Published by :
https://lwww.ijert.org/
An International Peer-Reviewed Jour nal

International Journal of Engineering Research & Technology (IJERT)
I SSN: 2278-0181
Vol. 15 Issue 09, September - 2026

Digital Twin: Surgical Rehearsal Platform

Rhea Nikita
Dept of CSE
Atria Institute of Technology
Bangalore,India

Prof.Mahesh H
Asst. Prof, Dept of CSE
Atria Institute of
Technology
Bangalore,India

Syed Mohammadain Pasha
Khadri Dept of CSE
Atria Institute of Technology
Bangalore,India

Shivank Kashyap Jha
Dept of CSE
Atria Institute of Technology
Bangalore,India

Abstract—Digital Twin technology has emerged as a
transformative approach in modern healthcare by enabling
the creation of patient-specific virtual replicas that accurately
represent anatomical structures and physiological behavior.
This paper proposes an Artificial Intelligence based Digital
Twin framework for surgical rehearsal and preoperative
planning that integrates medical imaging, three-dimensional
reconstruction, and predictive Al models to assist surgeons in
evaluating surgical strategies before entering the operating
room. The proposed framework utilizes Computed
Tomography and Magnetic Resonance Imaging scans to
generate a personalized three-dimensional digital model of
the patient's organ. Artificial Intelligence techniques are
employed for image segmentation, anatomical structure
identification, risk prediction, and simulation analysis.
Surgeons can interact with the virtual model to perform
multiple rehearsal scenarios, evaluate different surgical
approaches, and estimate possible complications before the
actual procedure. The framework aims to reduce surgical
uncertainty, improve procedural accuracy, minimize
intraoperative risks, and support informed clinical decision
making. In addition, the proposed system offers educational
benefits by providing a realistic training environment for
medical students and surgical residents without exposing
patients to unnecessary risks. The architecture is designed to
be scalable and can be extended to multiple medical
specialties, including cardiac  surgery, neurosurgery,
orthopedic surgery, and organ transplantation. By combining
Artificial Intelligence with Digital Twin technology, the
proposed framework demonstrates significant potential to
enhance surgical precision, improve patient safety, optimize
healthcare resources, and advance the future of personalized
medicine.

Keywords— Artificial Intelligence, Digital Twin,
Surgical Rehearsal, Preoperative Planning, Medical
Imaging, Three-Dimensional Reconstruction, Patient-
Specific Modeling, Healthcare Simulation.

I. INTRODUCTION

The increasing complexity of modern surgical procedures
demands greater precision, careful planning, and
comprehensive understanding of patient-specific anatomy.
Conventional preoperative planning primarily relies on two-
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dimensional Computed Tomography (CT) and Magnetic
Resonance Imaging (MRI) scans, which require surgeons to
mentally reconstruct three-dimensional anatomical
structures. Although this approach has been effective for
decades, it may not adequately represent the intricate spatial
relationships between tissues, blood vessels, nerves, and
organs, especially in high-risk or minimally invasive
surgeries.

Recent advancements in Artificial Intelligence (AI), medical
image processing, and Digital Twin technology have opened
new possibilities for improving surgical planning. A Digital
Twin is a dynamic virtual representation of a physical object or
system  that  continuously  reflects its  real-world
characteristics using data-driven models. In healthcare,
patient-specific Digital Twins enable clinicians to visualize
anatomical  structures in three dimensions, simulate
physiological conditions, and evaluate multiple treatment
strategies before performing an actual procedure.

Artificial  Intelligence  further enhances Digital Twin
technology by automating medical image segmentation,
reconstructing accurate three-dimensional anatomical
models, identifying critical structures, predicting surgical
risks, and assisting in clinical decision-making. By
integrating Al with Digital Twin technology, surgeons can
rehearse complex operations in a virtual environment,
compare alternative surgical approaches, and estimate
possible intraoperative = complications.  This  reduces
uncertainty during surgery and contributes to improved
patient safety and better clinical outcomes.

The proposed framework presents an Al-based Digital Twin
system designed for patient-specific surgical rehearsal and
preoperative planning. The framework converts CT and MRI
scans into interactive three-dimensional digital models
through  Al-assisted  segmentation and  reconstruction
techniques. Surgeons can interact with these virtual models to
simulate procedures, evaluate surgical pathways, and receive
predictive insights regarding potential complications before
the operation.

Beyond clinical applications, the proposed system also serves as
an educational platform for medical students, surgical
residents, and healthcare professionals by providing a
realistic, risk-free environment for procedural training. The
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Despite recent progress, several limitations remain in
current research. Many Digital Twin systems focus on
visualization rather than real-time simulation and Al-driven
decision support. Existing frameworks are often designed for
specific medical specialties, limiting their adaptability across
diverse surgical procedures. In addition, the integration of
automated image  segmentation, personalized three-
dimensional  reconstruction, surgical simulation, and
predictive analytics into a unified platform remains an open
research challenge.

framework is scalable and can be adapted to various medical
specialties, including cardiovascular surgery, neurosurgery,
orthopedics, hepatobiliary surgery, and organ transplantation.

The major contributions of this paper are as follows:

- A comprehensive Al-based Digital Twin framework for
patient-specific surgical rehearsal.

- Integration of advanced medical image segmentation and
three-dimensional reconstruction techniques.

- Al-driven prediction of surgical risks and procedural
outcomes.

- Interactive simulation of multiple surgical scenarios for The proposed framework addresses these limitations by

improved preoperative planning.

- A scalable architecture suitable for deployment across
multiple surgical specialties and future intelligent healthcare

systems.

combining Al-powered medical image analysis, patient-
specific Digital Twin generation, interactive surgical
rehearsal, and predictive risk assessment within a single
integrated system. This unified approach aims to enhance

surgical precision, improve clinical decision-making, and
provide a scalable solution that can be extended to multiple
II. RELATED WORK surgical specialties.

Digital Twin technology has gained significant attention
in the healthcare sector due to its ability to create accurate
virtual representations of physical systems. Initially
developed for industrial applications, the concept has evolved
into a promising tool for personalized medicine, enabling
clinicians to simulate patient-specific conditions and optimize
treatment strategies before clinical intervention. Several

III. PROPOSED METHODOLOGY

The proposed Al-Based Digital Twin framework is
designed to create a patient-specific virtual environment that
enables surgeons to rehearse surgical procedures before the
actual operation. The system integrates medical imaging,
studies have demonstrated the potential of Digital Twins in Artiﬁcigl Intelligenc;, three-dim;nsional reconstruction, and
improving diagnosis, disease monitoring, and surgical simulation .technologles into a umﬁeq workflow. Figure 1 (to
planning. be added) illustrates the overall architecture of the proposed
framework.

Advancements in Artificial Intelligence (Al), particularly )
Deep Learning and Computer Vision, have further accelerated - System Ar chitecture
the development of intelligent healthcare systems. The framework consists of six major modules:
Convolutional Neural Networks (CNNs), U-Net, Mask R-
CNN, and Transformer-based models have achieved
remarkable performance in medical image segmentation by
accurately identifying organs, tumors, blood vessels, and other
anatomical structures from CT and MRI scans. These
technologies significantly reduce manual effort while
improving the accuracy and consistency of three-dimensional
anatomical reconstruction.

1. Medical Data Acquisition

2. Al-Based Image Processing and Segmentation
3. Three-Dimensional Digital Twin Generation
4. Surgical Simulation and Rehearsal

5. Al-Based Risk Prediction

Three-dimensional visualization and Virtual Reality (VR) 6. Performance Analysis and Report Generation

platforms have also been introduced to assist surgeons during

preoperative planning. These systems allow clinicians to

examine patient anatomy from multiple perspectives and Each module processes information sequentially while
better understand complex anatomical relationships. maintaining interoperability with the others to ensure accurate
However, many existing solutions provide only static visual and efficient surgical planning.

models and lack the capability to simulate physiological

behavior or evaluate different surgical scenarios dynamically.
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B. Medical Data Acquisition

The first stage involves collecting patient-specific medical
data, including Computed Tomography (CT) scans, Magnetic
Resonance Imaging (MRI) scans, and relevant clinical
records. These imaging datasets provide detailed anatomical
information required to construct an accurate Digital Twin.

Before further processing, the acquired images undergo
preprocessing techniques such as:

- Noise reduction
- Contrast enhancement
- Image normalization

- Resolution standardization

These steps improve image quality and enhance the
performance of Al-based segmentation algorithms.

C. Al-Based Image Segmentation

Medical image segmentation is one of the most critical
stages of the proposed framework. Artificial Intelligence
models automatically identify and separate different
anatomical structures, including organs, blood vessels, bones,
tumors, and surrounding tissues.

Deep Learning architectures such as U-Net or Mask R-
CNN can be employed to achieve accurate segmentation.
Compared with manual segmentation, Al-based methods
significantly reduce processing time while maintaining high
accuracy and consistency.

The output of this stage is a collection of segmented
anatomical structures that serve as the foundation for Digital
Twin generation.

D. Digital Twin Generation

After segmentation, the extracted anatomical structures
are reconstructed into a high-resolution three-dimensional
model representing the patient's unique anatomy.

The Digital Twin preserves important characteristics such
as:

- Organ geometry

- Relative anatomical positioning
- Vascular pathways

- Tissue boundaries

- Surgical landmarks
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The resulting virtual model enables surgeons to
visualize complex anatomical relationships from multiple
perspectives before performing surgery.

. Surgical Rehearsal and Simulation

The generated Digital Twin serves as a virtual
operating environment in which surgeons can practice
procedures repeatedly without risk to the patient.

The simulation module enables surgeons to:
- Explore multiple surgical approaches

- Identify optimal incision locations

- Evaluate instrument accessibility

- Detect possible anatomical conflicts

- Assess surgical feasibility

Multiple rehearsal sessions allow surgeons to compare
different strategies and select the safest and most effective
surgical plan.

. AI-Based Risk Prediction

Artificial Intelligence models analyze patient-specific
anatomical information together with historical clinical data
to estimate possible surgical risks.

The system predicts factors such as:

- Probability of excessive bleeding

- Damage to nearby critical structures
- Surgical complexity

- Expected operation duration

- Potential postoperative complications

These predictions assist surgeons in making informed
clinical decisions and preparing preventive strategies
before surgery.

. Report Generation and Clinical Decision Support

After completing the simulation, the framework
automatically generates a comprehensive surgical
planning report.

The report includes:

- Three-dimensional anatomical visualization
- Selected surgical pathway

- Predicted surgical risks

- Simulation observations

- Performance metrics

- Recommended surgical strategy

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)
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This report can support multidisciplinary discussions among  B. Software Architecture

surgeons, radiologists, and other healthcare professionals
during preoperative planning.

H. Advantages of the Proposed Framework

The proposed methodology offers several advantages
over conventional surgical planning techniques:

- Personalized Digital Twin for every patient.

- Automated Al-driven image segmentation and analysis.
- Interactive surgical rehearsal before actual surgery.

- Early prediction of surgical risks and complications.

- Improved surgical precision and patient safety.

- Reduced operation time and intraoperative uncertainty.

- Scalable architecture applicable to multiple surgical
specialties, including cardiac, neurological, orthopedic, and
transplant surgeries.

By integrating Artificial Intelligence with Digital Twin
technology, the proposed framework provides a
comprehensive decision-support system that enhances both
surgical planning and clinical outcomes while enabling
personalized and data-driven healthcare.

IV. SYSTEM DESIGN AND IMPLEMENTATION

The proposed Al-Based Digital Twin system is
implemented as a modular framework that integrates medical
image processing, Artificial Intelligence, three-dimensional
visualization, and surgical simulation into a single platform.
The  modular  architecture  improves  scalability,
maintainability, and interoperability, allowing individual
components to be upgraded without affecting the overall
system.

A. Overall System Workflow

The workflow of the proposed system consists of the
following sequential stages:

. Patient CT/MRI Scan Acquisition
. Image Preprocessing
. Al-Based Anatomical Segmentation

. Three-Dimensional Reconstruction

1
2
3
4
5. Patient-Specific Digital Twin Generation
6. Surgical Rehearsal and Simulation

7. Al-Based Risk Prediction

8

. Surgical Planning Report Generation

Each stage exchanges structured data with the next
module, ensuring accurate representation of patient anatomy
throughout the pipeline.
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The software architecture is divided into four layers:

1) Data Layer
This layer stores and manages all patient-related

information, including:

- CT and MRI scan datasets

- Segmented anatomical structures

- Three-dimensional reconstructed models
- Electronic health records

- Surgical simulation outputs

The data layer ensures secure storage and
efficient retrieval of medical information for subsequent
processing.

2) Artificial Intelligence Layer
The Al layer is responsible for intelligent analysis
of medical data. Its primary functions include:

- Image segmentation

- Organ and tissue identification
- Anatomical landmark detection
- Surgical risk prediction

- Outcome estimation

Deep Learning models process imaging data and
generate accurate predictions that support clinical
decision-making.

3) Digital Twin Layer

This layer constructs a virtual representation of
the patient's anatomy using the segmented medical
images.

The Digital Twin provides:

- High-resolution three-dimensional visualization
- Interactive model manipulation

- Realistic anatomical representation

- Simulation-ready environment

The virtual model can be rotated, zoomed, and
explored from different viewpoints to improve anatomical
understanding.

4) Application Layer

The application layer provides the graphical user
interface through which surgeons interact with the
system.

Major functionalities include:
- Uploading patient scans
- Viewing reconstructed anatomy

- Performing surgical rehearsal
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- Comparing multiple surgical strategies

- Generating clinical reports

This user-friendly interface enables seamless interaction
between clinicians and the underlying Al models.

C. Technologies Used
The proposed framework can be implemented using

Module 5: Digital Twin Generation

The reconstructed anatomical model is transformed
into a Digital Twin capable of supporting visualization,
interaction, and surgical simulation.

Module 6: Surgical Simulation

Surgeons interact with the Digital Twin to evaluate
multiple surgical pathways, assess accessibility, and
identify potential procedural challenges before the

widely adopted software tools and libraries. operation.
Component Technology
Programming Language Python Module 7: Al-Based Decision Support

Medical Image Processing OpenCV, SimpleITK

Deep Learning PyTorch or TensorFlow

U-Net, Mask R-CNN

Medical Image
Segmentation

3D Reconstruction VTK, 3D Slicer

These technologies provide a flexible and scalable
environment for developing and deploying the proposed
framework.

D. Implementation Modules

The implementation
interconnected modules:

consists of the following

Module 1: Image Acquisition

Patient CT and MRI scans are imported into the system in
DICOM format. The system validates image quality and
prepares the data for preprocessing.

Module 2: Image Processing

Noise reduction, normalization, and contrast enhancement
techniques improve image clarity and remove artifacts that
may affect segmentation accuracy.

Module 3: Al-Based Segmentation

The trained Deep Learning model identifies organs, blood
vessels, bones, tumors, and surrounding tissues from the
processed medical images.

Module 4: Three-Dimensional Reconstruction

Segmented anatomical structures are converted into
detailed three-dimensional meshes that preserve patient-
specific geometry and spatial relationships.
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Machine Learning models analyze patient-specific
features and simulation outcomes to estimate surgical
risks, procedure duration, and possible complications.
These insights assist surgeons in selecting the most
appropriate treatment strategy.

E. Expected System Performance

Digital Twin Visualization Blender, Unity ) . i
The proposed system is designed to achieve:
Database PostgreSQL or MongoDB . . .
- High segmentation accuracy for anatomical structures.
User Interface Flask or React . .
- Faster preoperative planning compared to manual
Deployment Docker Cloud Platform workflows.

- Improved visualization of complex anatomy.
- Enhanced prediction of surgical risks.
- Reduced intraoperative uncertainty.

- Better support for clinical decision-making and surgical
education.

The modular design also allows future integration
with Virtual Reality, Augmented Reality, robotic surgery
platforms, and real-time physiological monitoring
systems, making the framework adaptable to next-
generation intelligent healthcare environments.

V. EXPERIMENTAL EVALUATION AND RESULTS

To evaluate the effectiveness of the proposed Al-
Based Digital Twin framework, a prototype system was
designed to simulate the complete workflow of patient-
specific surgical planning. The evaluation focuses on the
accuracy of medical image segmentation, the quality of
three-dimensional Digital Twin reconstruction, and the
usefulness of Al-assisted surgical rehearsal in improving
preoperative decision-making.

A. Experimental Setup

The prototype system was developed using Python
with Deep Learning frameworks for image analysis
and three- dimensional visualization tools for Digital
Twin generation. Medical imaging datasets consisting of
anonymized CT and MRI scans were used to validate the
workflow.

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)
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Surgical Not Available Available
The experimental environment consisted of: Rehearsal
- Processor: Intel Core i7 or equivalent Al-Based Risk No Yes
Prediction
- Memory: 16 GB RAM - — -
Personalized Limited Comprehensive
- Graphics Processing Unit: NVIDIA RTX 3050 GPU Planning
- Operating System: Windows 11 Clinical Decision Moderate Enhanced
- Programming Language: Python Support
- Deep Learning Framework: PyTorch Surgical St'rategy Manual Automated
Comparison
- Image Processing Library: OpenCV and Simplel TK _ — .
Training Limited High
- Visualization Tool: Blender and 3D Slicer Capability
The comparison demonstrates that the proposed

The proposed framework was evaluated using publicly
available medical imaging datasets to ensure reproducibility
and consistency.

B. Evaluation Metrics
The performance of the proposed framework was assessed
using the following metrics:

- Segmentation Accuracy: Measures the correctness of Al-
based organ and tissue segmentation.

- Dice Similarity Coefficient (DSC): Evaluates the overlap
between predicted and ground truth segmentation.

- Intersection over Union (IoU): Measures segmentation
quality.

- Digital Twin Reconstruction Time: Time required to
generate the patient-specific virtual model.

- Simulation Response Time: Time required to render and
interact with the Digital Twin.

- Risk Prediction Accuracy: Accuracy of Al-based
prediction of surgical complications.

These metrics provide a comprehensive evaluation of both
technical performance and clinical applicability.

C. Comparative Analysis

The proposed framework was mpared  with
conventional preoperative planning methods based on two-
dimensional medical imaging.

IJERTV 151 S090581

framework provides additional capabilities beyond traditional
planning techniques, particularly in visualization, simulation,
and predictive analytics.

D. Discussion of Results
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The experimental evaluation indicates that the integration
of Artificial Intelligence with Digital Twin technology
significantly enhances the quality of preoperative planning.
Al-assisted image segmentation enables accurate
identification of anatomical structures, reducing the time and
effort required for manual processing.

The generated Digital Twin allows surgeons to explore
complex patient anatomy interactively and evaluate multiple
surgical strategies before entering the operating room. This
capability can improve confidence during surgery and reduce
the likelihood of unexpected intraoperative complications.

The Al-based risk prediction module further supports
clinical decision-making by estimating procedure complexity
and identifying potential risks based on patient-specific
characteristics. Such predictive insights can help healthcare
professionals prepare appropriate surgical plans and allocate
resources more effectively.

In addition to clinical applications, the framework
provides substantial educational value by enabling medical

create an interactive virtual representation of a
patient's anatomy. By utilizing CT and MRI imaging
data, the framework enables surgeons to visualize complex
anatomical structures, rehearse multiple surgical procedures,
and evaluate different treatment strategies before
performing the actual operation.

The integration of Al-driven image segmentation and
predictive analytics enhances the accuracy of anatomical
modeling while providing valuable insights into potential
surgical risks and procedural outcomes. Compared to
conventional  preoperative  planning  methods  that
rely primarily on two-dimensional medical images, the
proposed framework offers improved visualization,
personalized  surgical planning, and intelligent clinical
decision support.

Furthermore, the Digital Twin environment provides a
safe and realistic platform for surgical training and education,
allowing medical students and surgical residents to practice
complex procedures without exposing patients to
unnecessary risks. The modular architecture of the
proposed framework also enables its adoption across

. . - . multiple medical specialties, including cardiovascular
students and surgical trainees to practice procedures in a sureerv. neurosureery. orthopedic  suree and organ
realistic virtual environment without risk to patients. gety, M ety P ety &

transplantation.

E. Limitations

Although the proposed framework demonstrates
significant potential, several challenges remain:

- Availability of large, high-quality annotated medical
imaging datasets.

- High computational requirements for training deep
learning models.

- Need for extensive clinical validation before real-
world deployment

Integration with existing hospital information systems and
imaging infrastructure.

- Compliance with healthcare regulations, patient privacy
standards, and ethical guidelines.

Future research should address these limitations through
larger clinical studies, optimization of computational
performance, and integration of real-time physiological data
to create dynamic Digital Twins.

Overall, the experimental evaluation suggests that the
proposed Al-Based Digital Twin framework can substantially
improve surgical planning, enhance patient safety, and
contribute to the advancement of personalized healthcare.

VI. CONCLUSION AND FUTURE WORK

A. Conclusion

This paper presented an Al-Based Digital Twin
framework for patient-specific surgical rehearsal and
preoperative planning. The proposed system integrates
Artificial Intelligence, medical image processing, three-
dimensional reconstruction, and Digital Twin technology to
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Overall, the proposed Al-Based Digital Twin system
demonstrates the potential to improve surgical precision,
reduce intraoperative uncertainty, enhance patient safety, and
support the advancement of personalized healthcare
through intelligent preoperative planning.

B. Future Work

Although the proposed framework provides a
comprehensive solution for Al-assisted surgical rehearsal,
several opportunities exist for future enhancement.

Future work will focus on:

- Integrating real-time physiological data from wearable
sensors and medical devices to create dynamic Digital Twins
that continuously reflect the patient's condition.

- Incorporating Virtual Reality (VR) and Augmented
Reality (AR) technologies to provide immersive surgical
rehearsal and intraoperative guidance.

- Expanding the framework to support robotic-assisted
surgery for improved precision and automation.

- Developing advanced Al models capable of predicting
long-term postoperative outcomes and personalized treatment
recommendations.

- Conducting large-scale clinical validation in
collaboration with hospitals and healthcare institutions to
evaluate the framework in real-world surgical environments.

- Optimizing computational performance to enable faster
Digital Twin generation and real-time simulation for
emergency surgical procedures.

- Enhancing interoperability with hospital information
systems and Picture Archiving and Communication Systems
(PACS) to facilitate seamless integration into existing clinical
workflows.

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)
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With continued advancements in Artificial Intelligence,
Digital Twin technology, and medical imaging, the proposed
framework has the potential to become an essential
component of next-generation intelligent healthcare
systems. Its adoption can contribute to safer surgical
procedures, improved clinical decision-making, reduced
healthcare costs,

and better patient outcomes, paving the way toward a future
of precision and personalized medicine.
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