous datasets into clinically 
meaningful information. Within a dental digital twin, AI 
can assist with image segmentation, anatomical 
reconstruction, disease detection, pattern recognition, 
treatment simulation, and outcome prediction. Machine-
learning models may also allow the twin to identify 
changes over time and generate patient-specific 
predictions, thereby supporting personalized clinical 
decision-making. [26] 

4.2. Extended Reality 
Extended reality technologies can provide an interactive 

interface between clinicians, patients, and their digital 
twins. Virtual reality [VR] can facilitate immersive 
treatment simulation and dental education, whereas 
augmented reality [AR] can overlay virtual anatomical or 
treatment information onto the patient's physical 
environment. Mixed reality [MR] may combine physical 
and virtual environments to support complex procedures, 
surgical planning, and real-time visualization. These 
technologies could therefore translate information 
contained within a digital twin into clinically actionable 
visual guidance. [27] 

4.3. CAD/CAM and 3D Printing 
CAD/CAM systems provide the digital design and 

manufacturing infrastructure necessary to convert 
information from a digital twin into physical dental 
restorations, prostheses, surgical guides, and anatomical 
models. Three-dimensional printing further enables rapid 
fabrication of patient-specific components directly from 
digital datasets. Integration of these technologies with 
digital twins could create a continuous workflow from 
patient data acquisition, virtual design, simulation, 
fabrication, and clinical evaluation, with subsequent 
clinical data used to refine the digital representation. [28] 

4.4. Sensors and Wearable Technologies 
Sensors and wearable devices can provide continuous 

or repeated data that are difficult to obtain through 
conventional dental visits. Intraoral sensors, physiological 
monitors, smart appliances, and other connected devices 
could contribute information regarding oral function, 
treatment progress, patient behavior, or biological changes. 
Such longitudinal data are particularly important for 
transforming a static virtual patient into a dynamic digital 
twin capable of monitoring changes and potentially 
supporting early detection and predictive care. [29] 

4.5. Robotics and Automated Dental Systems 
Robotic and automated systems may represent the 

action-oriented component of future dental digital twins. 
Once a digital twin has been used to analyze anatomy, 
simulate treatment, and determine an optimal intervention, 
robotic systems could potentially assist in transferring the 

virtual plan into clinical practice with high precision. 
Applications may include robot-assisted implant 
placement, automated fabrication, and computer-guided 
procedures. Although these applications are still 
developing, integration of robotics with digital twins 
could ultimately establish a closed-loop system in which 
data, prediction, clinical intervention, and outcome 
monitoring continuously inform one another. [30] 

5. Clinical Benefits and Potential of 
Digital Twins 

The principal value of digital twins lies in their ability 
to integrate patient-specific information into a dynamic 
virtual representation that can support diagnosis, treatment 
planning, simulation, monitoring, and prediction. By 
connecting multimodal digital data with longitudinal 
clinical information, digital twins may facilitate a 
transition from conventional treatment approaches toward 
more personalized, predictive, and adaptive oral 
healthcare. However, the clinical benefits currently 
described in the literature should be interpreted as 
emerging potential rather than established outcomes, as 
robust clinical validation remains limited. [31,32,33,34,35] 

 
Advantages Limitations 

Personalized diagnosis and 
treatment planning: Integration of 
multimodal patient data enables 
comprehensive, patient-specific 

diagnosis and treatment planning. 

Dependent on accurate and 
complete data; biological and 
functional variables may be 

difficult to model. 

Treatment simulation and outcome 
prediction: Allows virtual 

comparison of treatment options 
and may facilitate prediction of 

treatment outcomes before clinical 
intervention. 

Predictive accuracy depends on 
computational models and 
requires substantial clinical 

validation. 

Longitudinal patient monitoring: 
Enables continuous updating of the 
patient's digital representation and 
monitoring of disease progression 

and treatment response. 

Requires repeated data 
acquisition, continuous 

integration, and substantial digital 
infrastructure. 

Improved patient communication: 
3D visualization and treatment 
simulation can improve patient 

understanding, engagement, and 
shared decision-making. 

Simulated outcomes may create 
unrealistic expectations and 

require appropriate visualization 
technology. 

Multidisciplinary treatment 
planning: Provides a shared 
patient-specific platform for 

collaboration among different 
dental specialties and laboratories. 

Interoperability between software 
platforms and data-sharing 

systems remains challenging. 

Personalized prevention and risk 
management: Supports 

individualized caries and 
periodontal risk assessment and 
targeted preventive strategies. 

Requires large longitudinal 
datasets, validated predictive 

models, and evidence 
demonstrating clinical 

effectiveness. 

7. Future Perspectives 

The future of dental digital twins will depend less on 
creating increasingly complex 3D models and more on 
transforming these models into dynamic, clinically 
validated systems that can continuously incorporate 
patient data and support reliable prediction and decision-
making. Current dental evidence remains limited, with 
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most reported applications still at the conceptual or 
prototype stage; therefore, future research should focus on 
validation, interoperability, longitudinal data, and clinical 
translation.  

7.1. From Static Models to Dynamic Patient 
Twins 

Future systems should progress beyond static 
representations of dental anatomy toward continuously 
updated models that reflect changes in dentition, 
periodontal tissues, bone, occlusion, treatment status, 
and other clinically relevant characteristics. This 
transition will require reliable bidirectional data 
exchange between the patient and the virtual model, 
allowing the digital twin to evolve throughout the 
patient's treatment and follow-up. [36] 

7.2. Real-Time and Continuous Patient 
Monitoring 

Integration of intraoral sensors, wearable technologies, 
repeated digital scans, imaging, and electronic health 
records could enable more frequent or near-real-time 
monitoring of oral health. Such systems may allow 
clinically relevant changes to be detected earlier and 
provide longitudinal information that cannot be captured 
during periodic dental visits. The development of secure 
and efficient continuous-data pipelines will be essential 
for achieving this capability. [37] 

7.3. Predictive and Adaptive Treatment 
Planning 

Future digital twins may progress from describing the 
current clinical state to predicting how an individual 
patient is likely to respond to different interventions. 
Treatment alternatives could be simulated virtually, with 
subsequent patient data used to refine predictions and 
adapt treatment plans. However, predictive and adaptive 
functions require substantially stronger evidence than 
descriptive modeling, including appropriate calibration, 
external validation, uncertainty assessment, and 
prospective clinical evaluation. [38] 

7.4. Integration of Biological, Clinical, and 
Digital Data 

A truly comprehensive dental digital twin will require 
integration beyond anatomical imaging and digital  
surface data. Future platforms may combine clinical  
records, imaging, oral microbiome information,  
biomarkers, behavioral factors, functional measurements, 
and longitudinal treatment outcomes. Such multimodal 
integration could provide a more complete representation of 
the patient's biological and clinical state and potentially 
improve individualized risk assessment and prediction. [39] 

7.5. Toward the Fully Integrated Virtual 
Dental Patient 

The long-term vision is a fully integrated virtual dental 

patient in which anatomical, biological, functional, 
behavioral, and treatment-related information are 
represented within a continuously evolving digital 
environment. Such a platform could connect diagnosis, 
treatment simulation, clinical intervention, monitoring, 
and outcome assessment within a single patient-centered 
ecosystem. Achieving this vision will require 
interoperability between imaging systems, scanners, 
electronic records, AI platforms, CAD/CAM systems, and 
other digital technologies. [40] 

7.6. Requirements for Clinical Translation 
Successful clinical translation will require a shift from 

technological demonstration toward evidence-based 
implementation. Priorities should include standardized 
definitions and data pipelines, interoperable platforms, 
prospective and multicenter validation, transparent AI 
models, uncertainty quantification, privacy-preserving 
data management, ethical and regulatory frameworks, and 
assessment of real-world clinical benefit. [41] 

8. Conclusion 

Digital twins represent a potential next step in the 
evolution of digital dentistry, extending conventional 
digital models from static representations toward dynamic, 
patient-specific systems capable of integrating multimodal 
and longitudinal data. Their emerging applications across 
prosthodontics, implant dentistry, orthodontics, restorative 
dentistry, oral and maxillofacial surgery, and other 
specialties highlight their potential to support 
individualized diagnosis, treatment simulation, monitoring, 
and clinical decision-making. However, widespread 
clinical adoption remains dependent on improvements in 
data interoperability, accuracy, security, standardization, 
and prospective clinical validation. Future development 
should therefore focus on establishing reliable and 
clinically meaningful digital-twin frameworks rather than 
simply increasing technological complexity. Ultimately, 
digital twins may help dentistry progress from digital 
workflows to patient-specific, predictive, personalized, 
and adaptive dentistry, creating a more integrated and 
data-driven model of oral healthcare. 
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