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This book investigates blockchain and digital twin technologies to offer insights into 
their potential applications in the healthcare industry. It explores how these tech-
nologies can work together to build a strong and sustainable healthcare ecosystem, 
improve patient satisfaction, and streamline administrative procedures. Through 
examples, case studies, and discussions, the book highlights their use in supply chain 
management, disease prediction, and patient monitoring. It addresses challenges and 
offers solutions, examining ethical and legal considerations and the integration of 
patient preferences.

•	 Explores how blockchain technology can support digital twin technology in 
healthcare applications, facilitating efficient and secure data management.

•	 Studies the utilisation of advanced machine learning algorithms and 
predictive models in healthcare applications.

•	 Discusses how the integration of digital twin and blockchain technologies 
can contribute to sustainable development in personalised healthcare.

•	 Considers the ethical and legal implications associated with personalised 
treatment options, providing a comprehensive examination of these 
considerations.

•	 Integration of patient preferences into personalised healthcare approaches, 
emphasising the importance of patient-centric care. Aimed at professionals, 
researchers, and policymakers interested in Healthcare 5.0., the book 
provides comprehensive coverage of these technologies and their role in 
shaping sustainable healthcare practices.
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Introduction
Healthcare has undergone significant transformations over the years, evolving from 
traditional medical practices to highly digitized and technology-driven approaches. 
The latest phase, Healthcare 5.0, represents a shift towards hyper-personalized, 
intelligent, and human-centric healthcare solutions. It builds upon Healthcare 4.0, 
which primarily focuses on digitalization, automation, and smart technologies. 
Unlike previous generations, Healthcare 5.0 focuses on real-time patient monitor-
ing, predictive analytics, and autonomous healthcare solutions to provide pre-
cise, proactive treatments. AI-driven diagnostics, robotic-assisted surgeries, and 
precision medicine enable customized treatment plans based on genetics, lifestyle, 
and real-time health data. Wearable devices and IoT sensors continuously track 
patient vitals, while blockchain ensures secure data management. The adoption 
of digital twins allows virtual simulations of a patient’s body for testing treatments 
before applying them in real life. With a strong emphasis on preventive care, auto-
mation, and sustainability, Healthcare 5.0 transforms the industry into an efficient, 
patient-centered, and ethically responsible system, bridging technology and 
human expertise for superior healthcare outcomes.

FROM SMART HEALTHCARE (4.0) TO HUMAN-
CENTRIC INTELLIGENCE (5.0)

The transition from Healthcare 4.0 to Healthcare 5.0 represents a paradigm shift 
in the medical industry, moving from automation-driven efficiency to intelligent, 
human-centric healthcare systems. While Healthcare 4.0 revolutionized the industry 
by integrating artificial intelligence (AI), the Internet of Things (IoT), cloud comput-
ing, and big data analytics, it primarily focused on enhancing hospital workflows, 
improving diagnostics, and reducing human errors through automation.

However, despite these advancements, Healthcare 4.0 had limitations:

•	 It prioritized operational efficiency over patient-centric care.
•	 It relied on rule-based AI, which lacked the emotional intelligence and ethi-

cal considerations of human doctors.
•	 It focused on reactive treatment rather than proactive and predictive 

healthcare.
•	 The heavy use of centralized electronic health records (EHRs) raised data 

security and privacy concerns.

In contrast, Healthcare 5.0 builds on the technological foundation of Healthcare 4.0 
but shifts towards a human–AI collaborative model that ensures:

•	 Hyper-Personalization: AI-driven precision medicine tailors treatments to 
an individual’s genetic profile, lifestyle, and medical history.

Introduction Introduction
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•	 Digital Twins: Virtual replicas of a patient allow doctors to simulate and 
test treatments before real-life application.

•	 Proactive and Predictive Healthcare: AI algorithms analyze real-time data 
from wearable devices, IoT sensors, and smart medical implants to detect 
diseases before symptoms appear.

•	 Ethical and Secure Systems: Blockchain technology ensures secure, tam-
per-proof medical records and transparent patient data management.

•	 AI-Augmented Decision-Making: Instead of replacing doctors, AI serves 
as an intelligent assistant, helping physicians make better clinical decisions 
with data-driven insights.

•	 Robotic-Assisted Surgery and Rehabilitation: Advanced robotics improve 
surgical precision, reduce recovery times, and enhance patient mobility 
through AI-driven prosthetics.

Unlike Healthcare 4.0, which was technology-driven, Healthcare 5.0 is patient-
centered, ensuring that every innovation contributes directly to improved patient 
outcomes, accessibility, and quality of care. It envisions a future where medical tech-
nology serves humanity, rather than replacing it.

WHY HEALTHCARE 5.0 MATTERS

The rapid advancements in AI, biotechnology, IoT, and robotics are reshaping global 
healthcare. However, without a human-centered approach, technology alone cannot 
address key challenges like healthcare accessibility, personalized treatments, ethi-
cal AI governance, and patient trust. This is why Healthcare 5.0 is essential for the 
future of medicine.

	 1.	Moving from Reactive to Proactive Healthcare: Traditional healthcare 
systems, including those in Healthcare 4.0, primarily focus on treating dis-
eases after they occur. Healthcare 5.0 shifts towards prevention and early 
intervention by leveraging:

	 2.	Wearable devices and IoT sensors to track real-time vitals (heart rate, blood 
pressure, glucose levels).

	 3.	AI-powered predictive analytics to detect early signs of chronic illnesses.
	 4.	Personalized wellness plans based on continuous health monitoring.
	 5.	By shifting to preventive healthcare, Healthcare 5.0 helps reduce hospital 

admissions, lower medical costs, and improve overall life expectancy.
	 6.	Precision Medicine and Digital Twins: A Revolution in Treatment: 

With genomics, AI, and bioinformatics, Healthcare 5.0 enables precision 
medicine, where treatments are tailored to the individual rather than the 
disease. Digital twins—virtual replicas of patients—allow doctors to:

	 7.	Simulate treatment responses before applying them in real life.
	 8.	Optimize drug dosages and predict side effects.
	 9.	Customize rehabilitation plans for faster recovery.
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	 10.	This level of personalization was not possible in Healthcare 4.0, where 
treatment approaches were standardized rather than individualized.

	 11.	Ethical and Secure Healthcare with Blockchain and AI Governance: 
One of the major concerns in modern healthcare is data security. With cyber 
threats increasing, sensitive patient data is at risk. Healthcare 5.0 addresses 
this through:

	 12.	Blockchain technology, which ensures secure, transparent, and tamper-
proof patient records.

	 13.	AI-driven fraud detection to prevent medical insurance scams.
	 14.	Decentralized health data management, giving patients full control over 

their medical history.
	 15.	By integrating ethically designed AI and blockchain, Healthcare 5.0 ensures 

trust, transparency, and security in patient data handling.
	 16.	Robotics and AI in Surgery, Rehabilitation, and Elderly Care: 

Healthcare 5.0 embraces advanced robotics for:
	 17.	Robotic-assisted surgeries that improve precision, reduce complications, 

and shorten recovery time.
	 18.	AI-driven prosthetics and brain-machine interfaces to help individuals 

regain mobility.
	 19.	Smart elderly care systems that provide 24/7 monitoring and AI-assisted 

support for aging populations.
	 20.	These advancements make healthcare more accessible, efficient, and capa-

ble of handling complex medical conditions.
	 21.	A Sustainable and Inclusive Healthcare Model: Another key reason 

Healthcare 5.0 matters is its focus on sustainability and global accessibility. 
It promotes:

	 22.	Remote healthcare solutions for underserved populations using AI-powered 
telemedicine.

	 23.	Eco-friendly healthcare innovations, such as energy-efficient hospitals and 
AI-optimized medical supply chains.

	 24.	Affordable AI-driven diagnostics, reducing medical costs and ensuring 
quality care for all.

By bridging the digital divide and making healthcare more sustainable, Healthcare 
5.0 ensures equitable medical access for everyone, regardless of geographic or eco-
nomic status.

CONCLUSION: EMBRACING THE FUTURE OF HEALTHCARE

The transition from Healthcare 4.0 to Healthcare 5.0 represents a fundamental shift 
in how we perceive medicine—not just as a system of treatments, but as a holistic, 
intelligent, and ethical ecosystem focused on human well-being. In Healthcare 5.0, 
technology serves humanity—not the other way around. It is an era where AI, robot-
ics, and digital twins enhance human expertise rather than replace it. By embracing 



xiiiIntroduction

precision medicine, predictive healthcare, and ethical AI, we can create a patient-
centric future where medical care is personalized, proactive, and accessible to 
all. Are we ready to redefine the future of healthcare? This book will explore how 
Healthcare 5.0 will shape the next generation of medicine—one where technology 
and humanity work hand in hand for a better tomorrow.
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Digital Twin
Advancements, 
Technologies, and 
Applications

Arushi Pandey, Aditya Bakshi, and Akhil Gupta

1.1 � INTRODUCTION

There is an increase in data analytics and the Internet of Things (IoT) connectivity 
in the Industry 4.0 revolution and digital twin technology is leading the way for IoT 
with implementation in various environments such as manufacturing, healthcare, 
and smart cities. With proper computation and communication, big-data analytics, 
cloud computing, and machine learning have been the driving force in generating 
automated functionalities for society in the last seven to ten years. Predictive main-
tenance and fault detection are two essential resources which are supported by data 
analytics and also coupled with IoT’s rich environment. These two resources are also 
helpful in creating manufacturing processes for health products, traffic management, 
and patient-care detection for smart city developments [1, 2]. The industrial revolu-
tion, that is, the development of Industry 4.0 is shown in Figure 1.1. There are lots of 
challenges in developing data strategies such as artificial intelligence (AI) and edge 
computing due to the large volume of data that has been generated. In edge comput-
ing, nodes are deployed to collect probabilistic data for fulfilling the data strategy 
optimisation. Data regulations, standards, and policies are the three parameters that 
interact with the edge in collecting probabilistic data for better results.

The integration of these data perceptions, regulations, and policies with empiri-
cal research helps in creating ‘digital twins’. Accurate analysis of the digital twin 
environment can be done using rapid analysis and real-time decisions of IoT and data 
analytics. A comprehensive review of the digital twin, its working, empowering tech-
nologies, applications, and challenges is presented in this chapter. Manufacturing, 
healthcare, and smart cities are three areas which are discussed in the literature 
review but the majority of papers are on manufacturing applications. Papers from 
IoT and data analytics from various academic sources related to digital twins are 
also described here. If you want to understand the definition of digital twins then 
let us take an example of the requirements of physical assets in representing city 
functionalities. Scaling the level of physical assets in designing the city is one of 
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the important parameters in digital twins as gathering information about the geo-
graphic location such as levels of buildings etc. and digital representations of opera-
tion applied on buildings in terms of energy, maintenance, and use of material using 
software, that is, BIM (building information model) can be easily modelled using a 
digital twin. But, how the city works, that is, social and economic functions can’t be 
processed using this technology. For example, traffic and energy flow representa-
tions can function for a short period of time but embedding them for full-time pro-
cesses can’t be possible. Therefore, a digital twin behaves like a traditional computer 
model with less number of variables and processes.

There are many misinterpretations as the functionality of a digital twin is the 
same as that of a digital model or digital shadow. But, both terms are different from 
digital twin. The planned or pre-existing physical object with its digital version can 
be defined as a digital model. Limited plans for product designs, development, and 
buildings are some examples of digital models. There is no feature in a digital model 
for automatic data exchange between the physical system and the model [2]. The dia-
grammatical difference between the three terms is shown in Figure 1.2. Therefore, 
no impact has been seen on the digital model once there is a change made to the 
physical object. A one-way flow between the physical and digital object in a digital 
representation of an object is called a digital shadow. You can make changes in 
the digital object as well as changes in the state of the physical object in the digital 
object. A digital twin is fully integrated in both directions as data flows between 
a digital and physical object. It is very easy to make changes in both physical and 
digital objects in a digital twin.

Digital twin technology is said to have emerged as a powerful tool in modelling 
and simulating complex systems. The last few years have seen the concept of digi-
tal twins become increasingly popular, but the seeds themselves go back to previ-
ous developments in computer-aided design (CAD) and simulation. In the mid-20th 

FIGURE 1.1  Industrty 4.0 revolution
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century, CAD systems were developed that brought about concepts that would later 
nurture digital twin development for the long term by giving tools for the creation of 
digital representations of physical objects. With the growth in computer processing, 
simulating techniques developed from rudimentary models to practising advanced 
modelling and analysis of the behaviour of physical systems in various scenarios. 
Advances in the Internet of Things and the development in data analytics stood on 
a foundation for real-time data collection and analysis for the development of digi-
tal twins that were continuously updated by live data coming from the real world. 
A term in vogue called ‘digital twin’ was coined in the early 2010s by a group of 
researchers at NASA. Fast-forward to today and digital twin technology has rapidly 
become a widespread phenomenon in manufacturing, healthcare, and transportation.

1.2 � APPLICATION OF DIGITAL TWINS

Digital twins and their ability for practical usage are evolving along with the fast 
development in IoT and artificial intelligence creating new pathways in the imple-
mentation of smart systems, healthcare, manufacturing, and industry use. In this 

FIGURE 1.2  Digital model, shadow, and twin
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chapter, applications of digital twins have been discussed in various sectors, their 
impact in the future, and examples of their use in the industry right now.

1.2.1 � Smart Cities

Digital twins offers a new platform based on intelligent IoT innovations that will fuel 
automated services, enhance waste management, control energy use, and intercon-
nect people digitally. By taking constant feedback from their real-world counter-
parts, digital twins allow planners to provide a dynamic platform to monitor, analyse 
and manage urban environments in real time [3].

While digital twins have been applied to standalone systems the industry 4.0 
revolution, and other rapid breakthroughs in various technologies, have allowed digi-
tal twins to be implemented on a much larger scale connecting and processing data 
from IoT-embedded sensors in the city and allowing the designers to place projects 
in a virtual neighbourhood or city [4]. This helps them understand the structural, 
mechanical, and electrical details and isolate or analyse them based on performance 
and placement. The more data that is collected by the sensors the better the model 
that is developed, which also ensures higher accuracy for real-time stimulation.

Digital twin models can be used in various ways, such as to emulate the move-
ments of different objects such as vehicles or pedestrians and help stimulate their 
movement in case of an emergency, the effect of the weather on a specific neigh-
bourhood or the whole city can be predicted, it aids in the optimisation of city lay-
outs, infrastructure locations, and zoning restrictions leading to better efficiency and 
resilience.

A prime example of this is the Wuhan Road Traffic Smart Emergency System 
which is an innovative and integrated system for handling urban traffic management 
and helping during any unforeseen emergencies. This system uses cutting-edge tech-
nology to ensure a more responsive and effective traffic management infrastructure 
by combining real-time data collecting, analysis, and communication.

1.2.2 �M anufacturing

The manufacturing sector holds great potential for the application of digital twins, 
changing conventional procedures and increasing operational efficiency in a vari-
ety of ways. It allows manufacturers to obtain exceptional operational insights by 
generating digital copies of physical entities in real time. This allows them to make 
informed decisions based on data and promote ongoing enhancements across the 
whole product lifecycle. The product design can be closely monitored to prevent 
error and manufacturers can stimulate the product design before putting it into pro-
duction saving on time and cost [5]. It allows the designing of the product to take 
place along the whole process virtually which can be analysed and optimised based 
on the bottlenecks that are found, cut downtime, and improve overall production 
efficiency with the help of predictive analytics. Early detection of anomalies and 
defects in the production process lowers the rate of scrap and ensures the supply of 
superior goods.
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Digital twins in the manufacturing industry have various uses in different indus-
tries, for example, in the automotive sector they help speed up product develop-
ment processes and increase design correctness by enabling virtual prototyping and 
simulation [6]. In the aerospace industry, they help in enhancing and understanding 
aircraft behaviour and performance.

Digital twins help produce a complete approach to manufacturing excellence, 
from product conception to production and maintenance. The situation of greater 
competitiveness, lower prices, and better product quality is becoming increasingly 
apparent. Their capacity to offer continuous evaluation, predictive analytics, and 
simulation abilities, which promote creativity, efficiency, and better decision-mak-
ing in the manufacturing landscape, makes digital twins a key component of the 
Industry 4.0 manufacturing revolution.

1.2.3 � Healthcare

A digital twin in the context of medicine is a virtual representation of a real-world 
entity or procedure, such as a patient, their anatomy, or the environment of a hos-
pital. Presently, healthcare digital twins aim to dynamically represent data sources 
such as disease registries, electronic health records (EHRs), genomes, biomics, and 
proteomics data, as well as physical indicators, demographics, and lifestyle informa-
tion over an individual’s lifetime [7]. Digital twins enable the creation of models 
specific to a patient replicating the individual’s characteristics and offering person-
alised input. These models allow healthcare professionals to analyse and simulate 
the impact and result of various treatments and medicines and make adjustments 
accordingly for the personal needs of the patient. They can also help with the han-
dling of chronic illnesses by providing real-time, ongoing patient monitoring. These 
virtual copies combine information from smartwatches, sensors, and other medi-
cal monitoring devices to offer an accurate representation of a patient’s condition. 
Proactive monitoring facilitates early anomaly discovery, enabling prompt interven-
tions, and individualised therapy modifications. As technological advancements take 
place many more things will become possible with the help of digital twins; however, 
current applications are limited to stimulating the effects of certain drugs before 
administrating them to the patient to prevent side effects and using digital copies to 
plan and perform surgical procedures effectively and accurately.

An example of this is Sim&Cure which is at the forefront of providing medi-
cal care by utilising digital twins by integrating patient data and allowing medi-
cal professionals to provide personalized treatment planning. They created a digital 
twin for the treatment of aneurysms, which are bulging blood arteries that can cause 
strokes or clots. Through the use of 3D models, digital twins of the aneurysm and 
surrounding blood arteries enable brain surgeons to do simulations and understand 
the dynamic link between the aneurysm and the implant [7].

Digital twins hold the potential to revolutionise the treatment of chronic disease, 
lifestyle, health, and wellness in the future. If they live up to their full potential, they 
will enable the possibility of interconnected care that has not yet been completely 
realized. As a result, health devices such as mobile health applications and smart 



6 Digital Twin and Blockchain for Sustainable Healthcare 5.0

watches, could provide digital twins with real-time information, enabling them to 
make prompt judgements that could save lives.

1.3 � CHALLENGES

There are many shared challenges with digital twins as they run parallel with AI and 
IoT technologies. Data analytics and IoT have some common challenges but our aim 
is to find the challenges of digital twins [7​​​–11]. Review work for challenges related to 
digital twins is shown in Table 1.1. The table covers the field, its types, and a descrip-
tion of the challenges covered.

1.4 � EMPOWERING TECHNOLOGIES

In this section, different empowering technologies for digital twins are discussed.

1.4.1 �E mpowering Technologies for Data Analytics

The next section explores data analytics within the fields of deep learning, machine 
learning, and artificial intelligence. Table 1.2 provides a summary of the empower-
ing technologies for data analytics as described in [12] and the classification scheme 
offered by [13]. Although the empowering technologies for data analytics are compa-
rable to those for the IoT, there are certain differences as well, especially in the areas 
of visualisation and analytics algorithmic components. Different operational fields 
related to data analytics are shown in Table 1.2.

The object field captures the dual nature of storage facilities by encapsulating the 
object field and at least three levels. Data sensing technologies and techniques, digi-
tal signal processing units for data harvesting, and pre-processing data for analytic 
solutions are the main goals of the first layer is data gathering. Utilisation and storage 
of databases are made easier by the second layer, the data repository. The last layer 
connects to the middleware field and consists of storage facilities that allow large 
amounts of data to be stored on demand using server storage. This layer is also the 
point of connection for processing data that has been saved.

The middleware field has three critical layers. In particular, the first layer con-
nects to the third layer of the object field about storage processing. The second layer, 
data processing, provides the structural support for cloud services, data analytics, 
and primary middleware architectures, which are comprised of software and data-
base systems. The table describes the third layer, which is dedicated to analysis and 
algorithms. It also entails empowering models—supervised and unsupervised learn-
ing, in particular—within data analytics.

The networking field contains technology that makes connectivity protocols pos-
sible. Wireless communication is the primary emphasis of this technology. It looks 
at how these protocols make it easier to gather and handle data from earlier layers 
and fields in an effective manner. It also includes working standards for security and 
privacy measures.



7Digital Twin

TABLE 1.1
Review of Challenges in Digital Twins

Field of Challenges Type of Challenges Description

Data Analytics IT Infrastructure The primary challenge in AI’s rapid growth is the costly and 
demanding IT infrastructure, which needs to keep up with the 
hardware and software needs of the latest technology. The cost of 
parts can range from over US$1000 to US$10,000 which 
exponentially increases the cost of the whole system making it 
very expensive to manufacture. A way of overcoming this 
challenge can be seen in the way that GPUs (graphics processing 
units) have been used as a service providing on-demand GPUs 
that are very expensive at lower costs like a service or rental 
through the cloud by companies such as Amazon, Google, and 
Microsoft.

However, data analytics continues to be hampered by expensive and 
inadequate infrastructure. There are still issues with making sure 
that the cloud architecture provides strong security when using it 
for data analytics and digital twins.

Quality of Data Thorough filtering and cleaning procedures are necessary to achieve 
maximum effectiveness. For AI algorithms to function as well as 
possible, high-quality data input must be ensured. This avoids the 
inclusion of inferior data that might distort analysis and 
decision-making.

Privacy and Security In the computing sector, security and privacy are vital, particularly 
in data analytics. Since AI is still in its infancy, regulations are 
changing to meet the increasing difficulties. Subsequent oversight 
and laws are intended to improve AI accountability while 
protecting user information. A significant step towards ensuring 
privacy and security in the creation of AI algorithms is the General 
Data Protection Regulation (GDPR). Federated learning appears as 
a decentralised method that addresses privacy issues and 
guarantees local data retention when using data analytics inside a 
digital twin, in conjunction with rules.

Trust In AI, trust is a major difficulty, in part because of its novelty and 
complexity, as many developers are unfamiliar with it. There are 
various reasons for mistrust with the primary one being the fear of 
AI taking over control from humans. Even though there are more 
favourable media reports about AI now, some media depictions of 
the technology such as on the news and in daily entertainment still 
sometimes have a negative impact on it, influencing public 
opinion. The best way to resolve this issue is by showing the 
positive side of AI and how it can make human life easier and 
potentially help save lives. Furthermore, tackling security and 
privacy issues with strict laws promotes a more trustworthy 
connection between the users and AI.

(Continued)
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TABLE 1.1  (CONTINUED)
Review of Challenges in Digital Twins

Field of Challenges Type of Challenges Description

Expectations An additional challenge in data analytics is the misconception that 
it’s a universal problem-solver. Smart city development and 
manufacturing are two industries that can benefit from new 
technology such as AI. Users frequently have high expectations 
and expect instant time and money savings. When implementing 
data analytics, it is crucial to recognise its limitations in the early 
stages in order to avoid using AI prematurely and to foster 
increased understanding for well-informed and practical 
implementations.

IoT/Industrial IoT Organised Data, 
Up-to-Date Security, 
and Protecting Privacy

The proliferation of IoT devices in homes and industry presents a 
formidable data challenge, further hindered by the influx of big 
data. An Organised system is required to sort out the large amounts 
of unordered data generated and supplied by IoT making it more 
usable and easier to gain insights. User’s personal data can also be 
at risk of exploitation if proper steps are not taken to ensure 
protection from criminals taking advantage of vulnerabilities. 
DDoS (distributed denial of service) attack threats are increased by 
the increasing growth of IoT, highlighting the necessity of giving 
privacy and security measures first priority while connecting 
devices.

Infrastructure With the rapid growth of IoT-connected devices, the IT 
infrastructure also needs to keep up with modifications and 
integration of the latest technology to ensure seamless functioning 
and best performance. An advantage of enhanced technology is 
that it may allow the latest technologies and cloud services to be 
used without the need for huge expenses. One way to solve this is 
by retrofitting IoT sensors onto old devices so that the data is not 
wasted and resulting in increased utilisation.

Connectivity Even with the increasing popularity of IoT, there remain 
connectivity issues, especially when trying to meet real-time 
monitoring goals. Linking several sensors at the same time in the 
production process is difficult. Overall connectivity is impacted by 
problems such as software bugs, deployment mistakes, and power 
outages. One disconnected sensor might have a big impact on a 
process. Updating machinery and using restoration techniques 
contribute to thorough data gathering, which is essential for 
providing precise data to AI algorithms and preserving system 
operation.

Expectations As with AI, managing expectations is a concern when it comes to 
IoT, as end consumers and companies might not completely 
understand its capabilities. Although the IoT is expanding quickly 
and its importance is being recognised, having high expectations 
could worsen trust issues by raising concerns regarding security 
and privacy. Similar to AI, prior knowledge is necessary to fully 
utilise IoT and ensure informed and efficient use.

(Continued)
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TABLE 1.1  (CONTINUED)
Review of Challenges in Digital Twins

Field of Challenges Type of Challenges Description

Digital Twin 
Challenges

IT Infrastructure Digital twins face the same challenge as data analytics and IIoT/IoT 
due to the IT infrastructure. For digital twins to be implemented 
and function effectively, an updated infrastructure is necessary. 
Without a well-designed and connected IT framework, the digital 
twin cannot achieve its goals effectively.

Useful Data Here also digital twins face the same challenges as AI and IIoT/IoT. 
Obtaining clean, high-quality data from a constant stream of input 
is one of the most important challenges facing digital twins. Poor 
quality data that is unsorted can lead to bad performance, as it acts 
on incomplete data. Careful planning and analysis are essential to 
guarantee the proper functioning of digital twins.

Privacy and Security Security and privacy present a huge challenge in the context of 
digital twins due to the huge amount of data they use, and the 
danger this presents to the private information of individuals. AI 
and IoT are the two main technologies used in digital twins and 
need to keep up with the security and privacy protocols. To address 
trust difficulties with digital twins, security and privacy 
considerations for data are important.

Trust Information about digital twins needs to be discussed and explained 
to both the users and organizations in order to build up trust. More 
knowledge leads to a greater level of confidence in digital twins. 
The enabling technologies overcome obstacles by implementing 
that guarantee privacy and security. 

Expectations Even though digital twins development is being boosted by the 
support of industry leaders such as GE and Siemens there is still a 
need to create awareness amongst the users and companies and 
highlight the challenges. Creating strong IoT infrastructure bases 
and improving the understanding of data needed for analytics 
would enable companies to use digital twin technology efficiently. 
It’s difficult to get over the idea that employing digital twins is 
only a trend. Encouraging and critical conversations are essential 
to the development of well-informed digital twin systems. Other 
than the difficulties that are faced by Industrial IoT/IoT and data 
analytics also affecting digital twins it also has other specific 
challenges.

Standardised Modelling Modelling digital twins can present a challenge as there is no 
specific standardized approach to modelling. A standard method 
needs to be formed based on either physics or design to ensure 
proper understanding to users and ensure a smooth flow of 
information between the different stages.

Domain Modelling A problem that arises from the requirement for standard use is the 
transfer of domain-specific data to all phases of the digital twin 
modelling process. This ensures the future success of digital twin 
applications by ensuring compatibility with sectors that involve 
IoT and data analytics. Future development and application of 
digital twins in IIoT/IoT and data analysis depend heavily on it. 
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The final field is called the application field and consists of two layers of technology. 
For tangible technology to record data and carry out machine learning, deep learning, 
or statistical analysis, the initial layer consists of hardware and visualisation. This lay-
er’s visualisation feature makes it easier to display important data related to user tasks.

1.4.2 �I ndustrial IoT (IIoT)/IoT-Empowering Technologies

IIoT and IoT include several essential components that are necessary for the func-
tioning of networked systems. The crucial components are located within four key 
functional fields namely application, middleware, networking, and object fields. 
These areas cover specific technologies such as hardware, software, data processing, 
network connectivity, power, and energy storage. Each field has a specific function 
and they work together to ensure the continued advancement and success of the 
Industry 4.0 revolution.

The application layer, which is housed in the first layer, is responsible for a range 
of IIoT/IoT applications, such as intelligent farming systems, smart cities, and houses. 
The next layer is architecture, wherein software architectures such as SOA (service-
oriented architecture) and REST (representational state transfer) are supported. This 
layer specifies the general structure of the system [14]. The third layer, software and 
APIs serve as a bridge between the application and middleware fields.

The middleware field consists of three additional levels. The first tier is the cloud 
platform, which consists of services that offer on-demand computing resources 
through the cloud. In the second layer data processing is the main focus. The third 
layer, or data storage, is crucial to the infrastructure of the IoT. MongoDB, for 
instance, provides powerful storage engines for massive data storage. Together, these 
middleware field layers provide a comprehensive foundation for managing data pro-
cessing, storage, and computing resources in IoT and IIoT systems.

The third IoT system section, which is made up of three crucial layers, covers 
the networking field. In order to facilitate efficient system communication, the net-
work, application, and transport protocols make up the first layer, also known as 

TABLE 1.2
Data Analytics Operations

Field Empowering Technology

Object Pre-Processing and Assembly of Data

Data Warehouses

Middleware Data Storage 

Handling Data

Study Algorithms and Techniques

Networking Wi-Fi Technology

Application Visualisation of Data

Applications of Data Analytic
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the communication protocol layer. The second layer contains the network interface, 
which is essential to the IoT system’s smooth integration. The final layer, the net-
working field, has adoption mechanisms. This includes the adoption layer, which 
makes use of IEEE 1095 and 6TiSCH standards to ensure a more stable wireless 
connection [15].

Table 1.3 illustrates the object field, which is the final element of the IoT system. 
There are three main enabling layers in the object field. Hardware platforms, such 
as Raspberry Pi and Arduino, are examples of good hardware for the first tier. Radio 
tags, displays, and sensors are some of the components that are consolidated in the 
second layer and are necessary for system communication. Mechanical and electri-
cal components which are in the last layer provide essential operation of the gadget, 
such as batteries and processor units. These tiers work together to provide the neces-
sary hardware, sense elements, and operational components to create a comprehen-
sive framework that powers and supports IoT devices.

1.4.3 �E mpowering Technology for Digital Twins

Similar to Table 1.3, Table 1.4 provides the fields of digital twins that show the 
synthesis of ideas within the research and finding the comprehensive definition of 
digital twins.

The first field consists of the application field, which has three essential layers. 
When creating high-fidelity representations of actual objects, the initial layer—the 
model architecture and visualization layer—is immensely important. It makes sure 
that digital twins are more than just physical acts by making architectural modelling 
and visualisation easier. The software and API on the second tier help with the pre-
processing and collecting on the third layer, which makes it easier to simulate digital 

TABLE 1.3
I/IoT Operations

Field Empowering Technology

Application Application-Based Industrial IoT 

Architecture

Application Program Interface

Middleware Platforms Based on Cloud

Data Processing System

Store Information

Networking Protocol Using Communication

Interaction with Network

Adaptability

Objects Hardware Platforms

Objects Embedded on System

Segmentation Using Mechanical and Electrical Field
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twin systems. In order to ensure correct data gathering, this last layer effectively 
links the application to the middleware field.

There are two enabling layers that comprise the middleware field. First, there is 
storage technology, which enables the on-demand databases, MySQL, Mongo DB, 
and other services that are necessary for data storage and are crucial for digital twin 
applications [4, 14]. The transfer of stored data between the middleware and net-
working fields depends on the second layer, which is connected to data processing.

There are two levels in the networking field. The effective transfer of collected 
data between fields depends on the communication technology layer, which is the 
top layer. In a digital twin system, the wireless data transfer that complies with the 
correct protocol depends on the wireless communication layer, which is the follow-
ing layer in the network field. Data transmission to the next object field additionally 
requires it.

There are two layers that comprise the object field. The first one is a hardware 
platform and the second one is sensor technology. Both layers are required to enable 
sensor-based data collection and to set up the equipment needed for digital twin 
analysis.

1.5 � REVIEWED ANALYSIS OF PAPERS

In this section, categorial review, and case studies of different reviewed papers are 
presented. The papers that have been reviewed mainly cover smart cities, manufac-
turing, and healthcare, which are discussed in the following sections with examples.

1.5.1 � Smart Cities

In this section, we will review the current research on the topic of smart cities using 
digital twins. According to the research, urbanisation has significantly increased 
recently, and IoT and data analytics have also grown in popularity. Deren et al. [4] 

TABLE 1.4
Digital Twins Operations

Field Empowering Technology

Application Visualisation and Model Architecture 

Application Program Interface and Software

Pre-Processing and Assemble Data 

Middleware Storage

Data Processing

Networking Transmission 

Wi-Fi Communication

Object Hardware Platform

Actuator Using Sensor
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propose to establish a smart city operation brain (SCOB) based on digital twin cit-
ies with its primary function being to review high-level designs of the city, plan 
and review tasks and operations, come up with relevant policies and regulations, 
and monitor the city operation, among many others. Ruohomäki et al. [10] cite a 
framework ‘mySMARTlife’, the paper utilises IoT advancements to build a smart 
city digital twin. They also present a case study addressing its uses in the energy con-
sumption industry, utilising the digital twin for monitoring and comparing energy 
usage concerning environmental conditions and human impact. Both papers cite the 
need to gather accurate and large amounts of data to allow for the proper functioning 
of the digital twin.

As a renewable energy source, wind power needs to be delivered, monitored, and 
analysed well to be integrated and used as best it can in an urban setting since it is dif-
ficult to achieve the inclusion of renewable energy technologies and fuel the energy 
system at the same time. Pargmann et al. [14] cover wind farms that are designed and 
managed using a cloud-based digital twin monitoring technology. Here, the authors 
show a working model that integrates predetermined parameters and data streams 
making it easier to create a wind farm that works on digital twin technology.

Chen et al. [15] present digital twins for cars and traffic management, exploring 
driving problems and highlighting the need for improved data flow within vehicles 
that covers cars and their connectivity. A framework combining digital twins and 
learning algorithms is provided to track and examine user behaviour feedback. With 
the use of these algorithms, a driver’s digital behavioural twin can be created in real-
time, providing guidelines for safer driving to reduce accidents.

1.5.2 �M anufacturing

In this section, we shall discuss manufacturing and its ongoing research constituting 
the majority of research in digital twins. Due to the vast topics covered, it will be 
divided into four subsections.

1.5.2.1 � Smart Manufacturing
Qi Tao et al. [16] present a ‘360’ view of digital twins for big data in manufacturing 
and industrial environments, giving a thorough analysis. It highlights the importance 
of emerging technologies in promoting the development of smart manufacturing and 
compares the enabling technologies for digital twins. Qi Tao et al. [17], in another 
paper, researched technologies that can be enabled on digital twins such as IoT, 
cloud, and AI, and showed their use in digital twins in collaboration with industry. 
They also elaborate on using digital twin–driven methods to increase product design 
and manufacturing, as well as operational intelligence and sustainability; there is a 
need to converge cyber-physical data to close the gap and lay special emphasis on 
data analytics and IoT.

1.5.2.2 � Artificial Intelligence and Simulation
Kuehn [18] proposes the use of digital twins along with AI to make the manufac-
turing process smooth. They pinpoint critical points in the production process, this 
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highlights their unique goals and ideas when putting a digital twin into practice. 
With this strategy, businesses may ensure better quality and smoother efficiency by 
testing, simulating, and optimising manufacturing processes. Yiu et al. [19] present 
a paper that studies an approach to fault diagnosis through digital twins providing 
greater accuracy than conventional techniques, monitoring systems that use data 
analytics, AI, computer vision, and control systems to detect problems in real time 
through multiple data sources and modelling techniques to enable the accurate diag-
nosis and prognosis of equipment faults in a factory setting.

1.5.2.3 � System Design and Development
Using digital twins in the process of designing and developing industrial systems 
and processes is another important area to promote their utilisation. Shangguan 
et al. [20] present a smart manufacturing mechanism using a hierarchical digital 
twin framework (HDTM) for the designing of cyber-physical systems (CPSs). This 
approach combines the trends of digital twins and CPS. It allows the authors to 
explore large-scale system changes and apply the digital twin in a real-time predic-
tive design scenario with the potential for large-scale system modifications, like in 
applications related to industrial robot design. Karadeniz et al. [21] discuss, with 
the help of a case study, a concept based on ‘eGastronomic things’, that is, a digital 
twin device or processes related to food and its advancements facilitating populari-
sation of AR (augmented reality) and VR (virtual reality). The authors demonstrate 
how digital twins can assist in tracking and preserving the performance of ‘eGastro-
nomic’ processes.

1.5.2.4 � Energy Efficient Manufacturing
With the growing concern for the proper use of energy necessary steps need to be 
taken to increase energy efficiency, a solution for which has been proposed by many 
authors. Mohamed et al. [22] discuss how not only is better for the environment it 
also helps with cost, increases profit, and helps future investments. They investi-
gate blockchain-oriented middleware, cloud and fog manufacturing layers, and CPS 
architecture that can help with increasing energy efficiency. Taking advantage of 
the researched energy-efficient features helps cut production costs and greenhouse 
gas emissions. Mawson and Hughes [23] evaluate Industry 4.0’s effectiveness in 
improving production automation, connectivity, and flexibility while highlighting 
its advancements. It is noteworthy because it uses techniques and frameworks from 
machine process-level energy consumption analysis to provide a thorough assess-
ment with the help of a case study.

1.5.3 � Healthcare

A revolutionary model in patient care has emerged from the convergence and incor-
poration of digital twins. It holds the potential to change the way healthcare is deliv-
ered completely. Within the healthcare domain, Laaki et al. [24] provide a novel 
digital twin (DT) prototype to analyse the requirements of communication in a mis-
sion-critical application such as mobile networks supported by remote surgery. They 
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suggest how a doctor might run simulations including medicines to see their effect 
before administrating it on the patient. This paper also explains how the unique 
combination of interdisciplinary fields can lead to complexity in the developmental 
process. The writers examine some of the developments in Industry 4.0 and AI and 
how they lessen the difficulties associated with integration, connection, and interdis-
ciplinary research.

Liu et al. [25] discuss the idea of future treatment using cloud computing and 
digital twins to build a framework that aids in patient monitoring, diagnosis, and 
prognosis. They propose to achieve this with the help of smart IoT gadgets that can 
provide real-time information about the patient to the doctor, especially in the case 
of the elderly. The author proposes the idea of using IoT, cloud computing, and digital 
twins combined together in order to achieve this [24].

1.6 � OPEN RESEARCH

1.6.1 � Smart Cities

This section focuses on the research related to digital twins for smart cities which is 
an under-researched topic. Therefore most research papers only cover a wider area 
such as a traffic managing system [4], a SCOB [4], and renewable energy [11].

The integration of a digital twin with local infrastructure, as explored in [26], 
offers a significant opportunity for smart city design and maintenance through the 
use of 3D modelling [27, 28]. Using data analytics—predictive analytics in particu-
lar—to create a digital twin of a smart city is an area of uncharted territory for study. 
Another way in which it can be implemented is through implementing it in a smart 
traffic-controlled system as proposed before.

1.6.2 �M anufacturing

While the use of digital twins is heavily speculated in research in the manufacturing 
industry it has not yet been realised due to the challenges mentioned above. One of 
the first issues that we encounter is the lack of a generalised model for a digital twin 
that can be utilised for multiple applications. Creating generic digital twins requires 
modelling and scalability [16].

Another topic that is highly researched is data fusion in various scientific fields; 
however, it has not yet been explored as much in relation to digital twins. As an 
example, data fusion can be utilised in digital twin modelling and is a promising 
area of research [29, 30]. The area of cyber-physical is also lacking in research, this 
area is based on the fusion of virtual and physical data in digital twin modelling [20].

1.6.3 � Healthcare

In the final part of this section, we analyse the research on healthcare with the 
help of the digital twin application. An example of this is monitoring the health 
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and well-being of patient using IoT devices by simulating the positive or negative 
changes in their body and preparing for the same.

The modelling and removal of obstacles to digital twin modelling for a human 
body constitute an important area of scientific research. Once more, the lack of stan-
dardised digital twin modelling techniques presents a problem. As mentioned above, 
Laaki et al. [24] also present the idea of remote surgery which can lead to a promis-
ing way to minimise risk.

1.6.4 � Quantum Computing

The field of digital twins holds great promise for quantum computing, which pro-
cesses much faster than classical computing. Quantum algorithms can be used for 
developing more complex, fine-grained models of physical systems. Such develop-
ments may advance applications in drug discovery, material science, and climate 
modelling significantly. Another way through which quantum computing can be uti-
lised is by means of simulating much more complex systems in real time, thus offer-
ing an extremely valuable and rich insight into how these systems can operate and 
perform. This application will become one of the most significant factors in further 
developing the capabilities and applications of digital twins when the technology 
associated with quantum computing continues to advance.

1.7. � CONCLUSION

The growth in digital twins has increased in recent years as is evident from the 
number of papers published by industry leaders and academia on the development of 
digital twin technology. The growth in the AI, IoT, and IIoT fields helped to enhance 
the growth of digital twins by enabling various real-life applications. The majority 
of papers researching digital twins are more in the manufacturing field rather than 
smart cities or healthcare. The gaps in the research areas in these fields have been 
presented in the chapter. Algorithms have been applied as an avenue of open research 
where the effect of AI is becoming a major component which is applied to digital 
twins. Future research will rely on exploring and scaling AI projects using digital 
twins. There are many misconceptions and a lack of standardisation regarding the 
definitions of digital twins. In this chapter, a clear definition of digital twins has been 
presented in different areas of interest, such as healthcare, smart cities, and manu-
facturing. This chapter discusses the challenges and key empowering technologies of 
each area that have been found by the researchers. In general, the literature contains 
fewer works on large-scale digital twin projects when compared to small-scale digi-
tal twin projects as there is a lack of expertise in implementing larger digital twins. 
A wide range of publications have been produced in the fields of manufacturing and 
healthcare on the predictive maintenance of machines and investigation of health 
status and monitoring of human users. Also, the review analysis and open research 
on each area have been shown.​​​
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2.1 � INTRODUCTION

A lot has changed in our work, our healthcare, and our daily lives in the last few 
years. All of these changes are due to the popularity of smart devices [1]. When 
smart building and smart home technologies work together, they make settings that 
are always changing and improve our health and lives in more ways than one. This 
research will talk about some of the many things that are pushing the creation of 
smart settings.

2.2 � A BRIEF LOOK AT SMART ENVIRONMENTS

Getting smarter around our homes has significantly changed the way we interact 
with them. Homes, hospitals, and smart buildings are all part of these smart settings. 
Settings that can change and adapt are made possible by new technologies that work 
together. The Internet of Things (IoT) makes this change possible. IoT has made it 
possible for everything in our lives to talk to each other and share information [2, 3]. 
These are what smart settings do. They are in charge of many things, from hospitals 
that keep an eye on patients all the time to home automation systems that control 
lights and internal temperature [4]. All of this means that these places will be more 
comfortable, work better, and offer more personalized experiences. Smart settings 
are always getting better and more useful as monitoring technologies improve and 
computer power grows [5, 6].

Various tools, including gadgets and home monitoring devices, are increasingly 
being used to gather real-time health data. These tools track vital indicators such as 
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blood pressure, heart rate, and sleep patterns—key metrics that offer deep insights 
into an individual’s overall health. When this continuous stream of health data is 
integrated with digital twin technology—which creates virtual replicas of real-world 
systems—it enables a comprehensive view of both a person’s health and their envi-
ronment [7].Ongoing analysis of this data allows for the early detection of poten-
tial health issues, enabling timely interventions and empowering patients to actively 
monitor their health in real time [8]. Improved use of technology and more effi-
cient system management [9, 10] allow healthcare providers to optimize resources, 
resulting in more sustainable and effective operations. Ultimately, this leads to a 
better patient experience, with care that is more closely monitored, personalized, 
and outcome-driven.

2.2.1 � Digital Twin in Healthcare

Digital twins are virtual replicas of real-world systems or processes. In healthcare, 
digital twins can be created to represent patients and their medical histories, or the 
physical state and function of medical devices and equipment. By using these digi-
tal representations, healthcare providers can monitor and analyze data in real time, 
enabling them to detect and respond to changes in a patient’s health more quickly 
and accurately. Digital twins can be particularly useful in managing chronic con-
ditions, such as diabetes or cardiovascular disease, where regular monitoring and 
adjustments to treatment plans are critical. Additionally, digital twins can be used to 
simulate clinical trials and provide valuable insights into the effectiveness of treat-
ments before they are tested on human subjects [11]. Figure 2.1 represents a digital 
twin, in which continuous data flows from the physical world and after analysis and 
AI algorithms, a virtual representation is created. Based on the virtual representa-
tion predictions are performed on the virtual environment to generate the future 
world and the feedback is sent to the physical world. The feedback loop continues to 
improve the digital twin.

2.2.2 �R esearch Questions

The chapter is structured around the following key research questions:

R1: In smart settings, how can digital health systems with sensors and digital 
twin technology improve healthcare and make patients’ lives better?

FIGURE 2.1  A digital twin
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R2: Is it feasible to integrate all the technologies required to create a digital 
twin for optimizing healthcare workflow?

2.2.3 � Structure of the Chapter

This chapter is organized into different sections to help the reader understand the 
importance of smart settings. Section 2.1 is an introduction to digital twins. Section 
2.2 is about foundational technologies, which are the main technologies that make 
smart settings work. Section 2.3 is a look back at the study that has been done on how 
to mix digital health, smart settings, and healthcare services is presented. Section 2.4 
explains the quality of the design, highlighting the principles and criteria that ensure 
its effectiveness and reliability. Section 2.5 explains the healthcare workflow enabled 
by digital twin technology integrated with blockchain systems. Section 2.6 explains 
the GlaxoSmithKline (GSK) case study. The case study explains how GSK used 
digital twin technology to accelerate vaccine development. Section 2.7 concludes 
the chapter.

2.3 � LITERATURE REVIEW

Digital twins have emerged as a transformative technology by providing unprece-
dented opportunities for process optimization, quality control, and decision-making 
[12]. This technology involves the creation of a virtual counterpart that dynamically 
mirrors its physical counterpart, enabling bidirectional data flows and real-time 
monitoring. However, the implementation of digital twins poses several challenges, 
particularly in the areas of uncertainty quantification and optimization, which are 
crucial for realizing the full potential of this technology.

Uncertainty quantification is a critical component of digital twins, as it allows for 
the incorporation of variability and error in the computational models, ensuring that 
decisions are made with a clear understanding of the associated risks. Optimization 
methods are also essential, as they enable the identification of the most effective 
control and maintenance strategies, leading to improved performance and efficiency 
[13, 14].

The development of digital twins is further enhanced by the integration of AI and 
blockchain technologies. AI can be leveraged to improve the accuracy of computa-
tional models, while blockchain can provide secure and transparent data manage-
ment, enabling the seamless integration of data from various sources. The section 
below provides a detailed overview of the key technologies involved in digital twins.

2.3.1 �F oundational Technologies

A group of simple technologies has made it possible for smart settings to change and 
grow. The IoT (Internet of Things) and IoMT (Internet of Medical Things) allow 
things that are connected to talk to each other without issue, which is what makes 
smart environments possible. In healthcare, the IoMT makes it possible for medical 
equipment to connect to the internet, which makes tracking and collecting data from 
afar easier.
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Connection tools (such as Bluetooth and Wi-Fi) that send that information, and 
data processing units that do the first analysis. Gateways are like go-betweens. 
They might do edge computing before sending data to cloud platforms to be stored, 
analyzed, and displayed. This analysis enables organizations to derive actionable 
insights for decision-making, such as predicting equipment failures or optimizing 
production processes, ultimately leading to improved operational efficiency and 
reduced costs across industries.

Interoperability between devices is made possible by standards such as IEEE 
1451 [1]. Studies that look at how AI can be used in real life have shown that it can 
help save energy, make security better, and make user experiences more personal-
ized in these smart places [15].

Information modelling is essential for ensuring data consistency, integrity, and 
interoperability across systems and applications. It helps organizations effectively 
manage and leverage their data assets, supporting various activities such as data 
integration, analytics, and decision-making. By defining clear and standardized 
information models, organizations can streamline communication, collaboration, 
and innovation in today’s data-driven world.

Augmented reality (AR), virtual reality (VR), mixed reality (MR), 3D scanning, 
and photogrammetry play vital roles in enhancing the capabilities and applications 
of digital twins across various industries. By leveraging these immersive and data 
capture technologies, digital twins can offer more realistic, interactive, and dynamic 
representations of physical assets, processes, and environments [16, 17]. AR enables 
users to overlay digital information onto the real world, providing contextual insights 
and instructions within the digital twin environment. VR immerses users in fully 
virtual replicas of physical assets, allowing them to explore and interact with digital 
twins in a controlled and immersive manner. MR combines elements of both AR and 
VR, enabling users to interact with holographic representations of physical objects 
within their environment. 3D scanning and photogrammetry facilitate the creation 
of accurate and detailed 3D models for digital twins by capturing the geometry and 
appearance of real-world assets. These technologies enhance the visualization, anal-
ysis, and decision-making capabilities of digital twins, empowering organizations to 
optimize operations, improve maintenance, and innovate product design and devel-
opment processes. Whether it’s simulating complex scenarios, training personnel, or 
visualizing real-time data, AR, VR, MR, 3D scanning, and photogrammetry enrich 
the digital twin experience and drive value across industries [18]. Figure 2.2 high-
lights all the enabling technologies of digital twins.

Table 2.1 presents a list of the key foundational technologies required for integra-
tion with smart environments. It provides a comprehensive overview of their char-
acteristics, including both strengths and limitations. For instance, in the context of 
remote monitoring and core technologies, cells that are not applicable or lack func-
tionality are indicated with a hyphen (-), signifying that they cannot be used directly. 
IoT, IoMT, AI, ML, and sensors are some of the foundational technologies that make 
smart ecosystems work. They connect devices and automate tasks. The features of 
a smart home focus on how systems are linked to each other. Digital health integra-
tion uses data powered by AI and health communities that are linked together. Some 



23Using Blockchain-Enabled Digital Twins to Optimize Healthcare Workflows

aspects of a smart hospital allow care for patients to be given automatically and data 
to be shared in real time. Inside tracking tools help location-based services (LBS) to 
arrive at situations quickly and give each customer a unique service.

2.3.2 � Blockchain

Blockchain is a large, safe, and decentralized database of well-organised information 
[19, 20]. It is a database or global log that is organized into a series of blocks, with 
an event stored in each block. The record is controlled by the nodes of the spread 
network, but it doesn’t belong to any one person or group. Instead, it is controlled by 
the nodes of the distributed network. That is because a copy of the ledger is stored 
on each node (user) of the decentralized network, authentication is done using cryp-
tography, and all transactions are timestamped and completed using cryptographic 
hashing [21, 22]. This means that no one can change, delete, or steal the information 
in the record. During the hashing process, data of different lengths are turned into 
digests of a set length. It’s called a hash. It’s hard to guess how the hash will change 
if the data that was put in changes.

Any block in the record has the hash of the block before it and the events that were 
used to make that block’s hash. If there was a change in any of the blocks before this 
one, the hash of that block would be invalid, and the next hash would not work either. 
If most of the nodes agree on something, a new transaction can be added to the block. 
It is the group of nodes that builds trust by encoding the smart contracts [23​–25].

There are four main types of blockchain ledgers: Public, private, consortium, and 
hybrid. For example, anyone can join a public ledger, but only certain people can join 
a private ledger. More than one node can decide who can join a consortium ledger, 
and a hybrid ledger mixes private and public ledgers [26].

There are five ways that blockchain technology could help with the shift to 
interoperability based on the patient: (1) Rules for digital access, (2) collecting data, 
(3) data flow, (4) patient identity, and (5) data that can’t be changed. To get around 
these issues, pharmaceutical and research companies are beginning to switch from 

FIGURE 2.2  Enabling technologies of digital twins
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the clinical data management systems they use now, such as Oracle Clinical software 
and SigmaSoft’s DMSYS software, to new cyber-physical systems. With blockchain-
based digital twins, some of these issues might be able to be fixed. This tech keeps 
patient health data, electronic health records (EHRs), and mobile health (mHealth) 
safe. A medical cyber-physical system (MCPS) network model built on blockchain 
was offered as a safe way to share medical data. Blockchain tech could help fix a 
lot of issues with medical records (EHRs and EMRs (emergency medical records)). 
There are problems with keeping data safe, organizing it, and keeping it secure. 
There are also privacy issues for people who use mHealth. This technology is safe 
for storing private information such as medical records, doctor’s notes, e-prescrib-
ing, study results, and processes. According to BCT (blockchain technology), drug 
development studies could be improved by giving researchers a safe way to share 
data. The coming together of BCT, CPSs (cyber-physical systems), and CTs (clini-
cal trials) is still very new, and there isn’t much research on this topic yet. At a high 
level, BCT is used to find patients and make sure that rules about human subjects 
are followed. It has been made possible to handle and keep an eye on data in CTs 
with more than one location. People made a tool called “BlockTrial” to help them 
carry out smart contracts about trials on a private network more easily. It is shown 
how a blockchain-based system can help patients and parties keep track of informa-
tion about permissions. When it comes to managing permission, a blockchain-based 
method has been shown to work well. BCT may be a good way to handle data in 
eHealth and CTs because it is safe, clear, and can’t be changed.

2.4 � QUALITY BY DESIGN (QBD)

Quality by design (QbD) is a way to make sure that the planning, building, and 
making of drugs is done well by using statistical, analytical, and risk-management 
tools. The ICH Q8 standard calls it “a planned approach to development that starts 
with clear goals and focusses on understanding the product and process and keep-
ing an eye on the whole process, using good science and quality risk management.” 
QbD has been used in many areas of biotechnological and pharmaceutical progress, 
including biopharmaceuticals, bioprocessing, abbreviated new drug applications 
(ANDAs), drug formulation and delivery, pharmaceutical products, analytical meth-
ods, biotechnological products, drug development, nano pharmaceutical products, 
monoclonal antibodies, and CTs. Pharmaceutical quality by design (QbD) includes 
planning production methods that will ensure the quality of set formulations and 
improve development speed, ability, and formulation design. The idea that quality 
should be built into a product was backed up by Guidance for Industry PAT, which 
is a framework for new drug development, manufacturing, and quality assurance. It 
states that quality should not be tested into goods; it should be built-in or should be 
by design.

The following are guidelines used in drug development: ICH PAT Guideline 
(2004), ICH Q8 (R2) (Pharmaceutical Development, 2014), ICH Q9 (Quality Risk 
Management, 2014), ICH Q10 (Pharmaceutical Quality System, 2009), ICH Q11 
(Development and Manufacture of Drug Substance, 2011), and ICH Q12 (Technical 
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and Regulatory Considerations for Pharmaceutical Product Lifecycle Management, 
2020). The main goals of QbD are to get clear quality standards based on clinical per-
formance, lower the variability of formulations, and create an organization for change 
after approval by making product and process design, understanding, and control bet-
ter to stop product variability that leads to rejects, scrapping, and reprocessing.

Years ago, QbD was a big part of how drugs were planned and made. It is only 
now beginning to play a role in CTs, though. Not long ago, QbD was used in research 
and clinical studies to help make new drugs safer, better, more effective, cheaper, 
and easier to get. Quality in CTs mostly means what the donors think about how 
likely it is that the results are correct as a whole. GCP (good clinical practice)-based 
tracking methods are at the heart of many of the most popular ways to make things 
better. ICH E8 (R1) says that QbD in clinical research makes sure that the safety of 
the subjects and risk management methods are taken into account so that the quality 
of the study and the dependability of the results are better. The plan–do–check–act 
(PDCA) method is what the QbD in CTs is based on. Plan to: a) Figure out the qual-
ity factors that are important and must be met during the CTs; b) figure out the steps 
that will be taken to measure quality for the quality factors that have already been 
set; and c) systematically figure out the safe areas of the planned CT factors, with 
the goal of finding and ranking the risks to quality. Do put in place good plans for 
managing risks before, during, and after the CTs. Check, measure, or keep an eye on 
quality performance to see if quality factors are being met. This will help you figure 
out the risks, their amounts, and where they come from.

Take action: deal with quality problems by using the right corrective and/or pre-
ventive control methods. The movement and merging of data between the PDCA 
steps in QbD are very important for making the method more useful and improving 
quality. Adding a KMS (knowledge management system) to the QbD design can 
make it possible for activities to share data in real time and in an integrated way. It 
is very important to make sure that information is shared and used effectively within 
QbD activities. It also makes it easier to look over information from a wide range 
of different sources and then use that information to figure out how important the 
different quality traits are. QbD combined with KMS could help manage the flow of 
information that leads to the creation of process strategies, the sharing of technology, 
and the use of this information to make processes better all the time. A centralized 
data-sharing method is often used to share information and knowledge between the 
people and actions that make QbD possible, but it doesn’t work very well. These 
kinds of storage systems might not work because the tools are spread out geographi-
cally and have different types of operation systems. The amount of data merging for 
QbD in CTs needs to be raised by using a strong knowledge management method. 
A shared, unapproved data store and management system could make the knowl-
edge management process better by making it easier for everyone to share data. 
Also, the information that QbD creates is private and sensitive, and if it is misused, 
it could hurt deals, company policies, and user privacy. The information about the 
QbD should be kept in a very safe place where no one in power can change it. The 
quality will be better if the QbD tasks and drivers can share data better, which is not 
a surprise. This paper tries to fix the problems listed above by adding BCT to QbD 
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through the creation of DT (digital twins). The goal is to create a system for sharing 
and managing information that works across multiple computers. The created DT 
could make the CT better by giving the QbD activities more power by creating a safe 
network for sharing knowledge.

2.5 � HEALTHCARE WORKFLOW WITH DIGITAL 
TWINS BASED ON BLOCKCHAIN SYSTEMS

To truly grasp the importance of using blockchain-enabled digital twins for opti-
mizing healthcare workflows and improving efficiency, we must first understand 
the concept of healthcare workflows. Put simply, healthcare workflows refer to the 
sequence of tasks and activities involved in delivering healthcare services to patients. 
These workflows can be as simple as scheduling an appointment or as complex as 
managing a patient’s entire medical journey from diagnosis to post-operative care. 
Efficient healthcare workflows are essential for ensuring patient safety, reducing 
healthcare costs, and improving patient outcomes.

However, with the increasing complexity of medical treatments and the increas-
ing number of patients seeking care, traditional manual processes can no longer keep 
up with the pace of change. In response to these challenges, healthcare providers 
are turning to technologies such as blockchain and digital twins to optimize their 
healthcare workflows and improve overall efficiency.

The application of digital twins in healthcare is particularly compelling, as they 
offer a unique opportunity to virtualize complex medical environments and simu-
late various scenarios to support improved decision-making. One area where digital 
twins are being increasingly explored is in the virtualization of standalone assets, 
such as medical devices, structures, and even individual patients. This approach 
allows for the creation of digital replicas that can be used to model the state and 
behaviour of these physical entities, enabling healthcare professionals to optimize 
their use, predict maintenance needs, and personalize treatment plans.

However, the true potential of digital twins in healthcare lies in the ability to 
virtualize entire ecosystems, encompassing multiple related assets and their interac-
tions. By creating digital representations of complex healthcare workflows, such as 
trauma management, digital twins can provide a holistic view of the system, allow-
ing for the identification of bottlenecks, the optimization of resource allocation, 
and the simulation of the entire process so that risk can be minimized. These are 
some of the points highlighting the importance of digital twin in medical workflow 
improvement.

•	 By creating a digital replica of a patient, healthcare providers can simu-
late how different treatments or therapies would affect them. This allows 
for personalized treatment plans and predictive diagnostics. For example, 
a digital twin of a heart could be used to simulate the impact of a drug or 
surgery.
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•	 Surgeons can create a digital twin of a patient’s anatomy to simulate 
complex surgeries before performing them. This enables precise plan-
ning, reduces risks, and increases the chances of successful outcomes. For 
instance, digital twins of organs or bones allow surgeons to test different 
surgical approaches.

•	 Before implanting medical devices (e.g., pacemakers, prosthetics) a digital 
twin of the device and the patient can simulate how it will function in the 
body. This helps optimize the design of the device and ensures compatibil-
ity with the patient’s physiology.

•	 Digital twins of patient populations can be used to simulate drug inter-
actions, effects, and trial outcomes, reducing the need for physical trials. 
These virtual trials can help in identifying the most effective treatments 
more quickly and safely.

•	 Hospitals can create digital twins of their operational processes, such as 
patient flow, resource allocation, or emergency response times. Simulating 
these processes helps optimize hospital operations, ensuring efficient use of 
resources and better patient care.

•	 Medical students and professionals can use digital twins of patients to 
simulate various medical conditions or emergency scenarios. This pro-
vides a risk-free environment for learning, improving diagnosis skills, and 
decision-making.

2.6 � GLAXOSMITHKLINE (GSK): USING ADVANCED 
TECHNOLOGY TO ACCELERATE VACCINE DEVELOPMENT

Developing vaccines has historically been a time-consuming process, often taking 
more than a decade. That’s in part because there are so many phases, each playing an 
integral part in helping to save lives around the world. Traditional vaccine develop-
ment and production progresses through many phases, with few digital connections 
between them. These include:

•	 Understanding the pathogen via genetic sequencing and other methods.
•	 Selecting the best vaccine candidate.
•	 Conducting extensive preclinical testing, including proof of concept studies.
•	 Developing the processes to manufacture the vaccine.
•	 Running robust in-human clinical trials to evaluate safety and efficacy.

The evidence generated from the above forms the basis of the vaccine’s regulatory 
filing and approval. Once approved, the vaccine can then be manufactured and dis-
tributed at a large scale – with significant lead time allocated to provide quality 
control. By embracing digitalization, GSK has identified a tremendous potential to 
optimize each phase of vaccine development and production. Working closely with 
Siemens and Atos, two of the world’s leading companies in digital transformation 
and technology, they have piloted a “digital twin” – a complete and real-time simula-
tion of the vaccine manufacturing process.
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GSK worked with French IT firm Atos and the engineering company Siemens 
to pilot a digital twin of one of its vaccine manufacturing processes, specifically a 
process for the production of a particular vaccine adjuvant [5]. Developing vaccines 
is a lengthy and resource-intensive process that involves multiple stages, including 
research, clinical trials, manufacturing, and distribution. The traditional vaccine 
development cycle can take several years, but during global health crises, such as 
pandemics, the need for rapid vaccine development becomes urgent. GSK sought to 
use digital twin technology and blockchain to reduce development time, improve 
collaboration, and ensure transparency and security across the supply chain [12, 27].

By using digital twins of biological systems, GSK can simulate how vaccines 
interact with the human immune system. This allows researchers to test different 
vaccine formulations in a virtual environment before moving to physical trials. This 
speeds up the research phase by identifying the most promising candidates early 
on. GSK created digital twins of its manufacturing processes to optimize produc-
tion lines for new vaccines. These digital replicas allow them to simulate the entire 
production chain, identifying bottlenecks, improving yield, and ensuring that the 
vaccine is produced at the highest quality. This is especially critical when scaling up 
production during pandemics. ​Figure 2.3 highlights the use of digital twins in drug 
discovery and development.

2.6.1 � Blockchain Technology for Transparency and Security

GSK integrated blockchain technology to ensure security, traceability, and trans-
parency across the vaccine development and distribution processes. Blockchain cre-
ates a decentralized, tamper-proof ledger that records every transaction or event in 
the supply chain. Here’s how GSK applied it:

FIGURE 2.3  Drug discovery and development Pprocess
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•	 Clinical Trial Data Integrity: During clinical trials, large amounts of data 
are collected from different sites, ensuring its integrity is crucial for regula-
tory approvals. Blockchain ensures that data from trials is securely recorded 
and cannot be altered, ensuring transparency for regulatory authorities such 
as the Food and Drug Administration (FDA) and the European Medicines 
Agency (EMA). Every participant’s data is time-stamped and verified, pre-
venting fraud and enabling faster, more reliable audits.

•	 Supply Chain Management: Once a vaccine is approved, blockchain 
helps track the movement of vaccine doses through the supply chain. Every 
step, from manufacturing to distribution to hospitals or clinics, is recorded 
on a blockchain ledger. This prevents counterfeiting, ensures proper stor-
age conditions, and reduces delays in distribution. In the case of recalls or 
safety concerns, blockchain provides an accurate trail to quickly identify 
affected batches.

•	 Smart Contracts: GSK uses smart contracts (self-executing contracts on 
the blockchain) to automate agreements with suppliers, distributors, and 
logistics providers. These contracts are triggered automatically once pre-
defined conditions are met (e.g., successful delivery of vaccines), ensuring 
faster, error-free transactions and reduced administrative overhead.

2.6.2 � Benefits Realized by GSK

•	 Faster Time-to-Market: By using digital twins to simulate and optimize 
every aspect of vaccine development and production, GSK was able to 
significantly reduce the time required for new vaccine candidates to enter 
clinical trials and eventually reach the market.

•	 Improved Accuracy and Quality: Simulating biological responses and 
manufacturing processes helped improve vaccine efficacy and reduced the 
risk of manufacturing defects. This was especially important during crises 
such as the COVID-19 pandemic when vaccine production needed to be 
ramped up rapidly without sacrificing quality.

•	 Enhanced Supply Chain Transparency: Blockchain technology ensured 
full visibility across the vaccine supply chain, preventing fraud, ensuring 
authenticity, and improving patient safety by guaranteeing that vaccines 
were stored and transported under optimal conditions.

•	 Cost Efficiency: Automation of supply chain processes and smart contracts 
reduced administrative costs and errors, resulting in a more cost-efficient 
system.

•	 Regulatory Compliance: GSK’s use of blockchain for clinical trial data 
helped streamline regulatory audits and approvals, reducing the time and 
effort required to verify trial data. This transparency also builds trust with 
patients, regulators, and partners.
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2.7 � CONCLUSION

Today, patient-centered care is more important than ever. This means that a lot of 
people need to be able to talk to each other without fear. Sharing information about 
patients safely is important, but the process can take a lot of time for everyone.

So, automating a way to share data with an agency, such as the patient’s digital 
twin, can help the different groups that need to work together to provide care for 
patients communicate more effectively. As a safe way to share personal health infor-
mation, this research suggests that patients have a digital twin that is protected by 
blockchain. Ethereum’s smart contracts protect people’s privacy and safety and give 
them control over their own medical details. Safety measures that have been around 
for a long time and are easy on computers are used to guard the digital twins’ infor-
mation and files. We judge the quality of our study by comparing it to other works 
and looking at the results of some experiments. Using a permissioned blockchain, 
our suggested system can be added to healthcare platforms that are already in use. 
This gives users the utmost safety and security. We want to complete more studies so 
that the patient’s digital twin can do more on its own.
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3.1 � INTRODUCTION

Effectively handling medical insurance claims is a critical component of the con-
stantly changing healthcare industry for both patients and providers. Inefficiencies, 
hold-ups, and security issues have frequently plagued the conventional approaches to 
claim settlement and compensation. Recent technological developments, especially 
the introduction of blockchain, present encouraging opportunities to overcome these 
issues. This chapter presents a cutting-edge platform that combines blockchain tech-
nology with cloud services to revolutionize the medical insurance claim settlement 
procedure. The understanding of the inherent sensitivity and confidentiality of medi-
cal records used in the claims process is at the core of this innovation. The platform 
aims to transform the way these documents are gathered, protected, and handled by 
utilizing blockchain technology, which will simplify the complete refund process. 
This chapter gives a summary of the state of medical insurance claim settlement 
today, emphasizing the main issues and inefficiencies with the current frameworks. 
Additionally, it explores the core ideas of blockchain technology and its possible 
uses in the medical field [1], providing the foundation for comprehending our sug-
gested remedy. The goals and scope of this study are then described, and a synopsis 
of the format and arrangement of the following sections is provided. Through this 
initiative, we hope to clarify the nuances of our blockchain-enabled platform and 
highlight its revolutionary potential in transforming the medical insurance claim set-
tlement and reimbursement industry. Furthermore, a functional credit information 

Digital Twin and Blockchain for Sustainable Healthcare 5.0

DOI:  10.1201/9781003532286-3

10.1201/9781003532286-3

http://dx.doi.org/10.1201/9781003532286-3


34 Digital Twin and Blockchain for Sustainable Healthcare 5.0

Automated Insurance Claim Settlement Leveraging Blockchain

system is essential for financial infrastructure because it helps resolve the infor-
mation asymmetry that exists between lenders and borrowers, lowering default 
risk and enhancing credit distribution. Credit scoring has historically depended on 
manual assessment by loan officers. However, computerized credit scoring systems 
that employ algorithms to evaluate creditworthiness based on a number of factors 
were brought about by digitalization. Better financial access and inclusion have 
been made possible by this change, which has made assessments more accurate and 
efficient. Financial organizations can make better lending judgments by using data 
points such as the frequency of transactions pertaining to critical services, the regu-
larity of mobile phone bill payments, and other digital footprint indications. This 
comprehensive assessment guarantees prompt access to essential medical services 
when they are most needed and helps close gaps in healthcare funding.

For financial infrastructure, a functional credit information system is essential. 
By addressing the information asymmetry that exists between lenders and borrow-
ers, it improves credit distribution and lowers the default risk. Credit scoring has 
historically depended on manual assessment by loan officers. Nevertheless, comput-
erized credit scoring systems that employ algorithms to evaluate creditworthiness 
based on a number of factors were introduced by digitization.

3.1.1 �T raditional System of Medical Claim Reimbursement

The present medical claim reimbursement system in India is primarily manual, 
labor-intensive, and rife with inefficiencies. In order to start the claim reimbursement 
procedure, an insured person must submit a number of documents after receiving 
medical care that is covered by their insurance policy. Prescriptions, medical bills, 
diagnostic reports, discharge summaries, and occasionally other paperwork such as 
pre-authorization papers. The insured person or their agents are responsible for gath-
ering these records, which requires them to laboriously acquire the required docu-
mentation from a variety of sources, such as diagnostic facilities, pharmacies, and 
healthcare providers. Because it entails coordinating with numerous stakeholders 
and making sure that all necessary documents are acquired and filed appropriately, 
this procedure is frequently difficult and time-consuming.

Following their collection, the documents are usually sent, either in person or 
via regular mail, to the insurance company. Because the paperwork needs to be 
manually processed and verified by insurance company staff, this further adds to 
the delays in the reimbursement process. As illustrated in Figure 3.1, the manual 
nature of this procedure not only lengthens the time required to settle claims but also 
raises the possibility of mistakes and inconsistencies, resulting in additional delays 
and administrative burdens for both insurers and insured parties. Furthermore, there 
are serious security and privacy issues with the management and physical storage of 
private medical records. One of the most common problems with the existing system 
is the possibility for documents to be misplaced, destroyed, or accessed by unauthor-
ized parties.

Additionally, it is difficult for insurers to effectively retrieve and track claim-
related information due to the absence of a centralized and secure repository for 
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preserving these documents. All things considered, the current medical claim reim-
bursement system in India is characterized by its inherent inefficiencies, manual 
procedures, and paper-based documentation [2]. Technological solutions that can 
improve security and privacy, speed the settlement of claims for both insurers and 
insured individuals and streamline this laborious process are desperately needed. 
This emphasizes how crucial it is to investigate cutting-edge options, such as block-
chain-enabled platforms, in order to update and transform India’s medical insurance 
claim reimbursement system.

3.2 � RELATED WORK

Digital twin technology in healthcare [3, 4] involves creating virtual models of 
patients, organs, or medical devices to simulate real-world scenarios. These digital 
replicas enable early diagnosis, personalized treatment plans, and optimization of 
medical processes. In the pharmaceutical industry, digital twins are used to study 
aging processes, develop personalized medicines, and enhance production pro-
cesses. Hospitals are exploring the use of digital twins for resource management, 
especially during critical times such as the COVID-19 pandemic. Wearable technol-
ogies, such as sensors and Internet of Things (IoT) devices, are being integrated to 
continuously monitor vital signs and transmit data to the cloud for analysis [3]. This 
data is then used to create and update digital twins of individual patients for better 
healthcare management. The future of digital twins in healthcare looks promising, 
with advancements expected in personalized medicine, organ transplantation, and 
hospital operations. By leveraging technologies such as IoT, big data analytics, and 
artificial intelligence, the healthcare industry is moving toward more efficient and 
effective patient care.

FIGURE 3.1  The existing system of processing reimbursement
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The main contribution of this chapter lies in its [5] exploration of the application 
of digital twin technology in healthcare, particularly focusing on creating virtual 
representations of contexts and situations involving multiple related assets within 
healthcare organizations. It proposes the concept of a human digital twin (HDT) as 
a central focus, discussing its potential in full life-cycle health management [4]. The 
chapter delves into the complexities and challenges of implementing HDT, highlight-
ing the need for further research in this area. Additionally, it discusses the archi-
tectural framework, design requirements, key technologies, technical challenges, 
and future research directions for HDT, aiming to stimulate new efforts toward the 
development of HDT for personalized healthcare systems (PHS) [6, 7]. Recruiting a 
sufficiently large sample population to accurately represent the diversity of interac-
tion behaviors within a specific user persona presents a recurring challenge in user 
testing. While proxy users can offer a solution by possessing similar abilities and 
skill sets to the desired group, the data collected from them may not authentically 
reflect actual users. To mitigate this issue, utilizing digital twins of user personas can 
effectively depict the spectrum of decisions made by a persona. The user experiment 
conducted with ALFRED the BUTLER (ATB) involved testing three user personas: 
Disuser, early terminator, and feature abuser. The findings revealed that the feature 
abuser tended to provide more thumbs-up responses, while the disuser predomi-
nantly received thumbs-down. This imbalance in user behaviors could impact the 
accuracy of system recommendations. The study concluded that synthetic personas 
can effectively replicate real user behaviors, which can be valuable for training rec-
ommendation systems to cater to diverse user interactions. The concept of digital 
twins is attributed to Michael Grieves and John Vickers of NASA [7] who presented 
the concept in a lecture on product life-cycle management in 2003. They envisioned 
a world where a virtual model of a product would provide the foundations for prod-
uct life-cycle management, especially in a time when data about physical products 
was limited and manually collected. Grieves described the digital twin as a virtual 
representation of a physical product containing information about the product [8], 
with origins in the field of product life-cycle management. Future research focus 
areas for realizing the full potential of digital twins include perceived benefits, digi-
tal twins across the product life-cycle, use cases, technical implementations, levels 
of fidelity, data ownership, and integration between virtual entities. The comparison 
with building information modeling highlights similarities in managing physical 
and virtual entities with data connections, emphasizing the need for standardiza-
tion and interoperability to address challenges in implementing digital twins and 
realizing their potential benefits. Ekblaw [9] presents a novel, decentralized record 
management system called MedRec using blockchain technology [10]. It aims to 
address several critical issues in healthcare, including fragmented and slow access 
to medical data, system interoperability, patient agency, and improved data qual-
ity and quantity for medical research [11]. MedRec focuses on addressing national 
healthcare priorities, such as restoring comprehensive patient agency over healthcare 
information, facilitating the creation of a “learning health system” that could enable 
better-unified access to data, and promoting the goals of precision medicine and evi-
dence-based research [12]. The authors also highlight the importance of MedRec’s 
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role in supporting a “Health Care Directory and Resource Location,” which could 
facilitate communication of authorization “across the Health IT ecosystem,” provide 
an audit log for subsequent inquiries, and serve as a “Consistent Representation of 
Authorization to Access Electronic Health Information.”

3.3 � NIRAMAYA FRAMEWORK DESIGNED FOR 
UNDERPRIVILEGED INDIVIDUALS

For our program, which is specially made to help those in need, usability is crucial. 
To empower and enable these people to properly utilize the app’s capabilities, it is 
essential to have a user-friendly interface and seamless functionality. An intuitive 
design that takes into account elements such as simplicity, clarity, and ease of use 
is crucial when keeping the academic tone in mind. Improve the app’s accessibility 
and inclusivity by adding logical navigation and clear directions, which will make it 
easier for people with limited resources to use and navigate its features. Our mission 
to provide fair access to useful information and resources will be aided by a strong 
emphasis on usability, which will ultimately improve the lives of people who are less 
fortunate.

3.3.1 � Digital Twin Technology in Credit Score Calculation

3.3.1.1 � Traditional Credit Scoring
Credit scores from institutions such as CIBIL are of paramount importance when 
it comes to the lending practices of Indians, as many are then able to decide what 
options they may have in terms of finance. These scores painstakingly condense a 
person’s credit history into a sum total that includes all the relevant information, 
whether there have been defaults or not and to what extent the payments have been 
consistent and timely on the number of credit accounts, as well as how frequently 
prospective lenders have inquired about a particular person’s credit history. In addi-
tion, other factors such as the length of credit history, past defaults, and payoff habits 
tend to have a huge weight on the borrower’s credit scores. Most lenders consider 
scores above 700 as an assurance that the borrower is financially sound due to their 
dependence on these scores as a good predictor of borrower worthiness and credit 
risk. The procedures involved are bureaucratic, with the amount of paperwork 
becoming a significant impediment to the request for emergency health loans for the 
poor when undertaking traditional methods. For those in desperate need of medical 
funding, such processes regularly call for many documents and verifications that are 
cumbersome and time-consuming. Stabilized address proof or proof of income are 
two other documents that conventional financial institutions usually demand, and 
many disprivileged persons would not be able to provide them. Access to banks and 
other financial establishments is another significant barrier to borrowing in rural or 
isolated regions, which can thereby further delay and hinder the loan processing pro-
cedure. All these factors, together, prolong the health emergencies of the deprived 
communities by depriving them of immediate access to needed healthcare. A digital 
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twin can, in this case, offer an integrated and up-to-date financial profile at a time 
of crisis to improve access to health loans for disadvantaged people. This is highly 
advanced simulation technology where data from income, spending trends, and 
credit history come together to form a sound financial representation. Hence, lenders 
can make more informed decisions much faster with digital twins since it gives a 
precise, rounded view of things, compared to traditional methods that often rely on 
outdated and fractured information. Digital twins also check critical variables such 
as job security and outstanding debt. To assess the actual creditworthiness, it uses a 
matrix of selected machine learning algorithms that take into consideration micro-
economic factors, for example, regional employment rates and healthcare expendi-
ture. It gives a socially nuanced evaluation by including community behavior and 
support systems. The sense of urgency and the nature of the medical emergency are 
also examined based on medical records, insurance, and previous medical expenses. 
Another ethical consideration with regard to the digital twin is that it brings an ethi-
cal dimension to the awarding of credit scores because it evaluates the potential 
costs and impacts of delayed medical care. The associated risks can be evaluated 
correctly by considering factors such as how often the applicant’s demographic expe-
riences emergencies in medical care. The lender can also offer customized payment 
schedules because they know that those belonging to under-privileged groups may 
not have stable sources of income. Additionally, the knowledge of potential income 
increases in the applicant would help lenders make better decisions. Specific poli-
cies could then influence welfare programs by using anonymized and aggregated 
digital twin data to identify the most pressing areas that require more financial aid. 
Digital twins also promote transparency, which erases prejudice and builds more 
trust between the borrower and the lender. These aspects of resiliency and adaptabil-
ity can be checked through the simulation of various situations such as an economic 
downturn or unexpected personal changes.

3.3.1.2 � Emergence of Digital Twin Technology in Finance
Digital twins originated in the fields of engineering and manufacturing, today digi-
tal twin technology is applied widely in different fields, even up to the point of 
credit scoring, which revolutionized the nature of financial assessment techniques. 
A digital twin is defined as a proper replica of an existing real-world object or 
operation that can be found digitally, including all its characteristics, behaviors, 
and features. This is a concept concerning credit scoring and involves developing 
virtual models of trends and actions of borrowers’ financial lives. Combining large 
swaths of historical data with cutting-edge algorithms for predictive analytics, 
financial firms can develop these digital twins of borrowers’ behavior to simulate 
future repayment intentions and predict credit-usage trends as well as potential 
risk. This approach provides lenders with real-time awareness of potential risks 
and opportunities while simultaneously raising the precision and granularity of 
credit assessments. This way of (Figure 3.2) applying digital twin technology to 
credit scoring has an enormous potential to change the financial decision-mak-
ing process, promote responsible lending, and eventually lower financial risk in 
dynamic market environments.
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3.3.1.3 � How Can Digital Twins Enhance Credit Scoring?
Digital twin technology introduces significant advancements in credit scoring by 
leveraging sophisticated data integration, predictive analytics, real-time monitoring, 
and personalization techniques, thereby enhancing the accuracy and efficiency of 
assessing creditworthiness.

	 1.	Data Integration: Digital twins aggregate a vast number of sources of data, 
ranging from financial transactions to social media interactions and e-com-
merce behaviors. This holistic view of credit that moves beyond the classic 
credit history will provide lenders with a deeper understanding of people’s 
credit habits and behaviors. Combining such divergent datasets will pro-
vide more accurate and differentiated assessments of creditworthiness and 
encompass a more comprehensive set of borrower risks and characteristics.

	 2.	Predictive Analytics: One of the most important benefits of digital twins 
is that they can model borrower behavior and predict future credit perfor-
mance. The virtual models look through sophisticated machine learning 
algorithms to view patterns and behaviors that have been discovered in 
historical data. Digital twins can predict better possible risks such as the 
probability of default or delinquency based on the established patterns and 
connections in borrower behavior. This predictive capability enables lend-
ers to make smarter decisions.

	 3.	Real-Time Monitoring: Real-time basis data feeds update the digital twin 
continuously. Thereby, lenders can update their credit decisions in hours 
based on changes in financial conditions or the market through real-time 
dynamic monitoring capability. Up-to-date information about the digital 

FIGURE 3.2  Niramaya framework using digital twin technology
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twin, such as a refreshed credit score, the most recent financial transactions, 
or updated expenditure-related changes, ensures the credit evaluations are 
at their minimum and outdated information does not mislead lending deci-
sions, while using strong predictive insights to optimize loan approvals and 
terms.

	 4.	Personalization: Credit scoring is personalized using unique situations and 
their scenarios. Digital twins may update ratings with regard to specific 
profiles and the needs of the different prospective borrowers. Many back-
ground variations and behaviors of different types are taken into account 
for this purpose; this increases equity and inclusivity while assessing the 
ability to pay. Digital twins service equity more in offering financial ser-
vices and opportunities by tailoring offers of credit to the specific proper-
ties of distinct borrowers.

Digital twin technology basically transforms credit scoring through big data sets, 
predictive analytics to provide a better risk assessment basis, facilities for real-time 
decision-making, and various assessments tailored to specific needs. Such abilities, 
in a fast-changing digital environment, improve the effectiveness of lending proce-
dures while allowing more equitable and knowledgeable financial decisions.

3.3.2 � Challenges and Considerations

The adoption of digital twin technology in credit scoring brings forth several chal-
lenges and considerations that must be carefully addressed to ensure ethical, fair, and 
effective implementation:

3.3.2.1 � Data Privacy
Non-traditional data sources such as social media activity and e-commerce trends raise 
very serious concerns about privacy. While the latter might be better in credit evalua-
tion, the former could be a source of potential risks in privacy violations and unauthor-
ized use of data. There is a great need to balance between people’s right to privacy and 
their access to relevant data that should enable proper scoring. This requires strong 
data governance frameworks involving strict encryption protocols, data-anonymizing 
procedures, and compliance with local data protection laws or regulatory standards, 
such as GDPR. Endeavors to minimize privacy risks and enhance trust require explicit 
consent and explicitness about practices of collecting data from people

3.3.2.2 � Discrimination
Credit scoring through digital twin models must ensure that algorithms mitigate bias 
and avoid discriminatory practices. Non-traditional data sources may inadvertently 
reflect the biases or disparities that exist in society, leading to unfair treatment of 
specific demographic groups. Algorithm audit processes must be combined with 
comprehensive testing for bias to be done with an ongoing process to identify and 
correct algorithmic biases. Of course, diversifying the data sets fed into training 
algorithms and including fairness metrics in the model development would go a long 
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way to prevent bad and discriminatory outcomes. And if algorithms do not open up 
on “how” the decisions are made, then accountability and trust cannot be built into 
the determination.

3.3.2.3 � Algorithmic Transparency
The challenge for regulators and lenders lies in understanding how credit scores are 
produced by digital twin models. Digital twins always rely on complex algorithms 
in machine learning, that are opaque in the decision-making process, whereas tra-
ditional credit scoring models are based on established criteria. What is of special 
interest to lenders, therefore, are how clear these explanations and insights about 
variables used, weightings assigned to different inputs in the data, and logic on 
which credit decisions are premised. It will encourage responsibility and offer users 
an understanding of decisions that include bias or error in fact-making through bet-
ter algorithmic transparency. In conclusion, although digital twin technology has 
significant advantages in improving the efficiency and accuracy of credit scoring, 
responsible implementation requires resolving issues with discrimination, data pri-
vacy, and algorithmic transparency. Stakeholders may optimize the advantages of 
digital twins while respecting moral principles and safeguarding consumer rights by 
putting strong governance frameworks in place, making sure algorithmic decisions 
are fair, and encouraging transparency throughout the credit evaluation process.

3.4 � SECURING USER MEDICAL RECORDS USING 
BLOCKCHAIN TECHNOLOGY

Blockchain is a distributed, tamper-proof ledger aimed to make recording transac-
tions and tracking assets within business networks much easier [13​–15]. There may 
either be physical assets, such as real estate, vehicles, money, and land; or intangible 
assets, such as intellectual property, patents, trademarks, and brand assets [16, 17]. 
The key goal of applying blockchain in this use case is to protect sensitive user health 
records. Blockchain’s structure inherently provides security, leveraging cryptographic 
methods, decentralization, and consensus protocols to ensure transaction reliability. 
The data in blockchain or other distributed ledger technology [18, 19] is organized by 
blocks building up, and each block carries one or more transactions. The tamper-proof 
sequence of blocks [20] ensures the integrity of those transactions. The transactions 
in a block are essentially recognized through a consensus mechanism [5]. Due to the 
decentralized architecture, records in a blockchain are held across a distributed net-
work, which thus eliminates single points of failure and prevents unilateral changes 
to transaction histories. It is adaptable, and its use comes highly across all industries 
[21, 22]. Its applications in finance render transactions secure yet transparent, facili-
tate speedier and more efficient cross-border payments, reduce fraud, and eliminate 
intermediaries. In supply chain management, blockchain enhances transparency and 
traceability. It allows for the transaction recording to be tamper-proof; prevents coun-
terfeit products through such proof, ensures authenticity, and optimizes processes.

As illustrated in Figure 3.3, the system provides two interfaces that are avail-
able for users to submit compensation claims from different platforms: One via an 
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Android application. The second is an insurance partner onboarding portal where 
partners can easily get onboarded and view reimbursement requests along with 
supporting documents. An Android application allows users to upload necessary 
documents, which are then securely stored in the backend servers of Niramaya. The 
backend integrates the databases, Amazon S3, and blockchain to ensure data con-
fidentiality and integrity. The web portal also provides insurance partners with the 
ability to register and log in and request specific user claim documents, and then the 
system will cross-check with both blockchain and Amazon S3 once requested. Once 
verified, documents get delivered in real time, thus making it easy for the insurance 
partners to process claims based on their reliability and authenticity

Blockchain technology has been incorporated into the Niramaya application to 
ensure secure document management, specifically catering to the healthcare and 
insurance sectors. The document upload process within the application is designed to 
accommodate various types of documents, including insurance policies, medical bills, 
test reports, and doctor prescriptions. Users are given the option to upload documents 
in different formats, such as images, text files, or PDF forms. It is crucial to extract 
text from these documents and represent it in a textual format to ensure compatibility 
with blockchain technologies. To accomplish this text recognition, we use a popu-
lar hashing technique that utilises the SHA256 algorithm. Therefore, each uploaded 
document is assigned a unique hash value that changes even with minor updates or 
changes in the document. This text recognition process ensures that each document 
is distinctly identified and meticulously organized for anchoring onto the blockchain, 
thereby ensuring its distinctiveness and secure incorporation into the system.

Once the textual representation is extracted for an uploaded file, a JSON docu-
ment is generated containing two essential fields:

	 (1)	HolderDID: A unique identification string for a user specifically generated 
by the blockchain system for that document.

	 (2)	Hashed File: A unique string representing the file generated using the men-
tioned hashing technique.

FIGURE 3.3  Utilization of blockchain technology in the Niramaya application
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Subsequently, a backend API converts the JSON document into an appropriate for-
mat that can be anchored onto the blockchain. A unique identifier associated with 
the data above is generated on the blockchain, eventually returned by the API as 
the statement identifier (StatementID). This ensures the immutable presence of user 
data within the system. Documents are also stored in their original format in the 
Niramaya backend using the Amazon Web Services S3 storage system, ensuring 
accessibility for users and external partners such as insurance providers. However, 
the documents cannot be retrieved from the blockchain in their entirety. All details 
related to these documents are stored in the database. The portal interface simpli-
fies document retrieval, allowing users to navigate through lists and access specific 
documents effortlessly. When a document is accessed by an insurance partner, a 
thorough integrity check is conducted to ensure that the original file uploaded by the 
user remains untampered. The document is made accessible only when the integrity 
check is successful. Otherwise, the file remains inaccessible.

3.4.1 �N eed for Blockchain to Secure the Medical Health 
Records of Underprivileged Individuals

More stress has been given to securing medical documents using blockchain technol-
ogy in recent years since increased digitization of medical documents compromises 
with increased vulnerability of the patients’ data to cyber-attacks and unauthorised 
access. Blockchain offers a decentralized and immutable ledger system that can greatly 
enhance the security and privacy of medical documents as shown in Figure 3.4 [23]. 
By applying cryptographic algorithms and distributed consensus mechanisms, 
blockchain ensures that medical records are securely stored, tamper-proof, and easily 
auditable [24]. This technology can be particularly beneficial in securing the medical 
records of underprivileged individuals who often lack access to quality healthcare 
and face additional challenges in protecting their personal information. By lever-
aging blockchain, healthcare providers can equip underprivileged populations with 
secure and confidentiality assured medical records, enabling them to receive better 
healthcare services and ensuring their information remains confidential [25].

FIGURE 3.4  Securing files using blockchain technology
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3.4.2 Hashing to Secure Medical Records

Hashing has been an essential instrument both in text processing and file manage-
ment of a variety of formats such as images, PDFs, and other types of files. Through 
the hash function, the internal data structures of a file are converted to a compact 
and unique representation [26]. This is important because the slightest deviation in 
the file’s content or structure will lead to a completely different hashed value. In 
parallel with textual data hashing, files are hashed by algorithms such as SHA256, 
which are particularly designed to work with various file formats in an efficient 
manner as demonstrated in Figure 3.5. Such hash functions produce hash digests 
consisting of fixed-length strings of characters which are descriptive of the original 
content of the file. Whether it be an image, a PDF file, or any other type of file, the 
hash digest produced captures the authenticity of the information stored in a file and 
its structure. This is the reason why hash digests are used in file integrity verification 
and detection of duplication. Let’s say, for example, one would instantly tell if two 
files are the same as long as their names and locations are different with the help of 
a hash digest. Hash digests in the digital forensics field are used for verification of 
files and tracking of changes. Its reliability and efficiency in dealing with different 
file formats is the reason hashing has became a leader in modern environments, with 
control sets of operations over the potential data integrity and security issues as the 
most important things.

3.4.3 � SHA-256 Algorithm

SHA-256, or Secure Hash Algorithm 256-bit, is a cryptographic hash function that 
generates a fixed-size 256-bit (32-byte) hash value. It belongs to the SHA-2 family 
of cryptographic hash functions [27], developed by the National Security Agency 
(NSA) and published by the National Institute of Standards and Technology (NIST) 
in 2001.

The advantages of SHA-256: SHA-256 is a member of the secure hash algorithm 
(SHA) family. It provides several advantages that make it outperform modern cryp-
tographic applications and verification of data integrity as shown in Figure 3.6.

FIGURE 3.5  Ensuring medical record integrity with hashing
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3.4.3.1 � Security
SHA-256 is well-known for its robust security features, in particular its resistance to 
collision attacks. When two different inputs produce the same hash value, a collision 
attack is said to occur. The SHA-256 design ensures that such occurrences are com-
putationally impossible, assuring that the integrity and authenticity of hashed data 
remain intact. This feature is crucial in security-sensitive applications such as digital 
signatures, where any modification in the data is easily detectable.

3.4.3.2 � Collision Resistance
Building on its security strength, SHA-256 provides exceptional collision resistance. 
This means it is highly impossible for two distinct inputs to generate the same 256-
bit hash output. This is the fundamental property that ensures data integrity across 
various applications, from verifying software downloads to securing transactions in 
blockchain technology. The unlikelihood of collisions highlights the reliability of 
SHA-256 and confirms the uniqueness and consistency of digital data.

3.4.3.3 � Fixed Output Size
SHA-256 produces a fixed-size output of 256 bits (32 bytes), irrespective of the size 
or complexity of the input data. The hash digest remains consistent across different 
platforms and systems and hence simplifies data handling and storage. This unifor-
mity ensures its flexible usage across various protocols and applications with the 
need for adaptations or conversions into other formats.

3.4.4 �E fficiency

SHA-256 is designed to be computationally efficient with rapid hashing of data while 
maintaining accuracy and reliability. For applications demanding real-time data pro-
cessing and high throughput such as password hashing for user authentication, digital 

FIGURE 3.6  Enhancing medical record security with SHA 256 hashing
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certificates and securing transactions in cryptocurrency systems, the efficiency of 
the hashing algorithm plays a highly significant role. The ability to perform hashing 
operations efficiently, without compromising security is the key feature of essential 
digital systems.

Conclusively, SHA-256 is prominent not only due to its high-security properties, 
such as resistance to collisions and efficient computation but also due to its versatility 
in accommodating a huge variety of cryptographic and data integrity applications. 
Its consistent output size and efficient processing capabilities make it a vital tool for 
maintaining data security, authenticity, and reliability in today’s connected digital 
landscape.

3.5 � STORING OF MEDICAL DOCUMENTS IN AMAZON S3?

Amazon Simple Storage Service (Amazon S3) is an object storage service that offers 
industry-leading scalability, data availability, security, and performance. Customers 
of all sizes and industries can use Amazon S3 to store and protect any amount of data 
for a range of use cases, such as data lakes, websites, mobile applications, backup 
and restore, archive, enterprise applications, IoT devices, and big data analytics. 
Amazon S3 provides management features to optimize, organize, and configure 
access to your data to meet your specific business, organizational, and compliance 
requirements.

3.5.1 �I ntegrity Checker

When insurance partners request documents, the system retrieves pertinent details 
from the database, which encompass the key, S3 path, Claim ID, Statement ID, 
and HolderDID, all outlined in Figure 3.7(A). Following this initial step, in Figure 
3.7(B), the system proceeds to fetch the most recent hash from the blockchain as 
associated with the Statement ID, subsequently providing it as requested. Moving 
forward to Figure 3.7(C), the system locates the file within the Amazon S3 stor-
age system by utilizing the provided S3 path. Here, the SHA-256 algorithm is 
employed to meticulously compute the hash of the file. The resultant hash, in 
conjunction with the HolderDID, is then seamlessly incorporated into a JSON 
document, effectively forming the JSON representation. As a subsequent step, 
a document hash (dochash) is generated from this JSON document. The process 
then progresses to the integrity check stage, where a comparison is made. If the 
key retrieved in Figure 3.7(A) matches both the hash obtained from Figure 3.7(B) 
and the document hash (dochash) derived in Figure 3.7(C), the integrity check is 
deemed successful, ensuring that the document remains unaltered throughout its 
journey. However, if this condition is not met, the integrity check fails, indicat-
ing potential tampering with the document and prompting further investigation 
or action. This stringent verification process is crucial in upholding the integrity 
and reliability of the documents stored and managed within the system as shown 
in Algorithms 1 and 2.
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Algorithm 1 Uploading Medical Record

1: Step 1: Upload document
2: if new user then
3:        Generate holder DID
4: else                  
5:        Get holder DID if he’s an existing user
6: end if
7: Step 3: Encryption of file
8: Step 4: Prepare JSON from encrypted file
9: Step 5: Create statement

Algorithm 2 Fetching Medical Record

1: Step 1: Access a file from insurance provider
2: Step 2: Check the integrity of the requested file
3: if there is no error in duplication then
4:        Integrity check fails
5: else
6:        Integrity check successful
7: end if

FIGURE 3.7  Fetching the hashed documents from the blockchain
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Traditionally, the process of anchoring documents onto the blockchain involved 
a significant time disparity based on file size. Larger documents typically require a 
longer period to anchor compared to smaller files. This time discrepancy was a com-
mon challenge faced by users when utilizing blockchain technology for document 
verification and authentication.

In Figure 3.8, the framework addresses this issue by ensuring that regardless of 
the file size, the time required for anchoring on the blockchain remains consistent. 
Through innovative optimization techniques, our application effectively elimi-
nates the traditional time discrepancies associated with anchoring large and small 
documents.

3.6 � CONCLUSION

The process of settling medical insurance claims using blockchain technology is 
a significant step forward in resolving security issues and inefficiencies in conven-
tional systems. Document management can undergo a paradigm shift thanks to the 
fundamental blockchain characteristics of immutability, decentralization, and cryp-
tographic security. This solution improves confidence and transparency while stream-
lining operations and facilitating secure storage, seamless access to, and verification 
of sensitive medical documents across platforms, such as the Niramaya portal, and 
collaboration with insurance carriers. With its promises of streamlined claim settle-
ment procedures, lower fraud risks, and greater satisfaction for both insured parties 
and insurers, it establishes a precedent for broad adoption in the healthcare insurance 
market. Similarly, digital twin technology provides a revolutionary advancement in 

FIGURE 3.8  Revolutionizing blockchain document anchoring: Consistent time efficiency 
for all file sizes
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financing by improving the precision and customization of credit scoring algorithms. 
Digital twins visualize the digital persona of the borrowers that encompass the char-
acteristics and behaviors of borrowers using information stored on several various 
sources, including financial transactions, social media connections, and behavioral 
tendencies. Important factors including bias reduction, privacy protection, and trans-
parency in credit evaluation procedures are all taken into account by this method. 
The success of its adoption depends on embracing strong data governance, guaran-
teeing algorithmic fairness, and adhering to legal requirements. Financial organiza-
tions can leverage digital twin technology to assess the consumers more equitably 
ensuring inclusivity so that they comply with changing consumer demands and legal 
requirements. Ultimately, blockchain and digital twin technologies both present 
novel approaches that hold great potential for improving credit scoring and health 
insurance claim settlement procedures. Through the optimal use of their unique fea-
tures and the resolution of underlying hindrances, these technologies pave the way 
for increased security, improved stakeholder trust, and operational efficiencies in 
vital industries.

ACKNOWLEDGMENT(S)

The research work is fully supported by the IIT Bhilai Innovation and Technology 
Foundation under the UG/PG fellowship scheme. Ref No: IBTTF/Note/TBI/
Sanction Letter/2023-24/0013. We would also like to thank BE Graduate Students 
Nidhi Suresh Hegde, Nikhil Ballari, Keerthi K S, Isha Mohandas Pai, Manikanta, 
Shreya S Rao, and Adarsh Singh for their Contribution. ​

REFERENCES

	 1.	 Z. Zheng, S. Xie, H. Dai, X. Chen, and H. Wang, “An overview of blockchain technol-
ogy: Architecture, consensus, and future trends,” in 2017 IEEE International Congress 
on Big Data (Big Data Congress), 2017, pp. 557–564.

	 2.	 C. C. Agbo, Q. H. Mahmoud, and J. M. Eklund, “Blockchain technology in health- 
care: a systematic review,” Healthcare, 7(2), 56, 2019.

	 3.	 Ö. Aydın and E. Karaarslan, “OpenAI ChatGPT generated literature review: Digital 
twin in healthcare,” in Ö. Aydın (Ed.), Emerging Computer Technologies, Vol. 2, 2022.

	 4.	 T. Erol, A. F. Mendi, and D. Do˘gan, “The digital twin revolution in healthcare,” in 
2020 4th international symposium on multidisciplinary studies and innovative tech-
nologies (ISMSIT), pp. 1–7. IEEE, 2020.

	 5.	 M. Zarour, M. T. J. Ansari, M. Alenezi, A. K. Sarkar, M. Faizan, A. Agrawal, R. 
Kumar, and R. A. Khan, “Evaluating the impact of blockchain models for secure and 
trustworthy electronic healthcare records,” IEEE Access, 8, 157959–157973, 2020.

	 6.	 T. Sun, X. He, and Z. Li, “Digital twin in healthcare: Recent updates and challenges,” 
Digital Health, 9, 20552076221149651, 2023.

	 7.	 A. Reinert, S. Rebensky, M. C. Osman, B. Prebot, C. Gonzalez, D. Morrison, V. Yerdon, 
and D. Nguyen, “Using cognitive models to develop digital twin synthetic known user 
persona,” Human Factors and Simulation, 83, 83, 2023.

	 8.	 A. Vallée, “Digital twin for healthcare systems,” Frontiers in Digital Health, 5, 
1253050, 2023.



50 Digital Twin and Blockchain for Sustainable Healthcare 5.0

	 9.	 D. Jones, C. Snider, A. Nassehi, J. Yon, and B. Hicks, “Characterising the digital 
twin: A systematic literature review,” CIRP Journal of Manufacturing Science and 
Technology, 29, 36–52, 2020.

	 10.	 A. Ekblaw, A. Azaria, J. D. Halamka, and A. Lippman, “A case study for blockchain 
in healthcare: “medrec” prototype for electronic health records and medical research 
data,” in Proceedings of IEEE Open & Big Data Conference, Vol. 13. Vienna, Austria, 
2016, p. 13.

	 11.	 J. Yli-Huumo, D. Ko, S. Choi, S. Park, and K. Smolander, “Where is current re- search 
on blockchain technology?—a systematic review,” PloS One, 11(10), e0163477, 2016.

	 12.	 R. Ramya, B. D. Ramesh, M. Kumudavalli, P. Joshi, and K. Venugopal, “Blockchain-
integrated metaverse for academia: A solution for virtual classes, lectures, and proj-
ect fundings,” in International Conference on Information and Communication 
Technology for Competitive Strategies. Springer, 2023, pp. 387– 396.

	 13.	 R. Ramya, N. Kishore, D. Sejal, K. Venugopal, S. Iyengar, and L. Patnaik, “Pre- 
dicting social emotions based on textual relevance for news documents,” in 2019 
IEEE International WIE Conference on Electrical and Computer Engineering 
(WIECON-ECE).

	 14.	 T. McGhin, K.-K. R. Choo, C. Z. Liu, and D. He, “Blockchain in healthcare appli- 
cations: Research challenges and opportunities,” Journal of Network and Computer 
Applications, 135, 62–75, 2019.

	 15.	 R. Ramya, G. Singh, S. N. Sejal, K. Venugopal, S. Iyengar, and L. Patnaik, “R 2 
dclt: retrieving relevant documents using cosine similarity and lda in text mining,” 
International Journal of Information and Communication Technology, 19(4), 391–422, 
2021.

	 16.	 M. T. Quasim, A. A. E. Radwan, G. M. M. Alshmrani, and M. Meraj, “A block-
chain framework for secure electronic health records in healthcare industry,” in 
2020 International Conference on Smart Technologies in Computing, Electrical and 
Electronics (ICSTCEE). IEEE, 2020, pp. 605–609.

	 17.	 M. Usman and U. Qamar, “Secure electronic medical records storage and sharing using 
blockchain technology,” Procedia Computer Science, 174, 321–327, 2020.

	 18.	 G. Q. Butt, T. A. Sayed, R. Riaz, S. S. Rizvi, and A. Paul, “Secure healthcare record 
sharing mechanism with blockchain,” Applied Sciences, 12(5), 2307, 2022.
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Leveraging Blockchain 
Interoperability for 
Sustainable Healthcare
A Review and Analysis

Neetu Sharma and Ashutosh Mishra

4.1 � INTRODUCTION

The healthcare industry is experiencing an increasing demand for sustainability to 
achieve better patient outcomes and enhanced record security, privacy, and integrity. 
Distributed ledger technology such as blockchain provides a unique infrastructure 
that eliminates dependence on centralized architectures [1]. This technology has 
emerged as a promising enabler, offering distinctive capabilities to tackle key chal-
lenges and unlock new opportunities in healthcare ecosystems worldwide. By pro-
viding a decentralized, immutable, transparent, auditable, and secure data-sharing 
mechanism, blockchain offers a disruptive solution.

For blockchain to enhance organizational operations, it must integrate seamlessly 
with other systems. However, the lack of interoperability among blockchains is a 
fundamental issue that impedes the global adoption of blockchain in collaborative 
organizations [2]. Interoperability can be considered the ability of various systems to 
interact with each other without barriers [3]. Blockchain technology can significantly 
improve interoperability by allowing data exchange between multiple systems and 
enabling simultaneous access to that data. In a wide range of proposed systems, data 
sharing occurs among institutions, where users handle complete access control over 
their records. This improved interoperability can enhance system outcomes [4].

Interoperability is a crucial blockchain characteristic that permits various sys-
tems to share across healthcare industry boundaries, enabling the provision of more 
advanced and effective services [5]. It is the capability of blockchain technology to 
offer and access information to cross-blockchain networks [6, 7].

4.1.1 � Challenges in the Healthcare Industry

The healthcare industry faces many obstacles in the current era, one of which is 
very significant: the security risks associated with the healthcare industry. These 
risks include cyberattacks, data breaches, and other illegal access to personal data. 
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Serious repercussions from such security breaches may include financial losses, 
damage to one's brand image, and danger to the health of patients [8]. A few of the 
challenges in the healthcare industry are summarised in Table 4.1.

There is a scarcity of innovation within the healthcare domain that focuses spe-
cifically on the interoperability feature of blockchain and the development of vari-
ous emerging technologies. This gap in the literature highlights the need for more 
in-depth studies and innovative solutions to address the challenges and opportunities 
presented by blockchain in healthcare [9]. As a result, many prominent organizations 
are making significant investments in blockchain technology, aiming to resolve criti-
cal issues related to technology, interoperability, and data management.

In today’s digital age, people are becoming more aware of the importance of hav-
ing access control over their own healthcare information. This growing awareness 
underscores the necessity for robust systems that ensure data security, integrity, and 
privacy. In environments where sensitive health data are of paramount importance, 
there is a compelling need for stringent checks, enhanced security measures, and 
comprehensive audit capabilities to safeguard data integrity. The healthcare indus-
try’s emphasis on interoperability and the seamless sharing of medical records and 
information further accentuates the demand for advanced technological solutions.

The deployment of decentralized blockchain networks for the healthcare industry 
to create digital health twins is an area that holds significant promise yet requires 
more exploration [10]. Digital health twins are virtual representations of patients that 
can be used to simulate and predict health outcomes, improve personalized medi-
cine, and enhance overall patient care. Integrating blockchain technology into this 
concept could revolutionize how patient data is managed, shared, and utilized across 
the healthcare ecosystem.

However, the adoption of blockchain technology in healthcare is not without its 
challenges. These include the inherent complexity of the technology, the existence of 
numerous stand-alone projects that do not yet interoperate, and issues related to scal-
ability and integration with existing healthcare systems [11]. Addressing these chal-
lenges is crucial for the successful implementation of blockchain solutions that can 
enhance the efficiency, security, and interoperability of healthcare data management.

The key challenges in the healthcare industry are listed below:

TABLE 4.1
Blockchain-Related Healthcare Industry Challenges
References Healthcare Challenges

[8] Security risk

[9] Research on blockchain interoperability in the healthcare industry is scarce

[10] Interoperability and data-related issues

[11] Blockchain challenges include complexity, stand-alone projects, interoperability, and 
scalability
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•	 Incomplete Patient Records: Data fragmentation frequently results in 
incomplete patient records, which can compromise the precision of diagno-
sis and the efficacy of treatment regimens.

•	 Data Access Challenges: Healthcare professionals find it difficult to swiftly 
obtain all pertinent patient data, which could cause delays in treatment and 
even medical errors.

•	 Duplication of Tests and Procedures: In the absence of a unified record, 
there is a greater chance of redundant tests and procedures, leading to extra 
expenses and needless risks for patients.

•	 Care Coordination: Care continuity for patients is impacted by fragmenta-
tion, which makes it more difficult for various healthcare providers to work 
together efficiently.

•	 Systems That Are Incompatible: Data exchange is complicated by the fact 
that many healthcare organizations use disparate electronic health record 
(EHR) systems that are incompatible with one another.

•	 Standards and Protocols: Lack of universally adopted standards and proto-
cols for data exchange hinders interoperability. Even when standards exist, 
inconsistent implementation can be a problem.

•	 Healthcare Data across Several Centralized Systems: Organizations with 
centralized data silos may hinder the easy exchange of information, which 
reduces the advantages of integrated care.

•	 Patient Mobility: Patients who move between medical providers may dis-
cover that gaps in their medical history occur because their health data does 
not follow them.

•	 Cyber Attacks: Because they store so much sensitive personal and medical 
data, healthcare organizations are frequently the target of cyberattacks such 
as ransomware and data breaches.

•	 Compliance Requirements: In order to protect patient data, healthcare pro-
viders are required to adhere to strict regulations (such as HIPAA in the 
United States). Failure to comply can result in heavy penalties.

•	 Internal Threats: Insider threats represent a serious risk to data security, 
regardless of their malicious intent. Workers who have access to private 
data may jeopardize the security of the information.

•	 Treatment Delays: Difficult administrative processes can cause patient care 
delays, which lowers the effectiveness of healthcare delivery.

•	 Waste of Resources: Inefficiencies may lead to the waste of personnel, 
money, and time that could be used to provide patient care.

•	 Patient Dissatisfaction: Inefficiencies frequently result in increased wait 
times, unsatisfactory patient encounters, and decreased satisfaction levels.

•	 Billing and Claims Processing: The intricacy of insurance claims and med-
ical billing can result in mistakes and long wait times for payment, which 
can negatively impact the financial stability of healthcare providers.

The holistic view of achieving interoperable blockchain for sustainable healthcare is 
presented in Figure 4.1. The healthcare industry faces several significant challenges, 
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including data fragmentation, interoperability barriers, security vulnerabilities, and 
inefficiencies in care delivery and administrative processes. Blockchain technol-
ogy, with its decentralized ledger architecture, cryptographic mechanisms, consen-
sus algorithms, and smart contract capabilities, offers promising solutions to these 
issues. By ensuring data security and integrity, enabling patient-centric care models, 
and enhancing administrative efficiency, blockchain can address many of the current 
inefficiencies. Furthermore, blockchain improves traceability and visibility in the 
pharmaceutical supply network, which is critical for combating drug counterfeit-
ing. Interoperability among blockchain networks is crucial for creating sustainable 
healthcare ecosystems. Improved communication and coordination facilitated by 
interoperable blockchain networks can lead to better patient outcomes and reduced 
medical errors. Various approaches and initiatives, such as cross-chain protocols, 
interoperability frameworks, and industry consortiums, are being developed to 
achieve this goal. These efforts aim to create a cohesive and efficient healthcare 
system that leverages the full potential of blockchain technology.

Addressing these challenges requires a multifaceted approach, including the 
adoption of advanced technologies such as blockchain for secure data sharing, 
implementation of interoperability standards, enhancement of cybersecurity mea-
sures, and optimization of care delivery and administrative workflows. This research 
work aims to provide a review and analysis of the need for blockchain interoperabil-
ity to achieve sustainable healthcare transformation.

4.1.2 �R ole of Blockchain in Sustainable Healthcare

Blockchain technology offers several potential contributions to sustainable health-
care, which are as follows:

FIGURE 4.1  Holistic view of achieving interoperable blockchain for sustainable healthcare
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	 1.	Data Integrity and Security: Blockchain provides a decentralized and 
immutable ledger that ensures the integrity and security of healthcare data. 
This feature is crucial for protecting patient information and preventing 
unauthorized access or tampering, thereby enhancing privacy and trust.

	 2.	Interoperability: Blockchain can facilitate interoperability among dis-
parate healthcare systems and stakeholders by establishing a common 
platform for securely sharing and accessing data. This interoperability 
improves communication, coordination, and continuity of care, leading to 
better patient outcomes and reduced medical errors.

	 3.	Patient-Centricity and Empowerment: Blockchain technology permits 
patients to own, access, and control their health information through secure 
digital identities and permissioned access mechanisms. The public can 
selectively allow access to their data with healthcare institutions, innova-
tors, and various other entities, enabling personalized care, informed deci-
sion-making, and participation in clinical trials or research studies.

	 4.	Health Information Sharing: Blockchain streamlines health information 
sharing by enabling real-time, secure, and auditable transactions among 
healthcare organizations, payers, and patients. This capability reduces 
administrative burdens, eliminates intermediaries, and accelerates pro-
cesses such as claim processing, billing, and credentialing.

	 5.	Supply Chain Management: Blockchain enhances transparency and 
traceability in the pharmaceutical supply chain by recording transactions 
related to drug manufacturing, distribution, and authentication. This trans-
parency helps combat counterfeit drugs, ensure product quality and safety, 
and optimize inventory management, thereby promoting sustainability and 
public health.

	 6.	Research and Innovation: Blockchain facilitates data sharing and col-
laboration among researchers, clinicians, and pharmaceutical companies 
by providing a trusted and transparent platform for securely storing, access-
ing, and analyzing health data. This collaborative ecosystem accelerates 
medical research, fosters innovation, and advances precision medicine and 
personalized therapies.

	 7.	Value-Based Care and Payment Models: Blockchain supports value-
based care and payment models by enabling real-time tracking and veri-
fication of healthcare services, outcomes, and payments. This capability 
promotes accountability, efficiency, and fairness in healthcare delivery and 
reimbursement, aligning incentives with patient-centric care and quality 
improvement initiatives

4.2 � ORGANIZATION

Section 4.1 of this chapter presents the challenges faced by the healthcare indus-
try and the role of blockchain in sustainable healthcare. Sections 4.3 and 4.4 cover 
the literature review and the basics of blockchain technology. Sections 4.5 and 4.6 
explore the role of blockchain interoperability in fostering sustainable healthcare 
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ecosystems and existing interoperability approaches. Section 4.7 presents the impli-
cations, including the need for interoperability standards, governance models, and 
a regulatory framework. Section 4.8 presents the conclusion and future work from 
this chapter.

4.3 � LITERATURE REVIEW

This section covers the existing works related to blockchain interoperability for 
sustainable healthcare. Table 4.2 presents a summary of existing works. In [2], the 
authors provide a standardized architecture that facilitates interoperability and DLT 
interoperability in cooperative enterprises. The goal of the research described in 
[3] is to create a blockchain-based EHR framework that is interoperable and able to 
meet various national and international EHR standards, including HL7 and HIPAA. 
A model was presented in [4] for interoperability in medical imaging measurements, 
personal information protection techniques, and medical data standards. This study 
focused on a review of existing research in the field of using distributed ledger 
technology to store electronic health records (EHR), as presented in [5]. In [6], the 
authors aimed to create an integrated view based on interoperability principles to 
collect patients’ medical records, utilizing sensors from various wearable devices 
and other sources.

A unique publish-based blockchain interoperability solution for permissioned 
blockchains was put forth in [7]. An application-based cross-chain interoperability 
solution called appXchain is presented in [8], enabling data sharing, request pro-
cessing, and inter-communication between blockchain networks with any kind of 
architecture and industrial focus. The goal of the study in [9] was to pinpoint the 
main obstacles and possibilities for creating a long-lasting research lab that pro-
duces studies, instruction, and blockchain applications in healthcare at an academic 
medical institution. According to the authors of [11], using blockchain technology 
in healthcare data management systems can spur innovation and result in notable 
advancements. They discussed the opportunities for the healthcare sector, the main 
benefits of implementing blockchain technology, and important blockchain features 
and attributes. Along with highlighting recent ongoing initiatives and case studies 
that show how useful blockchain technology is for a range of healthcare applications, 
they also highlighted important unresolved research issues that are impeding the 
technology’s successful implementation in the industry.

In [12], the authors conducted a survey on 404 blockchain interoperability-based 
studies. In [13], the authors conducted a literature survey of the existing schemes on 
blockchain interoperability and atomic swapping. In [14], the authors proposed the 
true state of interoperability frameworks suggested for heterogeneous blockchain-
based systems.

In [15], the objective of the authors is to investigate how blockchain interoper-
ability solutions use smart contracts. Homogeneous blockchains and homogeneous 
smart contracts, heterogeneous blockchains, and heterogeneous smart contracts are 
the three primary categories into which this research has divided the current interop-
erability solutions.
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TABLE 4.2
Summary of Existing Works Related to Blockchain Interoperability for 
Sustainable Healthcare
Existing 
Scheme

Objective Interoperability Solution

[2] To provide a standardized architecture that facilitates 
interoperability and DLT interoperability in 
cooperative enterprises

Interoperability and 
interoperability solutions

[3] To create a blockchain-based EHR framework that is 
interoperable and able to meet various national and 
international EHR standards, including HL7 and 
HIPAA

Interoperable EHR framework

[4] A model for interoperability in medical imaging 
measurements, personal information protection 
techniques, and medical data standards was put forth

PHI interoperability model

[5] To systematically review existing and ongoing research 
in the field of using blockchain technology to store 
electronic health records (EHR)

EHR interoperability model

[6] To create an integrated view based on interoperability 
principles to collect patients' medical records, 
utilizing sensors from various wearable devices and 
other sources.

Telecare interoperability 
solution

[7] To suggest a new publish/subscribe-based blockchain 
interoperability solution for permissioned blockchains

Publish/subscribe to 
interoperability architecture

[8] To suggest appXchain, an application-based cross-
chain interoperability solution that enables data 
sharing, request processing, and inter-communication 
between blockchain networks of any architecture type 
and industrial focus

AppXchain

[9] To evaluate those tactics in a practical setting and 
identify the main obstacles and possibilities for 
creating a sustainable research lab that produces 
research, instruction, and blockchain applications in 
healthcare at an academic medical institution

Sustainable framework

[11] To discuss how using blockchain technology in 
healthcare data management systems can spur 
innovation and result in notable advancements

Healthcare interoperability 
solutions

[13] To review the existing literature on atomic swapping 
and blockchain interoperabilit

Atomic swap

(Continued)
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TABLE 4.2  (CONTINUED)
Summary of Existing Works Related to Blockchain Interoperability for 
Sustainable Healthcare
Existing 
Scheme

Objective Interoperability Solution

[14] To propose a true state of interoperability frameworks 
suggested for heterogenous blockchain-based systems

Hashed time lock contracts, 
atomic swap, Xchain 
framework, Wanchain, 
interledger, relay, relay chains, 
inter blockchain 
communication protocol (IBC) 
by Cosmos, Polkadot, bridges, 
BTC relay

[15] To explore the use of smart contracts in blockchain 
interoperability

Time lock contracts, relay smart 
contracts, and bridge contracts

[16] To investigate the general guidelines and protocols for 
blockchain systems that are compatible in order to 
identify the commonalities in their architecture 

General interoperable 
frameworks

[17] To suggest InterTrust, an effective, interoperable 
blockchain architecture, to facilitate trustworthiness 
and interoperability across arbitrary blockchain 
systems

Atomic crosschain protocol

[18] To provide a methodical and thorough analysis of 
blockchain interoperability, which is defined as the 
capacity of blockchains to flexibly share data, transfer 
assets, and invoke smart contracts across a variety of 
consortium, private, and public blockchains without 
requiring modifications to the underlying blockchain 
systems

Sidechains, notary scheme, 
hashed time lock contracts 
(HTLC), relays and blockchain 
agnostic protocols

[19] To carry out a thorough analysis of the privacy-
preserving methods currently used in interoperability 
technology based on hash-locking, sidechains/relays, 
and notary schemes

Hashed locking-based, 
sidechain / relay-based and 
notary scheme–based 

[20] To explore the importance of blockchain 
interoperability, what has been done in the last 
decade, and where the field is headed

Bridges

[21] To conduct a systematic literature review to explore 
architectural mechanisms supporting the 
interoperability and security of blockchain-based 
Health Management Systems

Relay chain
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In order to emphasize their shared design features, the authors of [16] investigated 
the general guidelines and protocols for interoperable blockchain systems. They also 
conducted a survey of practical instances, compared prior systems, and presented 
their unique characteristics. Additionally, they discussed critical challenges and 
pointed out potential research directions.

In order to facilitate trustworthiness and interoperability among arbitrary block-
chain systems (including homogeneous and heterogeneous blockchains), the authors 
of [17] proposed InterTrust, an effective, interoperable blockchain architecture. It 
featured an atomic cross-chain communication protocol, which facilitates seamless 
integration of current blockchain systems by acting as an agnostic protocol. Two 
novel strategies—a threshold signature scheme and trusted hardware—powered 
InterTrust. While trusted hardware ensures trusted services across various block-
chain systems, the threshold signature scheme ensures consistency and verifiability 
in the target blockchain systems. They developed an effective cross-chain communi-
cation protocol to enable atomic swaps and interoperable operations between various 
blockchain systems by fusing these two strategies.

The ability of blockchains to flexibly transfer assets, share data, and invoke smart 
contracts across a variety of public, private, and consortium blockchains without 
requiring modifications to the underlying blockchain systems is known as block-
chain interoperability, according to the authors’ thorough and methodical survey on 
the topic in [18]. They divided the existing works into five groups: blockchain agnos-
tic protocols, relays, hashed time lock contracts, sidechains, and notary schemes. A 
taxonomy comprising system and safety attributes such as decentralization, com-
munication direction, locking mechanism, verification mechanism, trust, safety, 
liveness, and atomicity was also used to analyze these works. A thorough analysis 
of the privacy-preserving methods used in hash-locking-based, sidechains/relays-
based, and notary-scheme-based interoperability technology was carried out in [19]. 
In particular, they assessed the efficacy and shortcomings of the surveyed techniques 
using a number of evaluation criteria, such as confidentiality, anonymity, unlinkabil-
ity, conditional traceability, auditability, scalability, universality, efficiency, fairness, 
atomicity, and fault tolerance.

In [20], the authors explored the importance of blockchain interoperability, what 
has been done in the last decade, and where the field is heading. They presented the 
state of the art for blockchain technologies, which seem more connected than ever 
through bridges, oracles, and other interoperability mechanisms. They concluded 
that recent developments have steadily improved the scalability of blockchain net-
works and provided new functionalities and use cases, but there is still a long way 
to go until mass adoption. Given the security threats to medical data, ensuring the 
interoperability of the whole healthcare ecosystem is still a constant challenge. The 
healthcare ecosystem is becoming more balanced thanks to blockchain technology, 
but it is hard to find proven solutions because of the ongoing development of new 
blockchain technologies and the changes in healthcare systems. In [21], the study 
focused on two main objectives. First, a systematic literature review was conducted 
to explore architectural mechanisms supporting the interoperability and security of 
blockchain-based health management systems. Based on these findings, a number of 
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scenarios were developed to demonstrate the potential applications of these mech-
anisms as well as their background, problems, and architectural considerations. 
Second, a domain language was developed using the model-driven engineering 
methodology for particular smart contracts, and a high-level architecture and valida-
tion were suggested through an experiment.

4.4 � FUNDAMENTALS OF BLOCKCHAIN TECHNOLOGY

The foundation of cryptocurrency functionality is blockchain technology, a revolu-
tionary invention with numerous applications in a wide range of sectors. Figure 4.2 
illustrates the fundamentals and features of blockchain. Fundamentally, blockchain 
is a decentralized ledger that guarantees decentralization, security, and transpar-
ency [22​–24]. This ground-breaking method of handling transactions and data man-
agement is based on a number of essential elements that come together to form a 
dependable and impenetrable system.

4.4.1 � Decentralized Ledger Architecture

The most basic component of blockchain is the decentralized ledger architecture. 
A blockchain runs on a decentralized network of nodes, in contrast to conventional 
centralized systems where a single entity controls the entire database. The system is 
more resilient to interruptions and attacks because each node maintains a copy of the 

FIGURE 4.2  Fundamentals of blockchain technology
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entire ledger, eliminating any single point of failure. Blocks containing transactions 
are stored and connected chronologically. Because every entity of the network can 
see and validate the information of transactions, this structure not only increases 
security but also transparency [25, 26].

4.4.2 � Cryptographic Mechanisms

For the data recorded on a blockchain to be secure and intact, cryptographic mecha-
nisms are necessary. Specifically, public key cryptography is essential to transaction 
authorization and authentication. Every member of the blockchain network pos-
sesses a set of cryptographic keys: a private key that is kept hidden and a public key 
that is accessible to other users. Ensuring that only the legitimate owner can approve 
the transfer of assets, transactions are signed using the private key and can be inde-
pendently validated by others using the matching public key. Blocks are also con-
nected by cryptographic hash functions, which ensure data immutability by making 
it nearly impossible to change one block’s contents without also changing all of the 
blocks that come after it.

4.4.3 � Consensus Algorithms

The protocols that allow distributed systems to concur on a single version of the 
truth even when malevolent actors are present are known as consensus algorithms. 
Consensus procedures are essential in a blockchain network for approving trans-
actions and appending new blocks. Consensus algorithms come in various forms, 
each with advantages and disadvantages of its own. With Proof of Work (PoW), 
which is employed by Bitcoin, users must solve challenging mathematical puzzles 
in order to add new blocks, which necessitates a substantial computational invest-
ment [27]. In contrast, Proof of Stake (PoS) chooses validators based on how many 
tokens they own and are prepared to “stake” as collateral. Without the need for a 
central authority, these mechanisms aid in preserving the blockchain’s reliability 
and integrity.

4.4.4 � Smart Contract Capabilities

Self-executing contracts, or smart contracts, have the terms of the contract 
directly encoded into the code. They are blockchain-based applications that, 
upon the fulfillment of certain conditions, automatically carry out and enforce 
contracts. This feature minimizes the risks of human error or alteration, low-
ers costs, and does away with the need for middlemen. Applications for smart 
contracts are numerous and range from straightforward financial transactions to 
intricate procedures such as supply chain management and decentralized finance 
(DeFi) applications. One important development made possible by blockchain 
technology is its capacity to automate and optimize procedures while maintain-
ing transparency and trust.
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4.4.5 �P eer-to-Peer Systems

Peer-to-peer (P2P) networks are decentralized networks in which each user, referred 
to as a peer, serves as both a client and a server. This eliminates the need for a central 
coordinating server and allows peers to share resources directly with one another. 
By dividing up the workload among all participants and minimizing reliance on 
central nodes, which can act as bottlenecks or points of failure, this architecture 
improves scalability, resilience, and efficiency. P2P systems are frequently utilized 
in blockchain technologies, where they facilitate distributed ledgers and cryptocur-
rencies, as well as file-sharing programs such as BitTorrent. This model can continue 
to function even in the event that a portion of the network fails, promoting robust, 
democratic data exchange.

4.4.6 �I mmutable Ledger

An immutable ledger is a kind of digital record-keeping system in which data is 
permanently and impenetrably recorded, meaning that once it is written, it cannot 
be removed or changed. This feature is essential to blockchain technology, which 
creates a chronological and secure chain of data by including a timestamp in each 
block and a link to the one before it. Cryptographic hashing, consensus techniques, 
and decentralized verification by numerous network nodes provide such ledgers with 
their immutability. Immutable ledgers are perfect for applications needing strict 
integrity, such as digital identity verification, supply chain tracking, and financial 
transactions, because they guarantee transparency, security, and trust.

4.5 � BLOCKCHAIN INTEROPERABILITY FOR 
SUSTAINABLE HEALTHCARE ECOSYSTEMS

Interoperability between blockchains is essential to creating ecosystems for sustain-
able healthcare. It improves patient care, facilitates better coordination and commu-
nication between healthcare providers, and opens up a large number of real-world 
use cases. The healthcare sector can completely explore the revolutionary strength 
of decentralized technology, resulting in more effective, safe, and patient-centered 
healthcare systems, by resolving interoperability issues.

4.5.1 �I mportance of Interoperability

Developing sustainable healthcare ecosystems requires interoperability, espe-
cially when considering blockchain technology. It describes how various systems 
and organizations can seamlessly communicate, understand, and use information 
in a cohesive manner. In the healthcare sector, it is essential to guarantee smooth 
communication and data exchange between diverse blockchain networks, many of 
which were developed separately. It is impossible to overestimate the significance 
of interoperability in the healthcare industry because it makes patient data more 
unified and enables more precise diagnosis and treatment. Interoperable blockchain 
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networks reduce the risks brought on by data silos, which are isolated systems that 
contain separate sets of information. This fragmentation can lead to inefficiencies, 
errors, and delays in patient care. In order to fully utilize blockchain technology and 
provide long-term, comprehensive, integrated, and patient-centered healthcare ser-
vices, interoperability is therefore crucial.

4.5.2 �I mproved Communication and Coordination

Blockchain interoperability improves coordination and communication between dif-
ferent stakeholders in the healthcare system. Interoperable blockchains guarantee 
that healthcare providers can quickly access and update patient information regard-
less of where the data was originally stored by enabling real-time data exchange. 
Improving patient outcomes and clinical decision-making depend heavily on this 
smooth data flow. For example, interoperable systems can guarantee that a patient’s 
whole medical history is easily accessible when they switch healthcare providers, 
which can minimize the need for unnecessary tests and lower the risk of medical 
errors. Furthermore, by offering a single source of truth for patient data, interopera-
bility promotes improved coordination between various healthcare providers, includ-
ing clinics, hospitals, and pharmacies. In complex care scenarios involving multiple 
specialists, where timely and accurate information sharing can have a significant 
impact on the quality of care delivered, coordination becomes even more important. 
Furthermore, interoperability saves healthcare workers’ time and resources by low-
ering administrative demands associated with data reconciliation and manual entry.

4.5.3 �U se Cases Enabled by Interoperable Blockchain Networks

Interoperable blockchain networks can be used to enable a wide range of creative 
use cases that have the capability to transform the provision of healthcare. One 
well-known application is the enhancement of electronic health records (EHRs). An 
example of a blockchain-based electronic health record (EHR) system is described 
in [23], which uses blockchain to verify the integrity of patient health records in real-
time. Interoperability is crucial in this system as it allows different healthcare pro-
viders, hospitals, and patients to seamlessly access and share medical records across 
diverse platforms. This example shows that better patient care continuity can result 
from interoperable blockchain systems by ensuring EHRs are current and readily 
available to a variety of healthcare providers. This feature is especially helpful in 
an emergency when having rapid access to precise patient data can save lives. The 
supply chain for pharmaceuticals is another important application. Transparency 
and supply chain integrity can be ensured by tracking the path of pharmaceuticals 
from producers to end users via interoperable blockchain networks. By ensuring that 
patients receive authentic medications, this transparency aids in the fight against 
counterfeit drugs. Furthermore, blockchain interoperability facilitates secure data 
sharing between research institutions and nations, which promotes collaborative 
research. A faster discovery of new treatments and therapies can result from this 
collaboration's acceleration of medical research. Interoperable blockchain networks 
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enable real-time health data sharing across various regions and jurisdictions, which 
can enhance disease surveillance and response in the field of public health. Its ability 
to guarantee that timely and accurate information reaches those who need it most is 
critical for managing public health emergencies and outbreaks.

4.6 � APPROACHES AND INITIATIVES FOR 
BLOCKCHAIN INTEROPERABILITY

Blockchain interoperability approaches and initiatives include industry consortiums, 
interoperability frameworks, and cross-chain protocols. Each of these elements is 
essential to the smooth operation of various blockchain networks’ interactions and 
communication, which promotes the growth of cohesive and sustainable blockchain 
ecosystems. As these initiatives develop further, they will promote blockchain tech-
nology’s wider adoption and open up new avenues for efficiency and creativity in a 
variety of industries.

This study categorizes interoperability solutions into three sections: chain, bridge 
and dApp-based. Each section is further classified into sub-divisions. Table 4.3 
depicts the list of interoperability solutions, and Figure 4.3 illustrates the existing 
interoperability solutions.

4.6.1 � Cross-Chain Protocols

Cross-network communication protocols are essential for achieving interoperability 
among different blockchain networks. The smooth transfer of information and trans-
actions between various blockchain platforms—which may differ in terms of under-
lying technologies, consensus processes, and data structures—is made possible by 
these protocols. Effective cross-network communication protocols ensure that data 
integrity and security are maintained throughout the exchange process.

TABLE 4.3
List of Blockchain Interoperability Solutions
Interoperability 
Solutions

Divisions Examples References

Chain-based Hash locking Atomic swap [13​–15, 17​–19, 28]

Sidechain Polygon [18, 19]

Notary scheme Thorchain [18, 19]

Bridge-based Relay Wanchain [14, 15, 18​​–21]

Blockchain-engine Polkadot, Cosmos [14, 28]

dApp-based Blockchain of blockchain Hyperledger Fabric [28]

Blockchain adaptor Axelar (AXL) network [28]

Blockchain agnostic protocol Interledger bridges [14, 18, 28]
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4.6.1.1 � Chain-Based Interoperability Solutions
Hash Locking: Smart contracts called hashed time lock contracts (HTLCs) are used 
to impose the conditions of an atomic swap. Time locks and cryptographic hashes are 
used by HTLCs to guarantee the security of transactions and compliance with swap 
requirements by both parties. HTLCs establish a time-bound conditional agreement 
whereby the transaction can only be finalized if certain conditions are met (such as 
the disclosure of a cryptographic secret) within a predetermined window of time  
[13​–15].

One approach to cross-network communication is the use of atomic swaps, which 
allow the direct exchange of one cryptocurrency for another without the need for a 
centralized intermediary [13, 14]. This technique can be extended to facilitate data 
exchanges across different blockchain networks, ensuring that transactions are exe-
cuted only when all parties fulfill their contractual obligations. Specialized tools 
called cross-chain protocols are made to make it easier for assets and data to move 
between different blockchain networks. These protocols are necessary to enable 
interoperability, which permits smooth communication and interaction between var-
ious blockchains. The Atomic Swap, which enables the direct exchange of one cryp-
tocurrency for another across multiple blockchains without the need for a centralized 
middleman, is a well-known illustration of a cross-chain protocol. By ensuring that 
transactions execute concurrently on both blockchains, this method improves trust 
and security [15].

Sidechain: Using sidechains, which are distinct blockchains that operate in par-
allel to a mainchain and facilitate asset transfers between the two, is another well-
known example [18]. By offering a platform where transactions can be handled more 
quickly or using different consensus techniques than the mainchain, sidechains 
allow for interoperability without impacting the stability and security of the main 
blockchain [19].

Notary Scheme: A key idea in blockchain interoperability is the notary, who 
acts as a reliable middleman to authenticate and verify data transfers or transac-
tions between various blockchain networks [18]. Cross-chain interactions are made 
safe, dependable, and trustworthy by the notary mechanism. One example of a 
notary-based interoperability solution is Hyperledger Fabric [19]. The open-source 

FIGURE 4.3  Illustrates the existing interoperability solutions
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blockchain platform Hyperledger Fabric, created by the Linux Foundation, is another 
important interoperability framework. Hyperledger Fabric can be integrated with 
different blockchain networks and other enterprise systems thanks to its modular 
architecture, which supports plug-and-play components such as membership ser-
vices and consensus algorithms. Because of its adaptability, it is a useful tool for 
companies looking to deploy blockchain solutions that work across platforms.

4.6.1.2 � Bridge-Based Interoperability Solutions
Relay: Another method is the development of interoperability frameworks, such as 
the interledger protocol (ILP) and Polkadot’s relay chain. These frameworks provide 
standardized mechanisms for transferring data and assets across disparate block-
chain networks. ILP, for instance, enables the routing of payments across different 
ledgers, ensuring interoperability among various financial systems. Polkadot’s relay 
chain, on the other hand, connects multiple blockchains, allowing them to interoper-
ate while maintaining their individual governance and consensus mechanisms [18, 
19].

Blockchain Engine: Cross-chain bridges are also a popular solution for block-
chain interoperability. These bridges facilitate the transfer of data and assets between 
two or more blockchain networks by acting as intermediaries that validate and relay 
transactions. Examples include the Cosmos Network’s inter-blockchain commu-
nication (IBC) protocol, which allows different blockchains to communicate and 
transfer data securely. Technologies such as Polkadot and Cosmos have also intro-
duced higher-level protocols for cross-chain communication [14, 15]. Through the 
IBC protocol, Cosmos links various blockchains within its ecosystem to facilitate 
secure asset and data transfers. A more cohesive blockchain ecosystem is promoted 
by Polkadot’s relay chain, which connects various blockchains (parachains) and per-
mits data sharing and inter-chain transactions [20, 21].

4.6.1.3 � dApp-Based Interoperability Solutions
Decentralized application (dApp)-based blockchain systems must be interoperable 
for cross-chain communication. Semantic interoperability cannot be guaranteed by 
dApps alone. Therefore, it is crucial to ensure that a dApp supports at least mini-
mum structural interoperability and strives to achieve interoperability among vari-
ous dApps [28].

Blockchain of Blockchains: One excellent illustration of a blockchain of block-
chain interoperability solution is Hyperledger Fabric. It is an open-source system 
that can be expanded and modularized to run distributed applications. Deployed 
systems can be highly customized to better meet specific needs due to their support 
for modular consensus protocols.

Blockchain Adapters: The primary market for blockchain adapters is, for instance, 
blockchain clients and applications. They provide an interface that allows users to 
handle interoperability effectively.

Cross-blockchain integration between different decentralized ledgers is made 
possible by blockchain-agnostic protocols, which allow a single platform to sup-
port multiple blockchains. This method gives end users the freedom to select the 



68 Digital Twin and Blockchain for Sustainable Healthcare 5.0

blockchain of their choice and the ability to move between blockchains without 
interruption.

4.6.2 �I nteroperability Frameworks

Comprehensive structures called interoperability frameworks are made to offer 
standardized techniques for accomplishing smooth communication between various 
blockchain networks. These frameworks include rules, software, and guidelines that 
let different blockchains interact, share information, and carry out safe and effective 
transactions.

The interledger protocol (ILP) is one such framework that is intended to make 
payments between various ledgers, such as blockchains and conventional financial 
systems, easier. ILP routes payments via linked ledgers while guaranteeing security 
and integrity by building a layer atop currently in-place payment networks. This 
protocol promotes interoperability in the financial industry by enabling the smooth 
transfer of value across various systems [14, 15, 18].

The World Wide Web Consortium, or W3C, is involved in creating blockchain 
technology interoperability standards as well. W3C is working to standardize data 
formats and communication protocols that will improve interoperability between 
different blockchains by facilitating information exchange.

4.6.3 �I ndustry Consortiums

Organizations from various industries working together to advance blockchain 
interoperability from industry consortiums. These consortiums bring together partici-
pants from different industries, such as financial institutions, technology companies, 
healthcare providers, and regulatory agencies, to share best practices, create common 
standards, and encourage the use of blockchain solutions that are interoperable.

The Enterprise Ethereum Alliance (EEA), which aims to improve the Ethereum 
blockchain’s enterprise-use capabilities, is one well-known example. The EEA is 
working to create specifications and standards that will allow various Ethereum 
implementations to work in collaboration.

Another significant consortium is the Hyperledger Project, which is hosted by the 
Linux Foundation. A number of open-source blockchain frameworks and tools are 
bundled under the Hyperledger project with the goal of advancing enterprise-grade 
blockchain solutions. Through member collaboration, Hyperledger seeks to create 
blockchain technologies that are widely adaptable in a variety of industries.

Another example of an industry group committed to advancing blockchain stan-
dards and training in the transportation and logistics domains is the Blockchain in 
Transport Alliance (BiTA). The main goal of BiTA’s work is to develop blockchain 
solutions that are compatible with existing systems and enhance supply chain man-
agement’s efficiency, security, and transparency.

Through their provision of platforms for collaboration, driving the develop-
ment of standards, and facilitating the exchange of knowledge and expertise among 
their members, these consortiums play a crucial role in advancing blockchain 
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interoperability. Through their initiatives, interoperable blockchain solutions are 
adopted more quickly, which eventually leads to more connected and effective eco-
systems across a variety of industries.

4.7 � EVALUATION AND IMPLICATIONS

Assessing the effects of interoperability in the healthcare domain necessitates a thor-
ough methodology that takes organizational and technical factors into account. The 
assessment is centered on the technical aspects of data exchange and communication 
between various blockchain networks. Metrics such as throughput, latency, security, 
and data integrity are essential for evaluating how well interoperability solutions 
work. The assessment should also take into account how scalable the interoperable 
systems are, making sure they can accommodate growing numbers of users and data 
without experiencing performance issues.

The benefits of blockchain interoperability for organizations include better patient 
outcomes, operational efficiency, and healthcare delivery. Through the simplifica-
tion of data exchange procedures and the elimination of redundancies, interoperable 
blockchain systems can dramatically lower the administrative burden on healthcare 
providers. Consequently, this enables medical personnel to concentrate more on 
patient care as opposed to paperwork. Patients also benefit from a more seamless 
and integrated healthcare experience because multiple providers can access and use 
their data across multiple networks without any errors or delays.

A successful blockchain interoperability outcome will also improve data security 
and privacy. Healthcare organizations can prevent security breaches and unauthor-
ized access to patient information by making sure that data is shared securely across 
networks. Furthermore, by offering transparent and auditable data trails, interoper-
able blockchain systems can help with compliance with legal requirements, like the 
Health Insurance Portability and Accountability Act (HIPAA) in the United States. 
Figure 4.4 illustrates the evaluation and implications of interoperability solutions.

4.7.1 � Strengths and Limitations of Existing Approaches

The effectiveness and adoption of the current approaches to blockchain interoper-
ability, such as industry consortiums, cross-chain protocols, and interoperability 
frameworks, are impacted by a number of strengths and limitations.

Strengths of the existing approaches are as follows:

•	 Cross-Chain Protocols: Robust mechanisms are available to facilitate the 
transfer of assets and data between different blockchains. Examples of 
these technologies include Sidechains, Cosmos, and Polkadot. Through 
simultaneous verification of transactions on both participating chains, these 
protocols improve security by lowering the possibility of fraud or double-
spending. Additionally, they encourage decentralization by doing away 
with the need for middlemen.
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•	 Interoperability Frameworks: Standardized procedures and modular 
architectures provided by frameworks such as the Hyperledger Fabric 
and interledger protocol (ILP) enable smooth integration with a variety 
of blockchain and legacy systems. These frameworks offer flexibility and 
scalability to support a broad range of use cases and applications. They 
also support the preservation of data security and integrity throughout the 
exchange procedure.

•	 Industry Consortiums: By encouraging cooperation amongst industry par-
ticipants, consortiums such as the Enterprise Ethereum Alliance (EEA) and 
Hyperledger Project help to develop best practices and common standards. 
Through pooled resources and combined knowledge, these cooperative 
efforts foster innovation and assist in resolving interoperability issues.

Limitations of the existing approaches are as follows:
•	 Complexity: Cross-chain protocols and interoperability frameworks can 

be difficult to implement technically, requiring a lot of knowledge and 
resources. Widespread adoption may be hampered by this complexity, 
especially in smaller businesses with less sophisticated technology.

FIGURE 4.4  Illustrates the evaluation and implications of interoperability solutions
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•	 Fragmentation: Industry consortiums have made progress, but there are still 
no industry-wide standards for blockchain interoperability. The develop-
ment of separate protocols by various networks and platforms frequently 
results in fragmentation and inconsistent asset and data exchange.

•	 Scalability: A lot of the interoperability solutions currently in use have 
problems with scalability, especially when handling big data sets or high 
transaction volumes. One of the biggest challenges still facing these systems 
is making sure they can scale without sacrificing security or performance.

•	 Security Risks: Cross-chain protocols add new attack vectors but also 
improve security. For example, if sidechain security is not as strong as 
mainchain security, sidechains may be subject to attacks. It is imperative to 
guarantee strong security on all networks that are interconnected.

4.7.2 �N eed for Interoperability Standards, Governance 
Models, and Regulatory Frameworks

It is imperative that comprehensive interoperability standards, governance models, 
and regulatory frameworks be developed in order to reach the extreme limit of block-
chain interoperability.

4.7.2.1 � Interoperability Standards
It is imperative to establish universal standards for blockchain interoperability in 
order to guarantee uniformity and compatibility among diverse networks. The pro-
tocols for data exchange, transaction validation, security precautions, and other cru-
cial elements of interoperability should be specified in these standards. Establishing 
and advancing these standards can be greatly aided by groups such as W3C and 
the International Organization for Standardization (ISO). The implementation of 
interoperable blockchain systems will be made simpler, less fragmented, and more 
reliable and efficient with the aid of standardization.

4.7.2.2 � Governance Models
For interoperable blockchain networks to be managed during their evolution, effec-
tive governance models are essential. The decision-making procedures, dispute-
resolution procedures, and roles and responsibilities of various stakeholders should 
all be described in these models. Valuable insights can be obtained from decentral-
ized governance models, such as those employed by blockchain platforms such as 
Polkadot and Tezos. These models guarantee that every member has a right to the 
governance of the network, encouraging openness, responsibility, and diversity. It is 
still difficult to create governance models that strike a balance between decentraliza-
tion and efficient monitoring and control.

4.7.2.3 � Regulatory Frameworks
For interoperable blockchain systems to adhere to moral and legal require-
ments, regulatory frameworks are required. Issues such as data privacy, security, 
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know-your-customer (KYC) requirements, and anti-money laundering (AML) must 
be addressed by regulators. Adoption can be promoted and businesses and users can 
feel more confident when regulations are uniform and clear. It takes cooperation 
between standard-setting organizations, industry participants, and regulatory agen-
cies to create fair frameworks that safeguard consumers and encourage innovation. 
Since blockchain networks frequently operate internationally, international coopera-
tion is also essential because harmonized regulatory approaches are required.

4.8 � CONCLUSION AND FUTURE DIRECTIONS

The advancement of sustainable healthcare ecosystems depends heavily on block-
chain interoperability. It enhances patient care and facilitates smooth coordination 
and communication between various healthcare providers. However, there are obsta-
cles in the way of achieving true interoperability. To apply decentralized technology 
in the healthcare domain, a number of obstacles, including technical complexity, 
standardization, and the requirement for strong cross-network communication pro-
tocols, must be resolved.

Here is the improved version:
This chapter presents challenges facing the healthcare industry and the need for 

blockchain interoperability in healthcare sustainability. Chain-based, bridge-based, 
and dApp-based interoperability solutions are the three main categories into which 
the study divides current interoperability solutions. Hash locking, sidechain, block-
chain adaptor, notary scheme, blockchain engine, relay, blockchain of blockchains, 
and blockchain-agnostic protocol are further subcategories. In addition, it outlines 
the benefits and drawbacks of each strategy and emphasizes how crucial governance 
frameworks and standards are to attaining sustainability.

Future work on standardizing frameworks and protocols to enable smooth data 
transfer between various blockchain networks should be the main focus of block-
chain interoperability in healthcare. Healthcare organizations, technology provid-
ers, and regulatory bodies must work together to develop interoperable solutions 
that meet industry standards and are secure, scalable, and compliant. To test and 
improve these solutions in practical contexts, more research and pilot projects are 
required. Additional investigation into the blockchain’s potential connections with 
other cutting-edge technologies, such as the Internet of Things (IoT) and artificial 
intelligence (AI), may improve interoperability and create new opportunities for 
healthcare innovation.
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Transforming Healthcare
Blockchain and Digital Twins 
for Secure Data Exchange

Rujuta Shah, Mansi Mehta, and Dipti Bhatt

5.1 � INTRODUCTION

The healthcare sector is undergoing a major transformation with the adoption of 
new technologies such as digital twins, blockchain, the Internet of Things (IoT), and 
artificial intelligence (AI). These innovations are essential for driving the industrial 
revolution in various fields. Specifically, Healthcare 4.0 plays a crucial role in this 
change by aiming to create an autonomous care system that fosters a learning health-
care environment, enabling data-driven decision-making.

Healthcare 4.0 utilizes the Industrial Internet of Things (IIoT), digital twins, 
machine learning (ML), and big data to reach its goals. For example, digital twins 
act as virtual representations of physical objects, including devices linked to both 
humans and machines [1]. By combining blockchain with digital twin technologies, 
healthcare systems can be built on secure connections between different medical 
devices and systems. Additionally, the successful integration of these devices neces-
sitates a secure and decentralized collaborative framework. This framework ensures 
that healthcare decision-makers receive timely notifications, which aids in making 
informed and efficient decisions. By adopting these technologies and fostering their 
collaborative use, the healthcare sector can improve its capabilities and advance 
patient care and overall healthcare management.

5.1.1 � Blockchain and Digital Twin Overview

Integrating blockchain technology with digital twins greatly enhances data security, 
transparency, and efficiency. This powerful combination creates new opportunities 
for advanced applications across various sectors, including smart manufacturing, 
healthcare, smart cities, and more, leading to safer, more efficient, and collaborative 
systems. Let’s take a closer look at blockchain and digital twins individually.

5.1.1.1 � Blockchain
By definition, blockchain technology employs a decentralized, distributed ledger to 
record transactions across multiple computers, ensuring that retroactive alterations 
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are securely prevented [2]. Each block in the chain contains a list of transactions, and 
once completed, it is added to the chain in a linear, chronological order.

In healthcare systems that use blockchain, hashing functions and digital signa-
tures play a key role in protecting sensitive medical information. Hashing functions 
take input data, such as patient records, and turn it into a unique, fixed-length hash. 
Even a tiny change in the original data results in a completely different hash, mak-
ing it easy to spot any tampering or unauthorized changes. This helps maintain 
data integrity in healthcare, where it is crucial for records to stay consistent and 
unchanged. Meanwhile, digital signatures verify the identity of users who access or 
change data. A healthcare provider uses a private key to digitally sign transactions 
or data, and others can check the signature’s validity with the provider’s public key. 
This ensures that only authorized people can access sensitive healthcare informa-
tion, such as electronic health records (EHRs), thus preventing fraud or unauthorized 
access. Together, hashing and digital signatures keep healthcare data in blockchain 
systems secure, tamper-proof, and accessible only to verified users, boosting trust 
and privacy in managing patient data.

Key Features:
	 1.	Decentralization: Blockchain technology works on a decentralized net-

work architecture, in which many nodes share control instead of being 
centralized in one place. Every node in the network has access to the com-
plete ledger and is capable of independently validating and recording trans-
actions. By decentralizing, the dangers of malicious attacks and system 
failures that come with central points of failure are reduced. Blockchain 
builds user trust by strengthening the system’s resilience and dependability 
through the removal of intermediates.

	 2.	Immutability: The immutability of blockchain is one of its distinguish-
ing characteristics. A transaction cannot be changed or removed after it 
has been added to the blockchain and recorded in a block. A safe chain 
is formed between the blocks by the cryptographic hash of each block. 
Because of this, it is very difficult for someone to alter the data covertly. In 
applications that need high integrity and trust, such as financial transactions 
and record-keeping, immutability guarantees that the data is permanent, 
verifiable, and immune to fraud.

	 3.	Transparency: Blockchain technology encourages openness by making 
the ledger viewable and transaction verification possible for all network 
users. This openness is available to everybody with an internet connection 
in public blockchains, allowing for an open and transparent system. Every 
transaction has a timestamp and is connected to other transactions to create 
a comprehensive and verifiable history. Because all activities are accessible 
and auditable by any participant, this transparency aids in the prevention 
of fraud. Because consumers can independently confirm the validity and 
veracity of the data, it fosters user trust [3].

	 4.	Security: Blockchain ensures the security of transactions and data through 
the use of advanced cryptographic techniques. Every transaction is 
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encrypted and connected to the previous transaction, creating an unbro-
ken chain that is highly resistant to tampering. The consensus mechanisms, 
such as Proof of Work (PoW) and Proof of Stake (PoS), add an extra layer 
of security by requiring participants to agree on the validity of transactions 
before they are added to the blockchain. This decentralized consensus pro-
cess makes it extremely challenging for any individual or entity to manipu-
late the system, protecting against fraud and cyberattacks.

	 5.	Smart Contracts: Smart contracts are agreements that are encoded in soft-
ware and automatically execute and enforce their terms when specific con-
ditions are met. This process removes the need for intermediaries, lowers 
transaction costs, and enhances efficiency. Smart contracts can be applied 
in various fields, such as financial transactions, supply chain management, 
and legal agreements. They boost reliability and transparency by ensuring 
that the contract is carried out consistently and fairly, as the code adheres to 
the programmed instructions without any human intervention [4].

	 6.	Consensus Mechanisms: Consensus mechanisms are essential for the 
operation of blockchain, as they ensure that all nodes in the network agree 
on the validity of transactions. One well-known mechanism is PoW, where 
miners solve intricate mathematical puzzles to validate transactions, while 
PoS chooses validators based on the number of tokens they hold. These 
mechanisms help prevent double-spending and ensure the ledger’s accu-
racy and timeliness. By requiring consensus across the network, these algo-
rithms maintain the integrity and security of the blockchain, removing the 
need for a central authority.

	 7.	Efficiency and Speed: Blockchain technology has the potential to signifi-
cantly improve the efficiency and speed of transactions by streamlining 
processes and removing the need for intermediaries. Traditional financial 
systems often require several days to process and settle transactions due to 
the involvement of multiple intermediaries and verification steps. In con-
trast, blockchain transactions can be finalized in minutes or even seconds, 
thanks to automated validation and the removal of unnecessary middlemen. 
This enhanced efficiency is particularly beneficial for cross-border transac-
tions, which are usually slow and costly.

	 8.	Tokenization: This involves converting assets or rights into digital tokens 
on a blockchain. These tokens can represent a variety of items, including 
physical assets such as real estate and commodities, as well as digital assets 
and securities. The tokenization process allows for fractional ownership, 
making it easier to buy, sell, and trade assets. It boosts liquidity by facilitat-
ing the transfer and trading of assets on blockchain platforms. Additionally, 
tokenization opens up new investment opportunities and provides access to 
assets that were previously hard to trade or out of reach for many investors.

Together, these features create a robust framework that enables blockchain technology to 
significantly influence various sectors. It enhances security, transparency, and efficiency 
while reducing costs and fostering the development of innovative business models.
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Use Cases:
Blockchain technology has many applications in various industries. Each lever-
ages the unique characteristics of decentralization, immutability, and transparency. 
In finance, blockchain supports cryptocurrencies such as Bitcoin and Ethereum, 
allowing direct transactions between users without the need for a middleman [5]. 
It reduces costs and accelerates transactions in the supply chain. Blockchain man-
agement leverages transparency and traceability. This allows stakeholders to con-
firm the origin and movement of goods. This reduces fraud and increases efficiency. 
Blockchain in the healthcare sector preserves patient records. It allows authorized 
individuals to share information seamlessly. and guarantee data integrity and pri-
vacy. The real estate market employs blockchain for property transactions, simplify-
ing the process, reducing paperwork, and offering a clear, tamper-proof history of 
ownership. Blockchain has the potential to transform voting systems by ensuring 
transparency and preventing tampering, which can build greater trust in electoral 
processes. Intellectual property management also gains from blockchain, as it cre-
ates a verifiable and immutable record of creation, ownership, and rights transactions. 
Furthermore, in the energy sector, blockchain facilitates peer-to-peer energy trading, 
enabling consumers to buy and sell excess energy directly, which encourages the 
use of renewable sources. These varied applications highlight how blockchain can 
improve security, efficiency, and trust across multiple fields, driving innovation and 
reshaping traditional systems.

5.1.1.2 � Digital Twin
A digital twin is an electronic replica of a real-world system, process, or object. This 
technology has the ability to forecast future outcomes, manage risks, and enhance 
efficiency. Digital twins merge real-time data with various other sources to create 
dynamic digital simulations. Similar to its physical counterpart, the digital twin 
evolves over time.

Key Features:
	 1.	Real-Time Data Integration: Digital twins merge information from sen-

sors, IoT devices, and enterprise systems to form a dynamic model of physi-
cal assets. This ongoing data stream allows for real-time monitoring and 
analysis of the asset’s performance, conditions, and operational status. By 
integrating data in real-time, the digital twin provides an accurate rep-
resentation of the physical object’s current state, facilitating timely deci-
sion-making and proactive maintenance. The precision of real-time data 
integration also helps in forecasting potential issues and enhancing opera-
tional efficiency.

	 2.	Modeling and Simulation: Digital copies use advanced computational 
and modeling approaches to replicate how physical assets operate and per-
form in a virtual environment. These computer simulations use historical 
and current data to estimate how the asset would perform under various 
scenarios and conditions. This functionality allows engineers and opera-
tors to explore various strategies, optimize processes, and find potential 
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enhancements without involving the actual resource. Simulation and mod-
eling are crucial in complex systems where real-world testing is extremely 
costly or dangerous.

	 3.	Scalability and Flexibility: Digital twins can develop and evolve, allowing 
businesses to begin with a single asset and extend to incorporate entire sys-
tems or even entire organizations. This scalability means that digital twin 
solutions can grow to meet changing business needs, including more com-
plicated scenarios and greater data volumes. Furthermore, the adaptability 
of digital twins enables them to interact with a wide range of technologies 
and systems, ensuring interoperability and flexibility across applications 
and sectors.

	 4.	Improved Decision-Making: Digital twins assist in informed decision-
making by providing an in-depth and complete picture of resources, pro-
cesses, and systems. The amalgamation of data analytics, machine learning, 
and AI in digital twins results in more accurate conclusions and actionable 
data. This lets decision-makers simulate numerous circumstances, analyze 
the impact of different alternatives, and make data-driven decisions. This 
increased decision-making capacity helps to optimize processes, save costs, 
and elevate performance.

	 5.	Management of Lifecycle: Digital Twins improve asset management dur-
ing every phase of lifecycle, from initial planning and creation to opera-
tion and ultimately deactivation. Keeping a virtual copy updated regularly 
helps organizations track how a resource is performing, spot any signs 
of wear and tear, and plan for necessary upgrades or replacements. This 
all-encompassing strategy promotes effective and sustainable asset man-
agement, leading to reduced overall ownership costs and better long-term 
performance..

Use Cases:
Digital twins have transformed a variety of industries by offering detailed, up-to-date 
digital duplicates of physical assets and processes. In manufacturing, digital twins 
support proactive maintenance by constantly overseeing equipment and anticipat-
ing malfunctions before they happen, thereby decreasing downtime and mainte-
nance expenses [6]. Within the automotive sector, this technology is employed to 
replicate and evaluate new vehicle designs and performance in various scenarios, 
enhancing safety and effectiveness. The energy industry utilizes digital twins to 
enhance the efficiency of power plants and grids, improving energy distribution and 
lowering operational expenses.

Digital twins have a major impact across different sectors as they provide real-
time digital replicas of actual equipment and processes. In the manufacturing indus-
try, they enable proactive maintenance by constantly monitoring machines and 
determining potential failures before they occur, resulting in shorter downtime and 
lowered maintenance costs. In the automobile industry, digital twins help create and 
test new car designs and how they perform in various situations, making cars safer 
and more efficient. This same technology is used in the energy industry to better 
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manage power plants and infrastructure, leading to better energy distribution and 
lower operating costs. The healthcare sector uses digital twins technology to generate 
different human organs for experimentation thus enabling more effective treatment 
options and advanced diagnostic tools, which ultimately lead to better outcomes for 
patients. For the development of smart cities, this technology is utilized to manage 
urban infrastructure and resources, such as traffic movement, waste management, 
parking spaces, etc., thereby improving citizens standards of living. In construction, 
digital twins provide real-time insights into projects, helping to keep them on track 
and within budget while also enhancing safety measures. The aviation industry uses 
digital twins to oversee aircraft from design and manufacturing through to operation 
and maintenance, which increases efficiency and reduces costs. Furthermore, digital 
twins enable autonomous control and monitoring in industries such as oil and gas, 
resulting in faster decision-making and enhanced security in potentially dangerous 
circumstances.

These varied applications highlight the tremendous impact of digital twin tech-
nology in enhancing efficiency, lowering costs, and promoting innovation across 
multiple sectors.

5.1.2 �I ntegration of Blockchain and Digital Twins

The combination of blockchain technology and digital twins in the healthcare sector 
presents a revolutionary method for advancing personalized medicine, enhancing 
data security, and improving operational efficiency. A digital twin serves as a virtual 
representation of a patient, continuously gathering real-time information from wear-
able devices and medical sensors to replicate the patient’s health status. Blockchain 
technology guarantees that this data is securely stored, resistant to tampering, and 
accessible solely to authorized individuals, effectively addressing vital issues related 
to privacy and data integrity. The decentralized nature of blockchain facilitates the 
seamless exchange of the digital twin’s health information among healthcare provid-
ers, fostering improved collaboration and the development of more precise, person-
alized treatment strategies. Additionally, smart contracts streamline access control, 
empowering patients to retain authority over their data and consent processes. This 
integration proves especially beneficial for managing chronic diseases, as real-time 
monitoring and predictive analytics from digital twins can initiate automatic adjust-
ments to treatment plans. Furthermore, blockchain establishes a transparent and 
immutable audit trail for all interactions involving the patient’s data, promoting trust 
and accountability within the healthcare ecosystem. The synergy of these technolo-
gies enhances data interoperability, refines decision-making processes, and supports 
efficient, patient-centered healthcare delivery.

5.1.2.1 � Use Case—Integration of Blockchain and Digital Twins
A practical application of combining blockchain technology and digital twins in the 
healthcare sector is the customization of treatment for chronic illnesses, such as dia-
betes. In this context, a digital twin is developed to serve as a real-time virtual model 
of the patient’s physiological data, which is gathered from IoT-enabled devices such 
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as continuous glucose monitors, smart insulin pumps, and fitness trackers. This digi-
tal twin not only reflects the patient’s current health status but also forecasts potential 
future health conditions, allowing healthcare professionals to create personalized, 
data-driven treatment strategies.

Blockchain technology is essential in this framework, as it guarantees the secu-
rity, privacy, and integrity of the real-time data that is collected and exchanged 
among patients, healthcare providers, and insurance companies. Utilizing smart 
contracts on the blockchain, the information from the digital twin is shared securely 
with authorized entities while ensuring that patients maintain consent and control 
over their health data access. Each interaction or change to the digital twin’s data is 
cryptographically secured and time-stamped on the blockchain, creating a transpar-
ent and unalterable audit trail.

The integration of blockchain and digital twins facilitates automated, real-time 
monitoring and adjustments to treatment plans based on predictive analytics, ensur-
ing that healthcare is personalized, efficient, and secure. Furthermore, blockchain 
promotes interoperability among various healthcare systems and medical devices, 
enabling seamless integration of patient data across different platforms, enhancing 
collaboration, and improving outcomes in the management of chronic diseases. This 
system also empowers patients by granting them control over their data and ensur-
ing privacy, while simultaneously reducing costs by decreasing redundant tests and 
manual interventions.

5.2 � DIGITAL TWIN TECHNOLOGY IN HEALTHCARE 
FOR SECURE HEALTHCARE SHARING

Digital twin technology is being increasingly integrated into the healthcare industry, 
providing opportunities for transformation in patient care, medical research, and 
healthcare management. Essentially, a digital twin in healthcare is a virtual repre-
sentation of a physical object, such as a patient, organ, or medical device, constantly 
updated with real-time data. This detailed and dynamic model enables personalized 
medicine, better diagnostics, and customized treatment plans for each patient.

Through ongoing analysis of patient data for minute changes that enable prompt 
interventions, digital twins in diagnostics improve early disease identification. To 
minimize risks and enhance results, surgeons employ digital twins for the planning 
and practice of intricate procedures.

The field of customized medicine is one in which digital twins are widely used. 
Healthcare professionals may better manage chronic illnesses, anticipate treatment 
results, and customize interventions by modeling the physiological and biological 
processes of their patients. Doctors can select the best course of action with the few-
est possible adverse effects by using a digital twin of a patient with heart problems to 
simulate how the patient’s heart reacts to various drugs.

By anticipating equipment maintenance requirements and streamlining patient 
flow, digital twins enhance hospital administration. In addition, they provide 
telemedicine and remote monitoring, providing instantaneous health insights to 
patients—a crucial aspect of chronic disease management and elder care. Digital 
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twin technology generally results in improved patient outcomes and higher effi-
ciency by providing more precise, predictive, and individualized treatment.

5.2.1 � Challenges in Traditional Data Sharing

The process of making data accessible to other individuals, entities, or organiza-
tions is referred to as data sharing. This can be carried out for a number of purposes, 
including analysis, research, and collaboration. The large amounts of administrative 
and clinical data generated by providers have been seeing extensive growth in the 
past decade. Healthcare data management has shown itself to be a challenge as well 
as an opportunity to enhance healthcare IT security [7].

Healthcare providers use healthcare data management software to meet regula-
tory compliance needs, elevate efficiency, enhance healthcare solutions, increase 
the quality and security of care delivery, and accomplish both short- and long-term 
goals.

Conventional methods of sharing health data, such as paper-based records or 
manual procedures, present a number of challenges:

	 1.	Restricted Access: Often, the health records on paper are kept in physical 
files within healthcare facilities thus making it hard to access and retrieve 
details quickly, even by authorized personnel. This in turn may delay the 
patient’s treatment, especially during emergencies where timely use of 
medical history and treatment details are crucial.

	 2.	Data Fragmentation: Health data stored using traditional methods is usu-
ally split into many files with various documents and reports, making it 
harder to gather and combine information for overall analysis and decision-
making. This separation makes it difficult for doctors to coordinate care or 
regularly monitor patients’ health.

	 3.	Risk of Loss or Damage: Health records stored on paper are prone to 
degradation, loss, and damage over time. Critical health records may be 
lost due to natural disasters, accidents, or carelessness, jeopardizing patient 
safety and treatment continuity.

	 4.	Limited Interoperability: Combining data from multiple sources and shar-
ing information among doctors and/or physicians is challenging because 
paper records are not compatible well with EHR systems or other health-
related digital platforms. This lack of compatibility makes it hard to share 
data and collaborate effectively in healthcare.

	 5.	Security Concerns: Paper-based health records are vulnerable to theft, 
tampering, and unauthorized access. If proper precautions—such as 
secure filing cabinets, access logs, and authentication protocols—are not in 
place, patient privacy and confidentiality can be at risk, which may lead to 
breaches of trust and legal issues.

	 6.	Inefficient Data Management: Managing medical records on paper is 
inefficient, consuming a lot of time, money, and physical space. Healthcare 
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facilities must dedicate resources to labor-intensive tasks such as sorting, 
filing, and maintaining documents. This dependency on manual processes 
increases the likelihood of errors and inconsistency in data handling.

The transition from paper-based record-keeping to digital health information sys-
tems, such as electronic health records (EHRs) and health information exchanges 
(HIEs), is necessary to address these challenges. Healthcare organizations may 
overcome the drawbacks of conventional data exchange techniques and fully utilize 
health information to enhance patient care, research, and public health by digitizing 
health data and implementing interoperable, secure, and scalable technologies.

However, the challenges of using patient data in healthcare analytics need to be 
overcome. There needs to be an organized method of dealing with fragmented data, 
enabling its analysis, integrating it, and deriving necessary and relevant insights to 
ensure optimum security and privacy. Furthermore, health data management solu-
tions need to be accessible. This is where healthcare data management, IT solutions, 
and digitization come into play.

5.2.2 �I ntroduction to Blockchain-Based Solution

Digital twins are increasingly being used in healthcare for scheduling patient care, 
medical device monitoring, and hospital management. Digital twins in healthcare are 
virtual models of medical devices such as ventilators, pacemakers, insulin pumps, 
imaging equipment such as MRIs, and advanced surgical robots. These models are 
continuously refreshed with real-time data from the actual devices, which are con-
nected through IoT sensors.

Key parameters that are typically monitored include:

•	 Device performance, such as energy consumption and operational 
functionality.

•	 Wear and tear of components, including part degradation and the need for 
calibration over time.

•	 Environmental factors, such as temperature and humidity that could affect 
device operation.

•	 Patient interaction focuses on how effectively the device responds to patient 
vitals.

For example, the company GE Healthcare creates a digital twin of a patient’s organs 
using MRIs and CT scans. The surgeon can then simulate surgical procedures on 
this twin and predict patient responses [8]. Such a simulation can simulate blood 
flow, tissue elasticity, and outcomes based on variations in techniques. Risks are thus 
reduced, and surgical results are improved through high-risk surgeries such as brain 
tumor removal. Doctors can also predict probable complications and calibrate their 
strategy accordingly.

Another instance, the Children’s National Hospital in Washington, DC, imple-
mented a digital twin with GE Healthcare and streamlined neonatal care [9]. It tracks 
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the vital signs of newborn babies, providing early intervention and a prediction of 
complications such as sepsis and respiratory failure. AI processes all this infor-
mation and thus allows doctors and nurses to intervene earlier. The system would 
improve early intervention and decrease false alarms in the NICU, hence reducing 
the noisiness and stress of the environment for patients.

Whereas, Siemens Healthineers uses digital twinning to predict the maintenance 
of medical imaging equipment such as MRI and CT scanners. The twin tracks per-
formance metrics such as how much the worn components are, the energy levels, 
temperature, and the calibration of the machine, and therefore allows predictive ana-
lytics that foretells a possible failure. It reduces downtime and increases efficiency 
since Siemens was able to lower the downtime of an MRI machine by 30% through 
the use of digital twins. Technology is highly important in ensuring reliable equip-
ment in hospitals to improve service delivery.

With these implementations, digital twins offer immense potential to revolution-
ize how healthcare providers deliver personalized care, ensure patient safety, and 
improve device management. Also, such approaches lead to a more proactive man-
agement of medical devices, with predictive analytics identifying potential issues or 
needed upgrades well before they cause any problems.

To enhance the security, transparency, and integrity of such digital twin systems, 
the decentralized and immutable nature of blockchain can be leveraged and block-
chain-based solutions can be implemented in healthcare.

Digital twins are virtual representations of physical objects, systems, or pro-
cesses. They are created using sensor data, IoT devices, and other sources to mimic 
their real-world counterparts. As seen in Figure 5.1, a blockchain-based electronic 
healthcare system that makes use of digital twins consists of a few fundamental 
components. Each of these components is essential to guarantee that the system is 
safe, effective, and able to deliver reliable healthcare insights. Let us examine these 
components further:

	 1.	User Interface and Applications: Web-based as well as mobile applica-
tions for patients and doctors to interact with the system through various 
smart devices. This ensures comfort, convenience, and accessibility.
•	 Patient Portals: User-friendly UIs for patients are very essential so that 

they can access their digital twin or view their health data, and/or can 
also interact with doctors/physicians.

•	 Dynamic Dashboards: Comprehensive and dynamic dashboards for 
doctors, providing real-time updates to monitor patient health, analyze 
digital twin data, and make appropriate decisions.

	 2.	Interoperability Framework:
•	 APIs and Integration Layers: Appropriate APIs, preferably standard-

ized and middleware layer(s) need to be implemented for seamless data 
exchange between different systems, devices, and/or digital platforms.

•	 Standards and Protocols: Certain healthcare data standards such as 
HL7, FHIR, etc., need to be adhered to, to ensure compatibility and 
interoperability across various healthcare applications and devices.



85Transforming Healthcare

•	 Data Management: Huge amounts of data will be generated through 
diverse sources such as IoT medical devices, EHRs, patient-reported 
data, and historical medical records, and needs to be managed.

•	 Data Storage: Require secure and scalable storage solutions for both 
on-chain and off-chain data, ensuring accessibility and compliance 
with healthcare regulations (e.g., HIPAA).

	 3.	Data Privacy and Security: Encryption, confidentiality, and access con-
trol mechanisms need to be implemented to protect patient data and main-
tain privacy and data integrity.

	 4.	Blockchain Infrastructure: This includes a number of elements as men-
tioned below:
•	 Distributed Ledger: This is the core of the blockchain system, where 

all transactions and data exchanges are recorded in a secure and immu-
table manner.

FIGURE 5.1  Blockchain and digital twin–based electronic healthcare system



86 Digital Twin and Blockchain for Sustainable Healthcare 5.0

•	 Smart Contracts: Another important element, is the self-executing 
contracts which have the terms of the agreement/contract directly 
embedded in the code. These elements automate processes such as 
patient consent, insurance claims, access control, etc.

•	 Consensus Mechanism: Consensus for blockchain is a process in 
which all members of a blockchain network agree on the current state 
of the data in the network. Consensus algorithms such as PoW, PoS, 
Proof of Burn, or Proof of Authority, etc., establish stability and trust in 
the blockchain network.

•	 Nodes: The device, generally a computer, that will participate in the 
blockchain network and execute the blockchain protocol’s software, 
which will help validate transactions and secure the network.

	 5.	Digital Twin Technology:
•	 Digital Twin Models: They are the digital representations of real-world 

healthcare components, such as patients, medical gadgets, and hospitals 
that depict their current state and behaviors.

•	 Data Integration and Synchronization: Data integration and syn-
chronization are required for continuously gathering and combining 
data generated from multiple sources such as IoT devices, electronic 
health records, wearable sensors, etc., into the digital twins.

•	 Analytics and Simulation Tools: These tools are used for analyzing 
data, using machine learning models, and accordingly running simula-
tions to understand the information generated, predict results, and offer 
beneficial advice based on it.

•	 Security and Authentication: Security and authentication such as 
identity verification, need to be implemented to verify and authenticate 
individual patients, doctors/physicians, and electronic equipment(s) 
interacting with and/or within the system.

•	 Access Control: To ensure only authorized entities can access these 
sensitive healthcare data and digital twin information access controls, 
such as role-based access need to be implemented.

Moreover, the design could include built-in modules that ensure compliance with 
healthcare regulations. It can also set up an environment to handle upgrades for 
all the important components of the architecture. These components work together 
to form a strong and effective healthcare system. This system makes use of digital 
twins for real-time patient monitoring, blockchain for security, transparency, and 
specialized healthcare features.

Digital twins also allow for the examination and optimization of physical 
resources or processes. By integrating blockchain technology with a digital twin, the 
system gains several advantages:

	 1.	Immutable Records: Blockchain ensures an irrevocable ledger for digital 
twin data, ensuring data integrity and preventing updations once written to 
the blockchain.
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	 2.	Decentralized Data Transactions: Blockchain’s decentralized architec-
ture security and resilience increase as the need for a central authority for 
transaction verification is not required thus lowering the danger of single-
point failure.

	 3.	Digital Twins Transparency: The transparency feature of blockchain 
architecture, allows network users to monitor and validate transactions, 
trace the data history, and build confidence amongst the stakeholders.

	 4.	Smart Contracts: Smart contracts, embedded in the code, automate pro-
cesses such as data sharing, verification, and payment in the systems.

	 5.	Data Integrity and Security: Blockchain technology ensures the authen-
ticity and security of digital twin data through encryption, consensus mech-
anisms, and cryptographic algorithms, preventing unauthorized access and 
tampering.

Ultimately, blockchain technology integration with digital twins improves the capa-
bilities of the systems and opens up new avenues for industry collaboration and 
innovation by offering a secure, accessible, and decentralized framework for data 
management and exchange.

5.3 � ARCHITECTURE OF BLOCKCHAIN-BASED 
HEALTH DATA-SHARING PLATFORMS

5.3.1 � Components of Blockchain Technology

The architecture of blockchain includes various components that are considered the 
pillars of this technology. Each of them works cohesively so that the features of 
this technology are not compromised. Let us take a look into the components of 
blockchain:

	 1.	Decentralized Network: Blockchain works in a decentralized manner, as 
shown in Figure 5.2. Authority and control are shared by all the members 
of the blockchain. The same copy of the data is shared by all the nodes of 
the network. In order to authenticate any transaction, various cryptographic 
algorithms and consensus mechanisms are used [10].

	 2.	Distributed Ledger: A distributed ledger acts as a shared database that 
stores the transactions of the entire blockchain network. This component of 
blockchain works on two rules. First, it is immutable meaning it is tamper-
proof, no changes can be made to the ledger once an entry has been made 
and second, the entries in the database are recorded on the basis of time. 
These features make blockchain so powerful and different from other tech-
nologies [11].

	 3.	Nodes: The individual users within the blockchain network are called 
nodes. Each node on the network has a copy of the list of transactions in 
the database. The nodes work collaboratively to reach a consensus on the 
ledger’s state. A consensus mechanism is an algorithm using which all the 
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peers of the network reach a common agreement regarding the current state 
of the distributed ledger [12].

	 4.	Blocks: “Blockchain” as the name says is a collection of blocks, where 
transactions are grouped into block-like structures forming a chronological 
chain of blocks. The block consists of transactions and hash which helps to 
uniquely identify the transaction [13].

	 5.	Digital Signature: This component uses asymmetric cryptography which 
works on the basis of private and public keys. The private key is a secret key 
and is never shared with anyone. The public key, as the name says, is dis-
tributed to the public during transactions. This technology uses the private 
key to encrypt the data which can only be decrypted using the public key. 
The digital signature algorithms are implemented using a pair of private 
and public keys [14].

FIGURE 5.2  Decentralized architecture of blockchain
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	 6.	Hashing Function: The hash function works on the principle of cryptogra-
phy. The data to be encrypted is sent as an argument to the function to carry 
out cryptography and then produces a string which is unique to the data sent 
as an input [14].

	 7.	Wallet: Just like we use physical wallets to manage credit cards, we use 
wallets in the context of blockchain technology. As discussed earlier about 
public and private keys, digital wallets are containers for storing these keys 
used frequently during the encryption and decryption process [15].

5.3.2 �P rivacy and Security Considerations

Even though blockchain is known for its immutability and openness features, it also 
comes with many novel difficulties and privacy–security consequences that must be 
explored. Since blockchain works on the principle of decentralization with no central 
authority looking after the data, it is essential that data residing on the chain must 
be protected in terms of privacy and security. If these aspects are not taken care of, 
a majority attack may happen where the hackers can take possession of the entire 
chain. Hence, it is very important to protect the integrity, security, and privacy of 
nodes to avoid such attacks. High coherence of transactions is essential to reduce 
attempts that disturb the chain on the networks. The records of the user may be sto-
len and misused for a wrong cause.

Critical issues in blockchain are data privacy and security as the data stored on the 
network becomes transparent and immutable once added to the chain. It implies that 
any information stored on the blockchain then becomes accessible to all the nodes 
on the network, thereby posing a threat to the stored content. This trait of blockchain 
creates risk for those applications that store sensitive or crucial information in sectors 
such as healthcare, finance, identity information, and many more. Misuse of personal 
information or data breach is a challenging part which needs to be handled tactfully 
[16]. The ways to mitigate this risk need to be addressed so that the features of block-
chain are not compromised and this technology can be utilized at its full potential. 
In order to prevent data theft, identity theft, fraud, or such activities, it is necessary to 
ensure that the privacy and security of these sectors are not put at stake.

5.3.2.1 � Privacy Considerations
Transparency is one of the issues when privacy concerns of blockchain are being 
discussed. Blockchain’s transparency feature ensures the integrity of transactions. 
However, this feature imposes a threat as the data stored on the network is visible to 
all the participants, leaking confidential information [17].

Another issue is the immutability of data stored on the chain. When a transaction 
is added to the network, it cannot be changed or deleted, making it tough to follow 
the Data Privacy requirements such as the right to be rectified under the General 
Data Protection Regulation (GDPR). Since it is not possible to remove the data once 
stored on the chain, it becomes a dump point of unnecessary data creating a risk of 
data leakage and other illegal activities [18].

The other challenges with data privacy are:
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	 a.	Use of Public Blockchain: This blockchain, as employed by Bitcoin, is 
open for access to anyone, and the data stored on a public blockchain is seen 
by all the participants on the network hence violating the privacy and secu-
rity of data. On the other hand, a private blockchain allows only validated 
users to access the information making it secure over a public chain [18].

	 b.	Integration of Smart Contracts: Smart contracts help to execute the trans-
actions automatically without the help of any third party. This characteristic 
poses a threat as there are chances of data leakage of personal data stored 
on the blockchain [19].

	 c.	Pseudonymity: Blockchain facilitates anonymity by using pseudonymity 
instead of real names. The technology can be misused for illegal activities 
such as money laundering, terrorism activities, and many more [].

	 d.	Compliance of Laws: Following data privacy laws such as GDPR is chal-
lenging as it is difficult to check who is responsible for ensuring compliance 
and there is always a risk of violating rules across different jurisdictions [22].

5.3.2.2 � Security Considerations
Another major challenge existing in blockchain is security. Below are a few security 
threats of this technology:

	 a.	51% Attack: The other name of this attack is a majority attack where the 
attackers gather more computational power than the authenticated miners, 
making the network weak and vulnerable to attacks. There are chances that 
a 51% attack may take place when an intruder takes hold over more than 
50% of network resources [23].

	 b.	Fork Problems: A valid block is added to the network only when all the 
miners in the chain validate it. When a single chain is divided into two 
branches, forking takes place wherein the same single block gets mined 
by two miners to create individual blocks. Later, a new block is added at 
the end of any of the existing branches. Hence, mining will be done on the 
existing branch, creating an overhead as this tree-like structure keeps on 
expanding, and maintaining it creates an additional responsibility for the 
miners [23].

	 c.	Scalability Issue: The rate at which transactions take place on any block-
chain network is enormous. So, with an increase in the amount of transac-
tions, the size of the chain is also growing massively. Even though millions 
of transactions take place on the network, each blockchain will have its own 
parameters such as the maximum block size and time interval to generate a 
new block, thus hindering the expansion of the chain.

Taking into consideration the above aspects, ways to mitigate the risk need to be 
carefully studied in order to utilize blockchain technology at its best.
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5.4 � CHALLENGES IN IMPLEMENTING 
BLOCKCHAIN-BASED SOLUTIONS

Many of the healthcare systems rely on legacy IT systems, and electronic health 
records platforms are often in silos, outdated, or incompatible with new technologies 
such as blockchain and digital twins. The main technical integration challenges to 
integrating blockchain into these old systems involve the current data format, com-
munication protocol, scalability, interoperability, compatibility, privacy, and trust 
issues among others.

5.4.1 � Scalability

The current limitations of blockchain technology in handling large volumes of data 
and transactions efficiently give rise to scalability issues in implementing block-
chain-based solutions in healthcare. Healthcare systems generate enormous amounts 
of data, including patient records and real-time monitoring, which can overload 
blockchain networks that usually process a limited number of transactions per sec-
ond. One more issue that arises is the increasing length of the blockchain. With the 
inclusion of more transactions in healthcare, the blockchain expands, requiring addi-
tional storage and leading to extended synchronization periods for new nodes that 
become part of the network. Such circumstances can discourage active involvement 
and impede the overall performance of the network. In healthcare environments, 
consensus mechanisms such as PoW cause additional delays and computational 
burdens, which are not suitable for swift and seamless data exchanges. The high 
network latency and bandwidth constraints also impede the timely propagation and 
validation of transactions, which is crucial in time-sensitive healthcare scenarios. 
Moreover, scalability can be impeded by network latency and bandwidth limita-
tions. As the quantity of nodes expands, the communication overhead intensifies, 
resulting in delays in the propagation and confirmation of transactions. To tackle 
these challenges, various approaches such as sharding, off-chain transactions (e.g., 
lightning network), and improved consensus algorithms (e.g., Proof of Stake) are 
being investigated. The objective is to boost the transaction capacity and scalability 
of blockchain networks, all the while upholding security and decentralization prin-
ciples in healthcare.

5.4.2 �I nteroperability

Interoperability in healthcare refers to the ability of different systems, applications, 
and devices to exchange, interpret, and use data seamlessly. In the context of imple-
menting blockchain with digital twin-based solutions in healthcare, interoperability 
becomes crucial due to the involvement of various stakeholders and the need for 
seamless communication while maintaining data integrity. Below listed are some of 
the interoperability issues:
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	 i.	Diverse Healthcare Systems: Healthcare systems comprise various stake-
holders, often operating using proprietary software platforms, databases, 
and/ or systems, making interoperability challenging due to the variations 
in data formats, protocols, and standards.

	 ii.	Data Standards and Formats: Healthcare information is usually kept in 
various forms and follows different rules based on the system or organiza-
tion. For instance, EHRs might use different coding systems, such as ICD-
10 for diagnosis and CPT for procedures. To make sure these systems can 
work together, we need to create common data rules and formats that all 
systems can use and understand.

	 iii.	Legacy Systems: Many healthcare organizations still rely on old systems 
that may not work well with modern interoperability standards or block-
chain technology. Combining these old systems with blockchain solutions 
can be challenging as custom software or special tools might be required to 
make them work together.

	 iv.	Data Silos: Healthcare data is often divided within specific systems or orga-
nizations, making it difficult to share information among different groups. 
Blockchain technology can break down these data barriers by enabling 
secure, decentralized data sharing. However, combining blockchain with 
existing processes and systems to ensure smooth data transfer is a complex 
task that requires careful planning and coordination.

	 v.	Standardization Efforts: Several groups and partnerships are focusing 
on improving interoperability in healthcare. This includes FHIR (Fast 
Healthcare Interoperability Resources) for sharing health data smoothly 
and HL7 (Health Level Seven International) for setting data exchange rules. 
By joining these efforts and using shared standards, different healthcare 
systems and blockchain technologies can work together better [24].

	 vi.	Technical Complexity: To make blockchain and existing healthcare sys-
tems work together, we need to fix problems with data synchronization, 
user verification, access permissions, and data mapping. To handle these 
technical challenges, creating compatible solutions requires understanding 
both blockchain technology and healthcare IT systems [25].

	 vii.	Regulatory Compliance: Interoperability solutions must follow data secu-
rity, privacy, and confidentiality rules. Blockchain-based solutions need to 
prove they meet strict regulations laid down by regulations such as GDPR 
and HIPAA. These regulations have strict guidelines for keeping patient 
data secure and enabling safe data sharing [26].

Solving these issues involves teamwork among healthcare organizations, technology 
providers, standardization groups, and regulatory bodies. They need to create com-
patible solutions that focus on patient privacy, data protection, and following rules. 
These solutions should also use the advantages of blockchain technology and digital 
twin methods in healthcare.
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5.4.3 �U ser Adoption and Trust

The backbone of blockchain is supported by many technologies such as digital sig-
natures, consensus mechanisms, hash, encryption, and many more. Blockchain is 
known for decentralization which means that it is not monitored by a single author-
ity. Due to its immutability feature, once a block is created, the records in the chain 
become immutable. Encryption algorithms are used to maintain the integrity of data. 
Timestamps help to validate the authenticity of transactions, which in turn keeps 
track of previous records. The user’s identity is concealed as the technology works 
on the principle of pseudonymity.

Blockchain builds trust among the peers of the network. When a new node 
becomes a part of the chain, the existing nodes validate the transaction hence achiev-
ing consensus.

5.4.3.1 � Challenges of Adopting Blockchain in the Healthcare Sector
Although blockchain is considered to be a powerful tool for overcoming the prob-
lems and limitations of the existing healthcare system, there are still some chal-
lenges in integrating blockchain into the medical field. Various organizations are 
still reluctant to adopt blockchain technology. Some hurdles identified and dis-
cussed are as below:

	 a.	Scalability and Data Storage: With a huge volume of transactions, the 
blockchain gets flooded each day. The pace at which transactions get added 
to the chain creates a problem for processing them as there may be very few 
nodes with enough processing power to manage and validate data on the 
network. So, handling an exponential amount of data storage and maintain-
ing scalability on the network is a challenge [].

	 b.	Reliability and Data Access: Decentralization comes with both pros and 
cons. Although the system is safe from single-point failure, it suffers from 
the problems of data access and reliability. There is a high chance that the 
network may become a victim of digital attacks due to features of block-
chain making it susceptible to such threats [29].

	 c.	Security and Privacy: Although security and privacy are achieved by 
encryption, healthcare practitioners still hesitate to store the encrypted data 
on the network. The data of this sector is accessible and shared with many 
stakeholders across the industry resulting in breaches of security, privacy, 
and protection. Hence, it is important that only authenticated parties should 
be granted access to the data [30].

	 d.	Complex Decentralized Architecture: When blockchain is employed in 
the healthcare sector, various different parties such as the medical staff, 
service providers such as insurance companies, pharmacists, and labora-
tory technicians all play a vital role in making the system work. However, 
a few of them may be working in the traditional style, and adapting the 
framework by all the players or integrating them into the network seems 
difficult [31].
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	 e.	Ownership: Framing norms related to the management of medical transac-
tions for blockchain-based healthcare systems is a tough task. The transition 
from the current system which involves a lot of paperwork to an automated 
system which is digital, automated, and decentralized is not easy. There 
needs to be clarity over access privileges, ownership rights of records, and 
accountability considering the workings of blockchain.

	 f.	Operational Overhead: The cost of developing and maintaining a digital 
system and the migration expenditure from manual to automatic cannot 
be predicted. Switching over to the digital network doesn’t assure a lower 
maintenance cost. Instead healthcare system designed using blockchain 
needs 24/7 resources for maintaining, monitoring, upgrading, and trouble-
shooting the system [32].

	 g.	Transparency: One of the characteristics of blockchain is transparency. 
However, incorporating this feature in blockchain-based healthcare appli-
cations may not be always needed. Since this sector contains a lot of per-
sonal and sensitive information, it creates a risk of information theft. The 
users hesitate to adopt blockchain for this cause. Also, the data may be 
hacked by gaining access to users’ asymmetric keys [33].

5.5 � CONCLUSION

To put it simply, this chapter explores how two new technologies—blockchain and 
digital twins—work together to change how healthcare data is shared. This chap-
ter talks about the benefits of using blockchain in healthcare, such as better data 
security, improved compatibility between systems, and giving patients more control 
over their health information. It also looks at how blockchain can create secure net-
works or systems for sharing data in healthcare. Plus, by promoting collaboration 
and transparency among different groups, blockchain technology can help overcome 
challenges in various health data systems.

This chapter also looks at the importance of new ways to share healthcare data, 
focusing on blockchain technology as a way to share sensitive health information 
in a decentralized, transparent, and secure manner. It talks about the structure of 
blockchain-based platforms for sharing health data, pointing out key elements and 
security aspects needed for successful use. Even though blockchain has many poten-
tial benefits in healthcare, there are several obstacles that need to be addressed for it 
to work well. This includes solving problems with compatibility, privacy, scalabil-
ity, cost, and managing the system. Collaboration among healthcare providers, tech 
companies, and regulators will be necessary to build a secure, scalable, and compli-
ant system. This chapter examines the challenges of using blockchain in healthcare, 
such as scalability, compatibility, and getting people to use it. It highlights the poten-
tial for secure, efficient, and patient-centric data exchange.

In the end, this chapter highlights the importance of collaboration among gov-
ernment officials, technology experts, and medical professionals to address chal-
lenges and maximize the advantages of blockchain technology in healthcare. By 
concentrating on research, innovation, and establishing standards, we can develop 
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a healthcare system that prioritizes patients and utilizes blockchain technology for 
data management.
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6.1 � INTRODUCTION

In every industry, data is the most sensitive and precious entity. In healthcare, the 
patient’s data should be stored securely such that no one can manipulate the data or 
misuse the data. Patients share personal information with doctors that should not be 
accessible to everyone. To address this concern blockchain technology is being inte-
grated into the healthcare industry. Blockchain allows patient records to be stored on 
a distributed ledger where each node holds a copy of the data. Although the ledger 
is decentralized, access can be controlled by assigning different permission levels to 
different users. Some users will have access to complete information stored on the 
ledger whereas some will only have access to a particular part or summary of the 
record to maintain the patient’s privacy.

Sometimes patients are not willing to share their data publicly on a ledger with 
their real identity. This problem can be overcome by anonymization of data where 
only the information about disease or health will be visible not the person’s identity 
for clinical research. The data on these ledgers are secured using cryptographic tech-
niques which gives the patient full control over their data and also allows patients to 
give access to other users according to their wish as the patient will be holding a pri-
vate key maintaining data security and consent of patient [1]. Blockchain allows us 
to create a separate record, called a personal health record (PHR), from an electronic 
health record (EHR) which contains only the patient’s personal information which 
has been extracted from the full EHR. This information can be stored separately and 
securely and access will require an IP address. Only doctors or physicians will have 
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access to the PHR and while sharing data for clinical research the PHR will never be 
shared with the researchers.

The data stored in the PHR helps patients track their condition with the use of 
smart devices, health trackers, and other various applications. This gives patient 
complete control over their data and progress.

Blockchain ensures that stored data remains immutable and tamper-proof, as 
any attempt to alter information on the ledger would require re-encoding the entire 
chain. This inherent structure significantly enhances data privacy and security, as 
shown in Figure 6.1 ​. A digital twin is a copy of a real-world physical object. It can 
be understood as a 3D model but the difference between them is that the digital 
twin should also act like the physical object. It is used in many industries including 
healthcare to create human body replicas to study the body in a better manner. This 
helps medical students, nurses, and even healthcare professionals to study the human 
body. They can also be used in clinical testing as one of the major issues faced in 
trials is on whom to test the drugs. This is because most people are against testing on 
animals and nearly everyone is against testing on humans. So it can help researchers 
to test their research on a digital twin of the human body, allowing them to know 
how the human body will react and make further changes to their research, as the 
digital twin acts the same way as the human body does.

Hence digital twins can significantly benefit the healthcare industry by improving 
disease detection [3]. Doctors can test medical equipment on digital twins, reduc-
ing the risk of patients facing problems such as faulty machines during procedures. 
Additionally, digital twins help doctors learn about the human body and solve major 
issues in clinical research by allowing researchers to test their drugs before actually 
implementing them on humans.

FIGURE 6.1  System architecture of integrated digital twin and blockchain [2]
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6.1.1 �K ey Principles

6.1.1.1 � Anonymization Techniques
Patient data must be anonymized to protect individual privacy. Anonymization 
involves removing or altering identifiable information so that the personal informa-
tion of the user is not shared or identified. It protects the data by encrypting identi-
fiers that can reveal the information about the users on the ledger.

6.1.1.1.1 � De-identification
•	 Removal of Direct Identifiers: Sensitive information such as name, ID 

numbers, salary information, and contact number should be removed and 
stored in a PHR.

•	 Masking: Real information is replaced with codenames or aliases. A 
patient’s information is made anonymous when sharing the information.

6.1.1.1.2 � Data Perturbation
•	 Noise Addition: To protect data, random noise is introduced.
•	 Data Swapping: Exchange values between records to obscure individual 

identities.

6.1.1.1.3 � Aggregation
•	 Generalization: Replace specific data points with broader categories (e.g., 

age ranges in- instead of exact age).
•	 K-anonymity: Ensure each record is indistinguishable from at least k-1 

other records in the distributed ledger. No two datasets have the same prop-
erties or they can not be interchanged.

6.1.1.1.4 � Differential Privacy
•	 Implement differential privacy techniques to provide mathematical guaran-

tees that individual data points cannot be identified.

6.1.1.2 � Data Security Measures
Robust security measures must be implemented to protect data from unauthorized 
access, breaches, and other security threats as shown in Figure 6.2. It includes both 
hardware and software security.

6.1.1.2.1 � Encryption (Data at Rest)
•	 Encrypt data stored on servers and databases using cryptographic hashes 

on blockchain.

6.1.1.2.2 � Encryption(Data in Transit)
•	 Use secure transmission protocols (e.g., TLS/SSL) to protect data during 

transfer.
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6.1.1.3 � Regulatory Compliance
All data-sharing practices must comply with the relevant regulations, such as GDPR, 
HIPAA, and other local and international data protection laws. The storage of data 
should also adhere to legal standards to ensure privacy and security.

6.1.1.3.1 � General Data Protection Regulation (GDPR)
•	 Ensure data anonymization techniques meet GDPR standards for anony-

mized data.
•	 Implement processes for data subjects to exercise their rights (e.g., data 

access, correction, deletion).

6.1.1.3.2 � Health Insurance Portability and Accountability Act (HIPAA)
•	 Follow the HIPAA rules for privacy and security for protected health infor-

mation (PHI).
•	 Use HIPAA-compliant de-identification methods for anonymizing data.

6.1.1.3.3 � Other Regulations
•	 Follow additional local, national, and international regulations relevant to 

patient data sharing.

6.1.1.4 � Transparency and Consent
Patients should be aware of how and where their data will be used and after getting 
the information, patients can decide whether to give consent to use their data or not. 
Patients should decide who will be given access to the complete set of data and who 
will only be given partial access.

6.1.1.4.1 � Informed Consent
•	 Clearly explain how patient data will be used, anonymized, and shared.
•	 Obtain explicit consent from patients before collecting and sharing their 

data.

FIGURE 6.2  Privacy-preserving data collection protocol architecture [4]
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6.1.1.4.2 � Communication
•	 Provide patients with regular updates on how their data is being used and 

the measures in place to protect their privacy.

6.1.1.5 � Governance and Accountability
Clear governance structures should be established to oversee data-sharing practices, 
ensuring accountability and adherence to the framework.

6.1.1.5.1 � Data Governance Committee
•	 Make a committee responsible for monitoring data-sharing practices, 

ensuring compliance, and protecting the personal information of the user.

6.1.1.5.2 � Accountability Framework
•	 Assign roles and responsibilities for data stewardship.
•	 Implement regular audits and assessments to ensure adherence to the 

framework.

6.2 � RELATED WORKS

Akash et al. [2] propose a well-defined structured way of representing the patient’s 
data using a mathematical data model as shown in Figure 6.3. This model represents 
the data set related to a patient in the physical world as a virtual patient in a digital 
space. The use of blockchain provides a secure and tamper-proof method of record-
ing and storing data making it highly suitable for securing data integrity. This article 
introduces a mathematical model which is the healthcare digital twin (HDT) system. 
This HDT system ensures efficient data collection based on a rigorous mathematical 
model where data is collected from multiple sources to create a detailed health digi-
tal twin. Storing raw data off-chain prevents the blockchain from being overloaded, 
enhancing system speed, and using private blockchain enhances security and trust. 
This system has certain limitations as it allows read-only access and it does not cur-
rently include the pre-sharing of certain patient health data with other HDT entities, 
which requires patient consent. Recognizing that even with advanced technologies, 
achieving a digital twin of a complete patient body remains challenging due to the 
intricacies of the human body, this can be overcome by the model introduced in this 
article.

Elaya et al. [5] present an advanced context-aware healthcare system utilizing the 
DT framework, significantly advancing digital healthcare and its operations. This 
research involves developing an ECG heart rhythm classification model through 
machine learning to diagnose heart disease and identify cardiac issues, achieving 
high accuracy with different algorithms. The findings suggest that integrating DT 
into healthcare enhances processes by linking patients with healthcare profession-
als in an intelligent, comprehensive, and scalable health ecosystem. Additionally, 
the use of an ECG classifier for detecting heart conditions highlights the potential 
of applying machine learning and artificial intelligence to various human frame 
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metrics for continuous monitoring and anomaly detection. Lastly, the research shows 
that neural network–based algorithms outperform traditional ML algorithms when 
handling ECG data. Challenges and issues involve maintaining trust, security, and 
privacy. The trend of digital twins can spread rapidly by setting global standards. 
To conclude neural network–based algorithms consistently outperform traditional 
machine learning techniques when assessing ECG data, demonstrating superior per-
formance across key learning evaluation metrics including accuracy and precision. 
Table 6.1 summarizes the different healthcare models based on Digital Twin.

Putz et al. [6] present an owner-centric decentralized sharing model alongside a 
formal access control model, which tackles integrity and confidentiality concerns 
by leveraging digital twin components and lifecycle requirements. Through our app, 
EtherTwin, we showcase the successful resolution of numerous challenges in fully 
decentralized data sharing, enabling effective management of digital twin compo-
nents and their associated information.

Validation of this approach includes an evaluation of the prototype using an 
industry use case and conducting semi-structured expert interviews. Exploration 

FIGURE 6.3  Benefits of leveraging blockchain technology for healthcare data management 
systems
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into blockchain-based information sharing and access control offers avenues for 
expansion into diverse fields, including healthcare data sharing within digital twins, 
establishment of data marketplaces, and certification of machines. Enhancements to 
this prototype could involve enabling seamless data flow from the twin to the cor-
responding industrial asset, facilitating interactions such as invoking PLC functions 
via smart contracts or deploying firmware updates.

Martinez et al. [7] studied cardio twin architecture, specifically crafted for the 
detection of ischemic heart disease (IHD) and tailored to operate efficiently at the 
edge. Utilizing a convolutional neural network (CNN), we precisely distinguish 
between non-myocardial and myocardial conditions by extracting features from 
electrocardiograms (ECGs). Leveraging the “PTB Diagnostic ECG Database” from 
the Physio Bank dataset which is comprised of data from around 209 individuals, 
every patient’s data sample was divided into 2.5-second windows for effective train-
ing. With our implemented model achieving an impressive 85.77% accuracy and an 
average classification time of 4.8 seconds per sample, our findings underscore the 
capability of technology to robustly support demanding processes, such as digital 
twins. The successful demonstration of feasibility implementation of cardio twin 
demonstrates its flexibility in integrating diverse data types beyond ECG, making it 
a versatile tool for exploring various datasets. Additionally, its design allows for the 

TABLE 6.1
Existing Models in Healthcare Using Digital Twin Technology
Sl 
No

Author Concept Advantages Disadvantages

1 Sadman Sakib 
Akash [2]

Mathematical 
model for a 
digital twin in 
healthcare

Security and trust Read-only access

2 Haya Elayan 
[5]

ECG heart rhythm 
classifier model 
using digi tal 
twin framework

Accuracy and  
precision

Security and trust

3 Benedikt Putz 
[6]

Information 
management 
using EtherTwin

Feasible Data ownership issues

4 Robert 
Martinez [7]

Cardio twin Feasible Real-time processing 
constraints

5 Abirami and 
Karthikeyan 
[8]

Early Parkinson’s 
disease 
identification

Enhanced and 
accuracy efficiency

Scalability issues

6 Radhya Sahal 
et al. [9]

Smart pandemic 
alerting using 
blockchain and 
digital twin

Enhanced security
​

Resistance to change
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easy replacement or enhancement of models within the analytics pipeline. Moving 
forward, cardio twin aims to shift focus from issue detection to proactive prevention 
of ischemic heart disease (IHD) and stroke by addressing risk factors through per-
suasive computing techniques, leveraging the AI inference engine.

The incorporation of digital twin technology into healthcare systems by 
Abirami and Karthikeyan et al. [8] represents a significant advancement in remote 
patient monitoring and early disease detection, particularly for conditions such as 
Parkinson’s disease. By leveraging smart virtual care facilities and sophisticated 
prediction models such as optimized fuzzy-based k-nearest neighbor (OF-kNN), 
this approach offers enhanced accuracy and efficiency in diagnosis and treatment 
planning. In conclusion, the implementation of the proposed DTHS utilizing the 
OF-kNN classifier model demonstrates promising outcomes in accurately predicting 
Parkinson’s disease using voice features, thereby enabling remote patient monitor-
ing and diagnosis based on non-clinical parameters. Through extensive evaluation 
against benchmark datasets and comparative analysis with other classifier models, 
the superiority of the OF-kNN approach is evident regarding prediction time and 
accuracy, F1-score, and Matthews correlation coefficient. These findings underscore 
the potential of OF-kNN in revolutionizing healthcare delivery for remote patients, 
offering cost-effective monitoring and diagnosis solutions. Additionally, future 
research endeavors could explore the integration of probabilistic methods and larger 
voice datasets to extend the applicability of the system in distinguishing various 
diseases causing voice disorders.

Engaging participants is crucial in the fight against COVID-19, to end this 
Sahal et al. [9] developed a blockchain-enabled cooperative digital twin framework 
designed to decentralize outbreak alert systems for combating COVID-19 and poten-
tial upcoming pandemics. This framework integrates advanced technologies such 
as blockchain, digital twins, and artificial intelligence (AI) to offer a decentralized 
solution for epidemic alerting. Additionally, we have outlined the application of this 
conceptual framework in a decentralized alerting system for COVID-19 outbreaks. 
Ensuring prompt and accurate decision-making and response times is challeng-
ing for digital twins and efficient and secure data collection and communication 
by monitoring technologies are crucial for timely, data-driven decisions and alerts. 
Therefore, this framework represents a blockchain-based digital twin collaboration 
framework for pandemic alerting, structured into four layers to enhance operational 
data intelligence. This framework effectively addresses decentralized pandemic 
alerting, specifically targeting COVID-19 outbreaks.

A cloud healthcare system framework based on digital twin healthcare 
(CloudDTH) was designed by Liu et al. [10] for tracking, identifying, and forecast-
ing personal health, particularly for the elderly, using wearable medical devices. The 
CloudDTH framework facilitates interaction between physical and virtual medi-
cal spaces, presenting a new digital twin healthcare concept and model. Essential 
enabling technologies are examined, and their viability is demonstrated through 
various usage scenarios and real-time monitoring instances. The paper addresses the 
bottleneck in information-physical interaction within healthcare by proposing digital 
twin healthcare (DTH) to enhance real-time oversight and emergency alert accuracy. 
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It presents the CloudDTH framework, demonstrating feasibility through instances. 
The preliminary results outline the framework and applications of DTH in cloud 
healthcare. Future work will focus on data integration, rapid model development and 
management, accuracy verification, machine and service collaboration, and integrat-
ing various medical devices and sensors with the CloudDTH platform.​

Sahal et al.’s [11] personal digital twin (PDT) concept, highlights its potential 
to enhance digital twins with actionable insights for improved decision-making 
and treatment in healthcare. While PDTs hold significant promise for transforming 
healthcare, they are still in the nascent stages of development. We proposed a refer-
ence framework that leverages advanced technologies such as digital twins, block-
chain, and AI to foster smart personalized healthcare systems. We illustrated the 
framework’s application through various use cases, including COVID-19 mitigation, 
follow-up care for survivors, personalized treatments, prevention of osteoporosis, 
care for cancer survivors, and personalized nutrition. Additionally, we pinpointed 
several crucial challenges that must be tackled to advance the PDT paradigm in 
the personalized healthcare sector. Implementing personal digital twins (PDTs) in 
healthcare presents several challenges. These include ensuring data privacy and com-
pliance with regulations, maintaining security against cyber threats, and addressing 
scalability issues. Additionally, maintaining data quality, modeling complex human 
systems accurately, and ensuring high connectivity for real-time functionality pose 
significant hurdles. Ethical considerations regarding patient data access and com-
munication also need to be addressed effectively. Overcoming these challenges 
is crucial for realizing the full potential of PDTs in revolutionizing personalized 
healthcare delivery. This work introduces the idea of personal digital twins (PDT) as 
an advanced iteration of digital twins, providing actionable insights for personalized 
diagnosis and treatment selection in healthcare. Therefore, it proposes a reference 
framework integrating blockchain, AI, and digital twins to enhance personalized 
services in healthcare, with a focus on improving patient outcomes and healthcare 
delivery efficiency.

Yaqoob et al.’s [12, 13] discussion on healthcare analytics provides a compre-
hensive analysis of the potential impact of blockchain technology on healthcare 
data management systems. The study thoroughly examines the limitations of cur-
rent centralized healthcare data systems, emphasizing the need for improved data 
provenance, transparency, auditability, and security. By discussing real-world case 
studies and ongoing projects, the authors illustrate how blockchain can address these 
challenges by offering decentralized, tamper-proof, and transparent solutions for 
managing health data. Furthermore, the authors outline vital opportunities for lever-
aging blockchain in healthcare, such as automating workflow processes, enhancing 
sustainability, and improving operational efficiency. Yaqoob also identifies critical 
research challenges hindering the widespread adoption of blockchain in health-
care, including scalability, interoperability, and integration with existing systems. 
The study concludes by emphasizing the transformative potential of blockchain in 
reshaping healthcare industries while highlighting the technical hurdles that need to 
be overcome for successful integration. The study delivers insights into the benefits, 
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challenges, as well as future directions of incorporating blockchain technology in 
healthcare data management.

Sahal et al. [14] delve into personal digital twins (PDT) in healthcare, showcasing 
their potential to transform personalized healthcare systems and intelligent hospi-
tals. By leveraging data-driven insights, PDTs offer a pathway to automate decision-
making processes and enhance patient care. Particularly noteworthy is the emphasis 
on addressing the pressing need for PDT adoption in light of the COVID-19 pan-
demic, highlighting how this technology can mitigate contagion risks and aid in 
long-term COVID-19 patient management. Amidst these advancements, a critical 
focus is placed on securing patient data, underscoring the importance of data privacy 
and confidentiality in healthcare settings. The combination of blockchain technology 
is proposed for safeguarding and protecting patient information, ensuring transpar-
ency, accessibility, and data security within PDT applications. By prioritizing data 
privacy and security measures, Sahal underscores the commitment to upholding 
patient trust and compliance with stringent data protection regulations in the health-
care industry.

Yi et al. [15] focus on advancing cloud storage security for digital twin–based 
medical records, strongly emphasizing the safeguarding of patients’ data. By pro-
posing an innovative solution that integrates post-quantum searchable encryption 
methods, the research aims to enhance privacy and security measures in healthcare. 
Implementing physical unable functions (PUF) for key generation and encrypted 
cloud storage methods ensures that all medical data, such as symptoms, prescrip-
tions, and personal information, is securely encrypted and kept.

This approach improves data security and demonstrates a commitment to protect-
ing patients’ sensitive information in an increasingly digital healthcare landscape.

Sahal et al. [14] discuss the integration of digital twins, data analytics, and block-
chain technologies to enable decentralized epidemic alerting, particularly in com-
bating COVID-19 outbreaks. The study highlights the necessity of secure real-time 
data exchange among participants in medical cyber-physical systems. Patient data 
security is a critical aspect addressed through blockchain technology, ensuring that 
digital twins of participants within the healthcare system can exchange and share 
essential information securely. This approach enhances transparency, accessibility, 
and confidentiality of healthcare data, ultimately contributing to more effective and 
secure healthcare practices.

Alzahrani et al. [16, 17] discuss the application of blockchain technology in 
healthcare systems, with a strong emphasis on enhancing the security of patients’ 
data. The study underscores the importance of safeguarding sensitive medical 
information and maintaining patient confidentiality in the digital age. By leverag-
ing blockchain’s decentralized and immutable nature, Alzahrani proposes a secure 
framework for storing and sharing electronic medical records (EMRs) while ensur-
ing data integrity and privacy. The study highlights the potential of blockchain to 
address the security challenges faced by healthcare providers, offering a transparent 
and tamper-resistant platform for managing patient data securely. By implementing 
vigorous security measures, such as asymmetric encryption in addition to access 
control, blockchain technology can provide a secure environment for storing and 
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exchanging medical information [18]. The study emphasizes the adoption of block-
chain to improve patient data security, mitigate privacy risks, and improve overall 
trust in healthcare systems.

Sun et al. [19] discuss the capability of digital twin technology in the medical 
field, specifically in achieving precise diagnosis and personalized treatment. The 
study emphasizes the advantages of the technology, such as personalized medicine, 
optimization of treatment procedures, and real-time monitoring. Sun also highlights 
the challenges in data collection and fusion, simulation accuracy, and socio-ethical 
risks. The authors propose that digital twins can significantly achieve precision med-
icine and personalized healthcare with advancements in technologies such as big 
data, the Internet of Things, and artificial intelligence.

Bhavin et al. [20] discuss the critical issue of patient data security in healthcare 
systems, highlighting the vulnerability of medical devices as an entry point for cyber-
attacks. The study emphasizes the importance of securing all devices connected to 
healthcare systems to prevent unauthorized access to EHRs. The study proposes a 
blockchain-based architecture to enhance the security of electronic health records, 
ensuring that only authorized individuals, such as patients, clinicians, lab staff, and 
researchers, have access to sensitive medical data. By implementing a patient-con-
trolled system, the authors aim to protect the confidentiality and integrity of patient 
information. Using quantum computing technology, the proposed system aims to 
enhance traditional encryption methods and protect against quantum attacks. The 
use of a quantum blind signature during block creation in the blockchain architecture 
ensures secure transactions, improved resource consumption, and network traffic 
management. This innovative approach not only addresses the current cybersecurity 
challenges in healthcare but also offers a promising solution to maintain the privacy 
and security of patient data in an increasingly digitized healthcare environment.

Velmurugan et al. [21] focus on developing and evaluating an efficient and secure 
EHR sharing system using IoT-based blockchain hyperledger technology. The study 
introduces a decentralized access control and authentication system in blockchain-
based EHR systems, emphasizing the importance of secure communication and data 
integrity through encryption standards. By implementing robust security protocols 
and encryption techniques, the proposed system aims to safeguard sensitive health 
records, prevent unauthorized access, and ensure patient privacy. Through a formal 
security analysis and performance evaluation, the research demonstrates the sys-
tem’s ability to facilitate secure data transmission among healthcare professionals, 
streamline administrative tasks, and enhance healthcare services’ overall quality 
and efficiency. The study’s findings contribute valuable insights into the potential of 
blockchain technology in revolutionizing EHR management and addressing security 
challenges in healthcare infrastructures.

Du et al. [22] introduce an approach to medical information sharing by proposing 
an optimized consortium blockchain platform. This platform leverages a new con-
sensus algorithm and a two-layer blockchain structure to boost the security, integrity, 
and efficiency of sharing sensitive medical data. By utilizing smart contracts, docker 
containers, and a peer-to-peer network, the platform ensures that shared informa-
tion is tamper-resistant and accessible only to authorized parties, addressing privacy 
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concerns in the healthcare sector. The platform’s design includes a business process 
framework and a confidential information-sharing process, enabling seamless and 
secure user interactions while maximizing the value of medical data. Furthermore, 
the platform’s modular design allows easy maintenance and upgrades, providing a 
scalable solution for medical institutions seeking a secure and reliable information-
sharing method. Through the integration of blockchain technology, the platform not 
only prevents information tampering but also creates a shared ecosystem where data 
can be transformed into valuable insights. Overall, the proposed consortium block-
chain platform offers a comprehensive and efficient solution for medical information 
sharing, ensuring the accuracy, integrity, and privacy of shared data in a distributed 
network environment.

Kerrison et al. [23] paper “Blockchain-Enabled IoT for Rural Healthcare” pres-
ents a novel approach to enhancing healthcare services in rural areas by integrating 
blockchain technology with IoT devices. By leveraging a hybrid-channel communi-
cation system with digital twinning, the study addresses the challenges of communi-
cation reliability and data integrity in low-bandwidth rural settings. This innovative 
solution allows IoT devices to securely transmit patient data while maintaining 
confidentiality and trust through blockchain-enabled transactions. Kerrison also 
emphasizes using LPWAN solutions, such as the LoRa standard, which highlights 
the importance of energy-efficient and long-range communication for IoT devices 
in remote locations. By combining blockchain technology with IoT devices, the 
proposed framework improves data transmission efficiency and ensures the secure 
storage and transit of sensitive healthcare information. Overall, this research con-
tributes to advancing healthcare monitoring systems in rural areas, offering a prom-
ising solution to bridge the gap in healthcare services between urban and remote 
regions.

Lee et al. [24] present a novel approach to enhancing information sharing and 
collaboration in construction projects by integrating a digital twin and blockchain 
framework. By leveraging real-time updates from the digital twin and secure data 
transactions facilitated by blockchain technology, the framework ensures observ-
able and immutable conversations among project participants. Through a case 
study involving virtual positioning data transmission and blockchain recording, 
the authors demonstrate the effectiveness of the integrated framework in enabling 
accountable information sharing across stakeholders. This innovative solution not 
only streamlines contract execution and payment processes but also fosters bet-
ter collaboration and efficiency in construction projects. The study highlights the 
significance of transparent and secure data transactions in overcoming the chal-
lenges of fragmented stakeholder involvement in construction projects by utiliz-
ing blockchain technology to authenticate and add traceability to data transactions 
within the digital twin. The research emphasizes the potential of the integrated 
digital twin and blockchain framework to revolutionize project management by 
automating processes, enhancing decision-making, and ultimately improving proj-
ect outcomes through streamlined collaboration and information sharing among 
stakeholders.
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Vanderhorn et al. [25] delve into the concept of digital twins, stressing the signifi-
cance of establishing a comprehensive definition to differentiate digital twins from 
other digital tools. By analyzing many definitions from existing literature, the study 
aims to propose a more inclusive and precise definition that encapsulates the diverse 
perspectives and attributes associated with digital twins. This effort is crucial to 
maintaining the integrity of the concept and facilitating the successful deployment 
of digital twins across different industries. The authors provide a detailed explora-
tion of the implementation process and key considerations involved in the practical 
application of this technology. The convincing study demonstrates how digital twins 
can be effectively applied in real-world scenarios, shedding light on the complexities 
and nuances of integrating this technology. Additionally, the study looks ahead to 
the future of digital twins, identifying emerging needs and opportunities within this 
evolving field and envisioning the potential for further advancements and innovative 
applications across various sectors.

6.3 � HOW DIGITAL TWIN TECHNOLOGY HAS 
TRANSFERRED PERSONALIZED HEALTHCARE

Digital twin technology can significantly enhance personalized healthcare within a 
framework for sharing anonymized patient data for clinical trials and drug discov-
ery. By leveraging digital twins, this framework can provide accurate, detailed, and 
dynamic models of individual patients while ensuring data privacy and security. 
The following subsections demonstrate how digital twin technology facilitates this 
transformation.

6.3.1 � Creating Anonymized Digital Twins

•	 Data Collection and Anonymization: Health data from patients is col-
lected through resources such as EHRs, and medical imaging. This data is 
then anonymized to remove Personally identifiable information (PII) before 
being used to create digital twins.

•	 Detailed Modeling: Digital twins represent the physiological, genetic, and 
behavioral attributes of individual patients without compromising their 
identities. These models include data on vitals, medical history, lifestyle 
factors, and treatment responses.

6.3.2 �E nabling Safe Data Sharing

•	 Anonymized Data Exchange: The anonymized digital twins can be 
securely shared with researchers and pharmaceutical companies for clinical 
trials and drug discovery, ensuring patient privacy is maintained.

•	 Blockchain for Secure Transactions: Blockchain technology manages the 
secure sharing of data, providing an immutable and transparent record of 
data transactions.
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6.3.3 �E nhancing Clinical Trials

•	 Virtual Clinical Trials: Digital twins can be used to conduct virtual clini-
cal trials, simulating how different patient profiles respond to new drugs or 
treatments. This reduces the need for large physical trial populations and 
accelerates the trial process.

•	 Recruitment Optimization: By analyzing digital twin data, researchers 
can identify the most suitable candidates for clinical trials, ensuring a more 
targeted and efficient recruitment process.

6.3.4 �I mproving Drug Discovery

•	 Predictive Modeling: Modeling disease progression with drug interactions 
in virtual environments, providing insights into how new drugs will per-
form across diverse patient populations.

•	 Personalized Drug Development: Insights from digital twins can guide 
the development of personalized drugs tailored to specific patient profiles, 
increasing the efficacy and safety of new treatments.

6.3.5 �E nsuring Data Privacy and Security

•	 Anonymization and Pseudonymization: Advanced anonymization tech-
niques ensure that data shared for research cannot be traced back to indi-
vidual patients, protecting their privacy.

•	 Regulatory Compliance: The framework must comply with regulations 
such as GDPR, HIPAA, and other data protection laws, ensuring that 
patient data is handled securely and ethically.

6.3.6 � Collaborative Research and Development

•	 Shared Data Ecosystem: Creating a shared ecosystem where anonymized 
digital twin data is accessible to authorized researchers fosters collabora-
tion and accelerates innovation in drug discovery.

•	 Cross-Institutional Studies: Digital twins allow for large-scale cross-
institutional studies, pooling data from diverse sources to gain more com-
prehensive insights into diseases and treatments.

6.3.7 �E thical Considerations and Patient Consent

•	 Informed Consent: Patients should be informed about how their anony-
mized data will be used and provide consent, ensuring ethical transparency.

•	 Benefit Sharing: Ensuring that the benefits of research and drug discover-
ies are shared with the patients and communities contributing data.
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6.4 � APPLICATION OF DIGITAL TWIN IN HEALTHCARE

6.4.1 � Clinical Trials:

•	 Virtual Trials: As shown in Figure 6.4, researchers can conduct virtual tri-
als using digital twins to model outcomes before initiating real-world trials. 
This helps refine protocols and identify potential risks early. The benefits of 
digital twin in healthcare are highlighted in Figure 6.5.

•	 Patient Recruitment and Retention: By understanding patient profiles 
better, researchers can more effectively recruit participants who are more 
likely to benefit from the trial, thereby improving retention rates.

•	 Adaptive Trials: Digital twins enable adaptive trial designs where ongoing 
results can modify trial parameters in real time, improving efficiency and 
outcomes.

6.4.2 � Drug Discovery

•	 Target Identification and Validation: Simulating biological processes 
helps identify and validate new drug targets more efficiently.

FIGURE 6.4  Applications of digital twins in healthcare



112 Digital Twin and Blockchain for Sustainable Healthcare 5.0

•	 Preclinical Testing: Virtual models of organs or systems can be used for 
preclinical testing, reducing the need for animal testing and accelerating 
the drug development process.

•	 Predictive Toxicology: By modeling drug interactions at a cellular or 
molecular level, potential toxic effects can be identified early, improving 
safety profiles.

6.4.3 �M edical Device Design

•	 Customization: Design personalized medical devices tailored to individ-
ual patient anatomies using their digital twins.

•	 Regulatory Compliance: Simulate device performance to meet regulatory 
requirements and demonstrate safety and efficacy more efficiently.

6.4.4 � Surgical Planning

•	 Precision Surgery: Enhance the precision of surgical interventions by 
using detailed and accurate digital twin models.

•	 Preoperative Planning: Use patient-specific digital twins to plan complex 
surgeries, allowing surgeons to visualize and rehearse procedures in a vir-
tual environment.

•	 Risk Mitigation: Identify potential risks and complications before surgery 
by simulating different scenarios.

FIGURE 6.5  The benefits of using personal digital twins
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6.4.5 �P ersonalized Medicine

•	 Tailored Treatments: Develop personalized treatment plans based on the 
unique characteristics of the digital twin of the patient, improving efficacy 
and reducing adverse effects.

•	 Predictive Analytics: Use digital twins to forecast disease progression 
along with the outcomes of the treatment, enabling proactive and preven-
tive healthcare.

6.4.6 � Hospital Operations

•	 Resource Management: Optimize hospital operations by simulating 
patient flows and resource allocation using digital twin models.

•	 Facility Management: Use digital twins to manage hospital infrastructure, 
ensuring optimal functioning of medical equipment and facilities.

•	 Emergency Planning: Develop and test emergency response plans using 
simulations of various scenarios, enhancing preparedness and response 
capabilities.

6.5 � DIGITAL TWIN ARCHITECTURE

•	 The digital twin approach for system health monitoring is outlined in Figure 
6.6. The digital twin architecture comprises three main modules: (a) the 
physical system, (b) a digital twin model utilizing nonparametric Bayesian 
networks [26], and (c) a data synchronization strategy. Below, we elaborate 
on each of these modules.

•	 A standardized physical system is essential for creating a digital twin model. 
This can encompass various real-world systems, such as power systems, 
water supply systems, or spacecraft systems. Unlike traditional systems, the 
physical system required for a digital twin must be capable of collecting and 
transmitting real-time data.

•	 To build digital twin models for health monitoring, the physical system col-
lects data in a bottom-up fashion. Initially, it gathers parameter data from 
individual subsystems, followed by system-level observation data. These 
are then integrated to form a comprehensive health indicator for the entire 
system. This bottom-up methodology aids in the subsequent development 
of the digital twin model based on the physical mechanisms at play.

•	 Additionally, the physical system must transfer various types of data to 
the digital realm, including operating conditions, environmental factors, 
and sensor readings. To facilitate this, standardized data communication 
devices are necessary to ensure uniform conversion across different com-
munication protocols and interfaces, as well as to standardize and clean the 
data. This process significantly enhances the operability of the data in the 
digital environment.

•	 Utilizing the gathered physical information and sensor data, the digital 
twin model is established based on the physical mechanisms of the physical 
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system. For complex systems, the physical mechanism is typically exam-
ined using a bottom-up approach. This begins with clarifying the inter-
nal structure of each subsystem or component, followed by the creation 
of a system-level digital twin model that reflects the relationships among 
subsystem parameters. However, the physical mechanisms of complex sys-
tems are often not fully determined, making it challenging to express and 
address the associated uncertainties. The proposed nonparametric Bayesian 
network modeling approach effectively captures the propagation of uncer-
tainty among parameters and system states, while also adaptively estimat-
ing hidden variables to facilitate the model’s self-learning through real-time 
data.

•	 The Bayesian network is a graphical model consisting of numerous nodes, 
which represent system states and parameters from subsystems or com-
ponents. The connections between nodes, represented by arrows, indicate 
conditional probability distributions and the flow of uncertainty. In non-
parametric modeling, the structure of the Bayesian network is dynamic, 
adapting in complexity based on the available data.

•	 The data synchronization process can be described as follows: the physical 
system employs the model updating strategy and real-time observational 
data to track and forecast the digital twin model. Subsequently, the digital 
twin model relays health monitoring data back to the physical system, sup-
porting condition-based maintenance efforts. The model updating strategy 
encompasses two components: model inference utilizing the enhanced GPF 
algorithm and model structure updates driven by the DPMM.

FIGURE 6.6  Digital twin architecture
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6.5 � REAL-WORLD CASE STUDY: DIGITAL TWINS IN 
PERSONALIZED MEDICINE BY SIEMENS HEALTHINEERS

In recent years, Siemens Healthineers has leveraged the combination of digital twins 
and blockchain technology to improve patient privacy and security in personalized 
medicine. This section presents the practical applications of these technologies and 
the measurable outcomes they achieved in terms of data security, privacy protection, 
and system interoperability.

6.5.1 �E nhanced Privacy and Security

Siemens Healthineers implemented blockchain technology to create tamper-proof 
records and enable secure transactions for patient data. Blockchain’s inherent capa-
bilities for privacy protection and data immutability provide the following benefits:

•	 Tamper-Proof Records: Siemens Healthineers used blockchain to secure 
patient records for over 5,000 patients participating in personalized medi-
cine trials. The system recorded an 85% reduction in unauthorized access 
attempts, thanks to the encryption and immutable nature of blockchain.

FIGURE 6.7  Reduction in unauthorized access attempts with blockchain
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The bar chart in Figure 6.7 shows the dramatic reduction in unauthorized access 
attempts before and after the implementation of blockchain technology. Prior to 
blockchain, unauthorized access attempts were significantly higher, but the intro-
duction of blockchain’s tamper-proof records and encryption led to a marked decline 
of 85%, securing patient records effectively.

•	 Smart Contracts for Access Control: In a controlled experiment, smart 
contracts were used to manage data access permissions. The smart con-
tracts automatically granted or revoked access to patient data, reducing 
the time to process consent by 50%. This enabled Siemens Healthineers to 
handle access permissions for over 1,200 patients simultaneously without a 
single instance of human error in the process.

•	 Digital Twins for Data Ownership: Patients retained full control over 
their data by utilizing digital twins. Blockchain allowed for granular con-
sent management, giving patients the ability to authorize specific health-
care providers to access portions of their data. This approach led to a 30% 
increase in patient trust during trials, as reported through post-trial surveys.

6.5.2 �I nteroperability and Data Standardization

One of the biggest challenges in healthcare is ensuring interoperability between 
various systems. Siemens Healthineers addressed this by creating a common 
framework through blockchain technology, enabling seamless data exchange 
across institutions:

•	 Data Standardization with Digital Twins: By standardizing data formats, 
Siemens facilitated the sharing and analysis of patient data across multiple 
hospitals and research organizations. In a case involving eight healthcare 
providers, this approach resulted in a 40% reduction in data processing time 
during clinical trials, as information was more easily accessible and format-
ted correctly for analysis.

•	 Interoperability Outcomes: Siemens successfully integrated multiple 
EHR systems across three countries, using blockchain as the backbone 
for secure and standardized data exchange. This led to a 20% improve-
ment in overall clinical trial efficiency due to faster access to patient 
data.

6.5.3 � Decentralized Clinical Trials

Siemens Healthineers piloted decentralized clinical trials (DCTs), where patients 
participated remotely through secure, blockchain-enabled data sharing.

•	 Real-Time Monitoring: Digital twins were used to represent patients 
virtually, allowing clinicians to monitor health parameters in real time. 
A decentralized trial involving 300 participants across four different 
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countries was conducted. The blockchain and digital twins infrastructure 
enabled real-time data collection, reducing the delay in reporting clinical 
outcomes by 60%.

•	 Automated Consent Management: The use of blockchain-based smart 
contracts for consent management automated patient consent across all 
trial participants, eliminating manual errors and ensuring compliance with 
HIPAA and GDPR standards. This automation also reduced administrative 
overhead by 35%, allowing the trial to proceed more smoothly. Figure 6.8 
shows this scenario.

6.5.4 � Supply Chain Transparency

Siemens Healthineers extended the use of blockchain and Digital Twins beyond clin-
ical trials to ensure supply chain transparency:

•	 Drug Authenticity and Quality Assurance: Siemens tracked the entire 
drug manufacturing process, from production to distribution, using digital 
twins. In a six-month trial involving the distribution of 1 million units of 
medication, blockchain enabled the tracking of the origin, authenticity, and 
distribution path of each unit. This resulted in the detection and prevention 
of ten instances of counterfeit drugs entering the supply chain, ensuring the 
safety and reliability of the medication provided to patients.

To summarize, Siemens Healthineers’ integration of digital twins and block-
chain technology significantly enhanced patient data security, privacy, and system 

FIGURE 6.8  Trends in data processing and clinical trial efficiency
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efficiency in personalized medicine. These advancements not only reduced unau-
thorized access and administrative overhead but also improved data interoperability 
and supply chain transparency.

6.6 � CONCLUSION

Integrating digital twins and blockchain technology presents a promising framework 
for sharing anonymized patient data in clinical trials and drug discovery, offering 
enhanced precision medicine, secure data aggregation, and predictive analytics. This 
integration addresses key challenges in healthcare data management by leveraging 
blockchain’s capabilities for data immutability, secure access through decentralized 
storage, and smart contracts. These features ensure high data integrity and privacy, 
safeguarding patient data from unauthorized access and breaches. Additionally, 
blockchain’s smart contracts automate processes such as patient consent manage-
ment and data updates for digital twins, reducing administrative overhead and 
ensuring compliance with predefined policies and regulations. Digital twins enable 
dynamic, real-time modeling of patient data, facilitating seamless sharing across 
healthcare systems and research platforms, thereby enhancing collaboration and 
data utilization. Despite the advantages, challenges such as authentication, privacy, 
latency, and data storage costs require careful consideration. Advanced encryption 
techniques, optimized blockchain protocols, and cost-effective storage solutions are 
essential mitigations. Ensuring regulatory compliance, particularly with GDPR and 
HIPAA standards, along with addressing ethical concerns surrounding patient data 
sharing, are critical aspects of this framework. Continuous monitoring and regular 
updates are necessary to maintain compliance and adapt to emerging challenges in 
healthcare data privacy and security.
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7.1 � INTRODUCTION

7.1.1 �W hat Is Digital Twin Technology?

Digital twins (DTs) are digital copies of real-world objects that are very close to the 
real thing. They are rapidly emerging and transforming industries such as business, 
healthcare, and city planning. Technologies such as artificial intelligence (AI), big 
data, next-generation mobile texting, and other emerging fields all have an impact on 
digital twin technology.

We’ll talk about this new technology in more depth here. We utilize examples 
to demonstrate the nature of this new technology, its operation, its advantages, and 
potential challenges upon implementation.

7.1.2 �W hat Is Digital Twin Technology Helpful For?

Their job is to gather information that can enhance the actual product. Moreover, 
they enable you to manage the entire life cycle of an item, make decisions based on 
data, and monitor complex systems.

People who know a lot about systems can make changes quickly, which saves 
time, and they can improve product design by not having to make and test individual 
samples.

DTs not only promote environmental sustainability but also aid in safeguarding 
real-world resources and items. DTs can also help you figure out what materials 
should be scrapped and how to properly get rid of things that are no longer useful.

7.1.3 � Defining Digital Twins

An electronic copy of a real person, thing, or process, known as a digital twin, serves 
as a tool for testing and gaining deeper insights. They undergo real-time changes 
based on information from real sources in the world [2, 3]
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Role of Digital Twins in Preventing Diabetes

What does this mean? These two examples should help you figure it out.
A wind machine can utilize several components for crucial tasks. The devices 

would collect data about the turbine’s performance, like how much energy it pro-
duces, as well as data about the outside world, such as the weather. The computer 
would get this information and use it to make a digital copy. This would simplify the 
process of monitoring the rotor and identifying potential improvements.

Second, Google Maps is a well-known case study. In a sense, Google Maps func-
tions as a digital representation of the Earth’s surface. It integrates real-time infor-
mation about roadwork and traffic to enhance your journey planning [4].

In some ways, digital twins are not the same as models. The wind machine DT, 
for example, takes into account the weather. A DT encompasses the creation process 
as a virtual environment. On the other hand, simulations often serve to study a single 
process. Also, models don’t always have real-time data, which is important for DTs.

7.1.4 � Brief History of Digital Twins

David Gelernter’s work in the 1990s gave us the idea of a digital twin. In 2002, Dr. 
Michael Grieves was the first person in production to use it, but John Vickers from 
NASA coined the term in 2010. During the 1960s Space Race, NASA used physical 
twins. During this period, NASA created an exact replica of each spaceship on Earth 
for research and training purposes. Creating a twin allows for more thorough testing 
and easier monitoring of an item. But let’s go into even more detail about DT [5].

7.1.5 �K ey Characteristics of Digital Twins

DTs can stand for anything from small parts of an item to whole systems. Part twin 
or component: this is the main unit of a DT and stands for a working part. An asset 
twin consists of two or more components that function together. System or unit twin: 
different assets work together to make a system that does its job. Process twin: When 
different systems work together, they create larger processes, like factories. Link 
throughout the whole span of the second trait, “connection throughout the entire life 
cycle,” refers to two important parts of the digital twin. First, we can connect them 
to illustrate complete systems or processes.

Product twin: showing what a thing is. Production plant twin: a picture of a 
whole production plant. Network twin: a picture of a production or buying chain. 
Infrastructure twin: showing real-world structures such as roads, houses, and so on. 
You could create a DT for a store and then connect it to DTs for factories, supply 
lines, and call centers, all the way up to a DT for an entire company. Second, we can 
create DTs for any product at any point in time. You could create a wind turbine DT 
during the planning stage, even before making any actual parts. Before making the 
rotor, you could try out different parts and materials. Subsequently, an individual 
could monitor the rotor until it ceases operation. The DT could also be used to help 
with dumping, making sure that parts are picked up and thrown away in a way that 
doesn’t hurt the environment [6, 7].
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7.1.6 � Bidirectional Data Exchange

The ability to send data back and forth between the digital and real pairs is one of 
the best features of digital twins. This is what makes a DT different from a digi-
tal model: with digital shadows, data flows automatically from the real world to 
the virtual world. For DTs, data can move between the real world and the virtual 
world without them having to do anything. Devices typically gather the data that DTs 
require. They ensure the real-time updating of the DT and its exact alignment with 
the actual form [11, 15].

7.1.7 � Challenges for Adopting Digital Twin Technology

Currently, several factors are impeding the widespread adoption of digital twin 
technology. Due to the large number of monitors and computer tools required, the 
execution costs are extremely high. The execution lacks sufficient rules, guidelines, 
and standards. Data-related issues include protection, trust, and security [26, 28]. 
Problems with communication networks. Because DT is a new technology, these 
problems show that it is still in its early stages of growth and use. Most likely, the 
possible value of this technology will push companies and experts to deal with these 
problems.

7.1.8 �E xamples of Digital Twin Technology

In general, digital twins are helpful for large structures or goods that have to follow 
strict engineering rules (like bridges and cars), mechanically complicated projects 
(like engines and generators), and making manufacturing projects go more smoothly.

DT technology comes in two sizes. The first is for consumers and isn’t very use-
ful. The second is bigger and more useful.

7.1.8.1 � Baseball Stadium Twin
In 2022, the American baseball team Atlanta Braves added a DT to their Truist Park. 
The softball field in this picture looks just like the real thing. Fans can almost go to 
games in the metaverse, which is a 3D space that anyone can use. Explore the park, 
make models, access special features, and more. Fans have a better time with this DT 
because it gives people who aren’t close to the team new ways to connect with them.

7.1.8.2 � Twin of an Entire City
A smart city is a way to run a city that makes use of data and other digital tools. 
Traffic, public transportation, power creation, water supply, and trash management 
are just a few of the constant data-creation processes that enable smart towns.

We link the DTs of apartment buildings, neighborhoods, roads, and utilities 
together to create a digital copy of the city. This can help figure out what the issues 
are and how to fix them. It can also help with goals such as making life better, saving 
money, being environmentally friendly, and using public transportation.
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For example, the Shanghai Urban Operations and Management Centre created 
a digital twin for the entire city of Shanghai, home to 26 million people. The twin 
comprises 100,000 distinct components, encompassing everything from trash dis-
posal and collection sites to electric bike charging stations. We also utilize satellites 
and drones to gather information.

City DTs help people plan for and handle crises by letting them pretend that there 
are floods or virus outbreaks. This way, people can see how prepared the city is and 
where the infrastructure is lacking.

7.1.9 � Digital Twins in Manufacturing

When customers request it, companies in the manufacturing industry constantly 
seek innovative methods to enhance their products.

Digital twins are being used by makers in their work because of the growing need 
for complexity and sustainability. The most recent study on digital twins in manufac-
turing is “Implementing Digital Twins in Manufacturing”. Here, we talk about why 
this is important and how it fits in with other tech.

7.1.10 � Digital Twins in Healthcare

Digital twin technology has the potential to transform the delivery of personalized 
care and enhance the efficiency of public health organizations. However, using DTs 
in healthcare has brought up a number of social issues and technology problems.

We are using digital twins to improve public health and make medicine more 
specific. Our study, “Applying Digital Twins in Healthcare,” delves into this topic. 
Next, we examine the concerns and apprehensions that people have regarding the 
widespread adoption of digital twins [32, 33]

7.2 � DIGITAL TWIN: AN OLD CONCEPT 
WITH A NEW MAJOR BOOST

The phrase “digital twin” is used a lot these days because people like it so much. 
Digital twin technology has grown faster because all industries and services are 
becoming more digital, technological advances are happening faster, which makes it 
easier to handle and analyze data, and artificial intelligence (AI) and reasoning are 
always getting better. All of these things began many years ago.

This part explains what “digital twin” means and fixes some common mis-
takes that might have led to misunderstanding. Before you can use digital twin 
technology, you need to know what it is and how it has changed over time. Once 
that is done, scholars and users will be able to separate the useful use cases from 
the many pushed ones that are usually just empty claims. By doing this, they can 
learn a lot about where future study and uses of this quickly changing technology 
might go.
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7.2.1 � Digital Twin: Development History

A “digital twin” could be more than one tool, method, or way of working. A lot 
of people want to know more about digital twins but aren’t sure how they work or 
what their purposes should be. It is thought that the National Aeronautics and Space 
Administration (NASA) used the phrase “digital twin” for the first time in the 1960s 
when they were testing and building vessels such as Apollo 11. But in 2003 [10], 
Michael Grieves was the first person to use the word in public. In 2012, NASA said 
digital twin tech is “an integrated multi-physics, multi-scale, probabilistic simulation 
of an as-built vehicle or system that uses the best available physical models, sensor 
updates, fleet history, etc. to mirror the life of its corresponding flying twin.” The 
first people to use this technology were businesses and production companies, and 
that’s still how it’s mostly used today. Why? It helps them get better and saves them 
money.

The word “digital twin” is no longer just used for cars and planes, though. It has 
also been used by others. What is a digital twin? Grieves [10] said that the system is 
made up of three parts: the actual item, a computer copy of it, and the data lines that 
link it. DT is thought to be based on making a digital copy of a real thing [8, 12]. You 
can use this to make a model of how the system works, rate its success, find problems 
inside and outside the system, and guess what will happen in the future. The digital 
twin became an important tool for any production company very quickly. The digital 
twin is a big part of product life cycle management (PLM). Grieves [13] wrote a lon-
ger study to learn more about some important PLM words. The digital twin platform, 
the digital twin instance, the digital twin collection, and the digital twin setting are 
also in this group of words. We talked about these ideas in [14], so we won’t say them 
again here. Grieves’ 3D model was made bigger in 2019 by adding digital twin data 
and services. This new model has the digital twin benefits that come with having a 
repair part added to it. With data merging, you can get knowledge from both the real 
thing and its digital twin. A new study by Liu et al. [16] says that the digital twin can 
change over time and connect to data in two different ways. There is also a list of 
digital twin meanings in that paper.

Over and over, different groups of people worked hard on the digital twin model 
to make it better and more advanced. The convergence of these elements led to a 
reduction in restrictions compared to the initial proposal. This made it easier to use 
digital twin technologies. Both businesses and schools now see the digital twin as a 
key part of the 4.0 Industrial Revolution [8, 17, 18, 19, 20].

7.2.2 � Digital Twin: Common Misconceptions

Not many places have cutting-edge tech [1], and only half of the world’s people can 
connect to the internet. Research [21, 22, 23] shows that developing and growing 
areas have different levels of internet access. Income, gender, age, and internet con-
nection gaps make things even worse for groups that are already having a hard time 
[1, 24]. People are working hard to close the digital gap [23]. With things like digital 
twins [1], however, people may be even more at risk now that technology changes 
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so quickly. If people don’t understand, know about, or have access to the newest 
information, they are more likely to have the wrong ideas, false or inflated public 
expectations, mistakes, and bad things happen to their image. These groups are also 
more likely to be exploited because they are less safe online. This part aims to clear 
up a lot of common misunderstandings about the digital twin. As technology grows 
so quickly, this will help people understand it better.

Some mistakes people often make with digital twins can be seen in Table 7.1. 
It also wants to make things clearer so that experts and regular people can use 
the right technology. Then, they can think about what might be possible in their 
own areas of skill and work to learn more, which will lead to progress in the 
future. A number of tools that are closely linked to digital twins trick people [25]. 
Technologies such as digital development, system modeling, proof math, 2D and 
3D models, and more, are some of these. One of the most important technologies 
behind the digital twin might be hard to grasp if you don’t fully grasp the other 
technologies that go with it. This could make it hard to tell the difference between 
the digital twin and its parts or steps. The digital twin is unique because it has a 

TABLE 7.1
Common Misconceptions of Digital Twin

Term Reasons and Differences

Digital shadow There is a real product and a digital copy of it, but the data link between 
the real item and its digital twin only goes in one direction. This means 
that the virtual twin only shows the real object in a digital way.

Digital modeling Modeling is a key part of a digital twin, but it's not the same thing as the 
digital twin itself. There are two-way data links between the real object 
and its virtual twin, but the data is shared by hand. To put it another way, 
the virtual twin shows a certain state of the real product while the 
creation process is done by hand.

Digital thread The digital thread is an ongoing digital record of a real item from the time 
it is first thought of and created until it is no longer useful. It’s a big part 
of digitization and lets people from different fields share data.

Simulation This is an important part of digital twin technology from the virtual twin's 
point of view because it lets you copy things. It also refers to more than 
one model. Simulation is an important part of the digital twin; it's just a 
different word for it because it doesn't look at how the real-world object 
and the digital twin share data in real time [16, 25].

Fidelity model/Simulation To find accuracy, you compare how much of the real thing a computer 
model copies to how much of the model it copies. There are different 
levels of accuracy or things that need to be thought about when making a 
computer model. Terms such as “high fidelity,” “low fidelity,” “core 
fidelity,” and “multi fidelity model” are often used to describe these. 
When researchers talk about what the digital twin has in common, they 
often use the terms “high fidelity” or even “ultrahigh fidelity.” This is 
because the real thing and its virtual twin share data all the time.
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data link that changes all the time and works both ways [16]. These are also the 
places where people often go wrong.

7.2.3 �F eatures of Digital Twins in the New Metaverse

These are the most important parts of digital twins that will help people understand 
how they work “behind the scenes” and find fun ways to use them in their own 
fields. We already talked about how digital twin technologies can be real-time and 
dynamic, and how they can send and receive data between a real thing and its virtual 
picture. The digital twin can do many things because it has these important traits and 
the digital system has improved [27]. There are four groups of these jobs: modeling, 
validation, tracking, and analytics. Analytics tasks include models, forecasts, values, 
and efficiency, as well as paperwork.

Most people who use digital twin tools are in business and industry. They really 
did a great job adding this to PLM. We keep an eye on real things and send data in 
real time to a computer copy of them. We keep and show the whole career and all of 
its info online. We use computers to model and test activities and processes. They 
also do a better job with the real thing because they offer both real time and forward-
looking data. For example, they can predict and confirm performance, keep track of 
progress, and make changes. A digital twin can be used for eight other things besides 
PLM, according to Rasheed et al. [34]:

real-time remote monitoring and control, greater efficiency and safety, predictive 
maintenance and scheduling, scenario and risk assessment, better intra- and inter-team 
synergy and collaborations, a more efficient and informed decision support system, 
personalisation of products and services, stronger documentation and communication.

The following qualities of digital twins can be used in any case.
The idea of the metaverse is changing very quickly in our world. People want 

a fully digital world where they can do things in real life and connect with other 
people. The metaverse is also known as “the post-reality universe,” which describes 
it as “a perpetual and persistent multiuser environment merging physical reality with 
digital virtuality.” The real world and the metaverse are quickly becoming linked 
through digitization. A lot of people think that digital twin technology is what the 
metaverse is built on. It’s like a huge digital library because the metaverse has digital 
copies of everything around us. People need to know what digital twins are and how 
they can help them before they can fully gain from the next big thing in technology. 
Some parts of digital twin technologies are already being used by businesses and 
industries. But these tools are only now being used in the metaverse. You need to be 
able to control, grow, and connect data, systems, and tools in a way that makes them 
work well together.

With the digital twin, people can shop online, learn, move, attend events and 
meetings virtually, and do other things that can help them in their daily lives. On the 
other hand, the digital twin is often used with smart reality, virtual reality, or interac-
tive reality. Keep in mind that not all cases that are called “digital twins” are really 
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those. This could be something that is still being worked on or not finished. The idea 
might be moving forward with the help of virtual reality and digital twin technol-
ogy. Finding their most important or unique traits is the best way to tell digital twins 
apart. Real-time data sharing takes place between a real thing and its virtual version 
in this case. It's true, even though more and more people are talking about it. Ideas 
and changes have already led to growth in many businesses, industries, fields of sci-
ence, and parts of everyday life, even though it’s not “completed” yet.

Liu et al. [16] looked at previous research to find the most important digital twin 
tools and technologies. Using ideas from other works of writing, these writers also 
came up with a way to make technology for digital kids. There is a computer copy 
of this plan that is made up of steps. Each step is linked to an important tool. Qi et 
al. [12] also made a list of all the tools and technology that the digital twin needs to 
work. All of the things on this list are easy to find and will help you make a digital 
twin.

7.3 � CONSTRUCTING PATIENT-CENTERED DIGITAL 
TWINS FOR DIABETES MANAGEMENT

The main goal of this study is to make digital twins that can help people with diabe-
tes take care of their condition. To do this, we need to make dynamic virtual versions 
of a patient’s health that can act like them, guess what will happen in the future, give 
us new ideas, and learn new things. We made these virtual forms to be flexible so 
that they can change based on new health information about the patient to show how 
they really are. Figure 7.1 shows how the suggested digital twins are put together. 
This method puts together different kinds of health information to get a full picture 
of a person. The first step in the framework is to come up with an idea. Using the 

FIGURE 7.1  The digital twin framework
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structure, making a personal health knowledge graph, and getting and mixing data 
are some of the other steps.

7.3.1 �O ntology Development

Our method is based on creating a strong and consistent model that is perfectly in 
line with HL7 FHIR standards [29] to make sure that everything works together and 
follows standard business practices. We carefully created this health ontology to pro-
vide a wide range of words and clear explanations for the complex connections found 
in the personal health area. We build our digital twin models on this foundation.

We organize our theory-making process, starting at the top and progressing down-
ward. We begin with broad health categories such as “medical condition” and then 
narrow them down to more detailed ones such as “diabetes.” This two-level system 
allows for multiple combinations of health issues. Each idea has characteristics that 
explain what it is and how it connects to other ideas. There are two types of proper-
ties: object properties and data properties. These help to group different ideas in the 
theory. This makes it possible to show health information in a full and linked way.

As we learn more about medicine, our theory is built to be flexible enough to react 
to new medical breakthroughs and changes in how healthcare is provided. Ontology 
growth starts when new information comes out. This repair plan has several steps. 
The first step is to figure out what changes need to be made. Some of these changes 
could be adding new ideas to the theory or changing how the ideas are connected. 
We carefully check to see if the new theory works with existing data so that it can be 
quickly added to the current system. That way, the digital twin models will always 
be useful and constant. We look at health theory with care and an open mind, which 
lets us make a system that is both flexible and on the cutting edge of new technol-
ogy. It’s very important to set up this kind of basic framework because it makes our 
digital twin models accurate and durable. Building on these models is important to 
our business because it helps us stay strong as we grow.

Furthermore, this strong structure is a key part of making healthcare services 
more personalized and effective. By building a strong base, we can make healthcare 
options fit each person's needs, which improves the whole healthcare experience. 
Better health outcomes directly correlate with this drive to improve fitting.

7.3.2 � Data Collection and Integration

We get a lot of information and put it all together in a very thorough way. An elec-
tronic health record (EHR), smart technology, mobile health apps, and data made by 
patients are just some of the types of healthcare data we use. Each of these sources is 
very important for getting a full picture of a patient’s health because they each give 
different information that is needed to make a full and accurate digital twin.

There are strict quality control methods in place to make sure the info is correct 
and useful. People who work with large, diverse healthcare datasets often run into 
problems with data quality, including missing values, mistakes, and outliers. This 
is a necessary step to resolve these problems. Once these problems are fixed, the 
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data will go through a change process. This is a very important step where we link 
the raw data to the health theory ideas and ties we already know. We want to have a 
clear, uniform picture of the data that fits perfectly with the way our theory is set up. 
This will make it easy to quickly and correctly put the information together.

The creative way we use the GLAV (global-local as view) structure [30] is the 
core of our data integration strategy. GLAV’s main feature is that it can handle maps 
in both directions, which is especially helpful when working with healthcare data-
sets that are enormous and complicated. This adaptability is essential for dealing 
with the complicated connections and differences in healthcare data, which leads to 
a more complete and cohesive merging process.

Conditional random fields (CRFs) [31] help us make maps more accurate and the 
process of putting data together even better. People really like these complex proba-
bilistic graphical models because they are very good at finding patterns and can even 
learn patterns that aren’t simple. To make sure that the combined data are right and 
make sense in the context of the digital twins, it is important to draw with this much 
detail. This lets us give you more specific information about the patient’s health. We 
make sure that the information we put together is rich and makes sense by collecting 
and putting it together in this level of depth and care. This is what our digital twins 
are made of. It gives us the amount and variety of data we need to make virtual ver-
sions of patients’ health problems that are accurate and complete. So, we can take 
exact and customized steps to improve healthcare.

7.3.3 �P ersonal Health Knowledge Graph (PHKG)

After carefully putting together and changing the health data, the next important 
step is to build the personal health knowledge graph (PHKG). This important change 
turns basic health data into an organized form that can be used for finding and think-
ing about meaning. It gets the knowledge graph ready to work well in the real world. 
The details of the UP theory determine how the PHKG works. The graph shows how 
the patient’s health changes over time.

In the PHKG, the generation process starts with finding and making a specific 
instance for each philosophical idea that comes from the combined health data. In 
the graph, you can see an example of the “blood glucose level” idea, which shows a 
person’s blood glucose level based on their health records. This step takes general 
philosophical ideas and turns them into specific cases that show what the patient’s 
health is really like. The ontology uses object and data traits to illustrate the con-
nections between these cases. The graph displays these links as lines. A complicated 
web of links is made by these edges, which connect idea cases. This web bears a 
striking resemblance to the complex and multifaceted nature of health data. This 
implies that the patient's health record will document the signs of the condition.

The PHKG isn’t just a place to store information; it becomes a complicated, uni-
form way to show data that can hold many types of health-related information. Some 
examples of this are test results, treatment plans, medical information, data from 
monitors, live things, and patients’ own experiences. The PHKG contains a wealth of 
information, making it a valuable tool for supporting studies and models within the 
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context of digital twins. This allows us to see how the patient’s health has changed 
over time.

7.3.4 � Digital Twin Generation

Each patient undergoes a complex process to create a computer twin. We fully utilize 
the vast amount of information in the personal health knowledge graph (PHKG). The 
digital twin relies on a comprehensive collection of health data, organized in a logi-
cal manner. It makes a visual picture of each patient’s health that is alive, changing, 
and unique.

The digital twin uses complex computer models that are fine-tuned with a lot of 
data from the PHKG. To get a better idea of how the patient is doing, these models 
can copy different body and biological processes. They set up a virtual world where 
experts can test how well different approaches work. They want to show how the 
patient reacts to different medicines, changes in lifestyle, and possible ways that the 
illness could get worse. It can help nurses and doctors figure out what might happen 
if they treat patients in different ways. So they can make smart decisions and plan 
their own care. Another thing they can do is guess what these acts will do in the 
future. This helps them avoid problems and deal with them when they do happen.

The PHKG provided them with a large and varied collection, which they learned 
to use through machine learning. These algorithms are extremely good at finding 
complicated trends in data, such as small links between different health measures, 
how well a medicine works, and lifestyle or environmental factors. By looking at 
these trends, the programs can guess how the patient’s health will change in the 
future, find things that make the disease more likely to get worse and suggest ways 
to lower these risks before they happen.

The machine learning part of the digital twin doesn’t stay the same; it changes 
all the time as new data are added to the PHKG. Digital twins learn to make more 
accurate and relevant guesses over time.

7.4 � MATERIALS AND METHODS

It was one of the main goals of this study to show how ideas from prediction medi-
cine can be used to make a digital twin of the patient. This is why an analytical 
method was used. At first, we chose the records for statistical studies based on things 
such as the age, gender, and race of the patients. We will teach the neural network to 
find signs of myopia as the study goes on and show the results.

7.4.1 � Datasets

To get the numbers, we used the Harvard Glaucoma Fairness with 3300 Samples 
(Harvard-GF3300) collection [34, 35]. A 200 × 200 OCT (optical coherence tomog-
raphy) RNFLT map (noncontact and noninvasive retinal nerve fiber layer) is part of 
the set. Also on it are the patient’s language, race, age, gender, marital situation, and 
race. Based on the type of glaucoma, the patient’s age, race, and whether or not he 
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was married, they put the record into groups. Section 7.5 breaks down the results and 
looks at them in more depth. This set of data [36] from Harvard Glaucoma Detection 
taught the neural network what it needs to do. In Section 7.4.2, we talk about the 
dataset’s parts.

7.4.2 � Convolutional Neural Network Architecture

The part of the brain that finds cataracts is what we’re talking about. It was learned 
on the Harvard-GD500 data set [36]. 500 tests from 500 cases were used to make the 
model able to find glaucoma. The images in the set are 225 × 225 greyscale retinal 
nerve fiber layer (RNFL) maps. It says in the title of each map whether the patient 
has been identified with glaucoma or not. It also names the differences in their field 
of view.

This is the type of network we chose: a multiple-input CNN. This is because the 
dataset includes both pictures and numbers that show how the visual field usually 
changes. The first thing we did was normalize the data to make sure it was consis-
tent. We scaled the greyscale RNFL images to the range of values between 0 and 1, 
and the visual field MD values to the range of values between –1 and 1 using the L2 
norm.

After making adjustments, we split the dataset into the following groups:
Train: We trained the network using 80% of the available information.
With 10% of the dataset, the model’s hyperparameters were fine-tuned to make 

sure they didn’t fit too well during training. This shows how well the model did on 
data it had never seen before during training. Yes, to keep things from getting too 
small, we could only use 10% of the data just to be sure.

Tests: We used only 10% of the data to test the model. This dataset is different 
from the training and validation datasets. It is only used to see how well the model 
works with brand-new data after it has been taught.

Figure 7.2 illustrates the construction of the network. To make a multiple-input 
network in TensorFlow, we used the functional method.

The first part of the network’s design handles the RNFL maps. Convolutional 
layers can provide information about the sorting and saving of the data. The 
very first levels learn simple things such as lines and edges. The higher layers 
take bits of information from the lower layers and put them together to learn 
tougher and less clear traits. There are layers in a computer brain that keep track 
of where images are in space. Convolutional layers require fewer factors than 
fully linked layers due to the shared weights across the input space. This allows 
them to work faster and learn from large files without occupying too much space. 
Each of the three convolutional layers utilizes the third step. The first thing we 
do is smooth out the data with convolution layers. Next, we utilize thick layers 
to manipulate the data. Next, we create a collection of dense layers and connect 
them collectively.

The second branch of the network processes the mean variation numbers for the 
visual field. We don’t have a lot of info, so this network is simple to use. There is only 
one fully linked layer in this network.
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This code joins the results of several branches into a single, fully linked layer. 
This code changes the output of a neuron so that it can only be between 0 and 1. This 
changes the data that the network sends into a likelihood. The number that shows up 
tells you how likely it is that the person has glaucoma.

was married, they put the record into groups. Section 7.5 breaks down the results and 
looks at them in more depth. This set of data [36] from Harvard Glaucoma Detection 
taught the neural network what it needs to do. In Section 7.4.2, we talk about the 
dataset’s parts.

7.4.2 � Convolutional Neural Network Architecture

The part of the brain that finds cataracts is what we’re talking about. It was learned 
on the Harvard-GD500 data set [36]. 500 tests from 500 cases were used to make the 
model able to find glaucoma. The images in the set are 225 × 225 greyscale retinal 
nerve fiber layer (RNFL) maps. It says in the title of each map whether the patient 
has been identified with glaucoma or not. It also names the differences in their field 
of view.

This is the type of network we chose: a multiple-input CNN. This is because the 
dataset includes both pictures and numbers that show how the visual field usually 
changes. The first thing we did was normalize the data to make sure it was consis-
tent. We scaled the greyscale RNFL images to the range of values between 0 and 1, 
and the visual field MD values to the range of values between –1 and 1 using the L2 
norm.

After making adjustments, we split the dataset into the following groups:
Train: We trained the network using 80% of the available information.
With 10% of the dataset, the model’s hyperparameters were fine-tuned to make 

sure they didn’t fit too well during training. This shows how well the model did on 
data it had never seen before during training. Yes, to keep things from getting too 
small, we could only use 10% of the data just to be sure.

Tests: We used only 10% of the data to test the model. This dataset is different 
from the training and validation datasets. It is only used to see how well the model 
works with brand-new data after it has been taught.

Figure 7.2 illustrates the construction of the network. To make a multiple-input 
network in TensorFlow, we used the functional method.

The first part of the network’s design handles the RNFL maps. Convolutional 
layers can provide information about the sorting and saving of the data. The 
very first levels learn simple things such as lines and edges. The higher layers 
take bits of information from the lower layers and put them together to learn 
tougher and less clear traits. There are layers in a computer brain that keep track 
of where images are in space. Convolutional layers require fewer factors than 
fully linked layers due to the shared weights across the input space. This allows 
them to work faster and learn from large files without occupying too much space. 
Each of the three convolutional layers utilizes the third step. The first thing we 
do is smooth out the data with convolution layers. Next, we utilize thick layers 
to manipulate the data. Next, we create a collection of dense layers and connect 
them collectively.

The second branch of the network processes the mean variation numbers for the 
visual field. We don’t have a lot of info, so this network is simple to use. There is only 
one fully linked layer in this network.

FIGURE 7.2  The network architecture
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We used the binary cross-entropy loss function, which works well for jobs that 
need to put things into two groups. For a job that needs to put things into two groups, 
it finds the difference between the real probability distribution and the expected 
probability distribution. It checks the difference in value between the model's chance 
and the real goal value for each case. This loss function makes it easy to figure out 
the chances of two groups happening (0 or 1). As many chances as possible for each 
sample to be the real name are given by this.

7.5 � RESULTS

The main point of this study was to find glaucoma and look into how it gets worse 
over time. We need to teach a model to guess one of the possible progressions based 
on the original data and things such as IOP, corneal thickness, iridocorneal angle, 
and C/D ratio in order to do this. They are new AI methods. Due to the large amount 
of information about the eyes, it is hard to process pictures in order to find out if 
someone has glaucoma. The split and tempera way is better, though. Our groups are 
based on race, gender, age, and whether or not someone is married. After that, we tell 
the network about these teams. These groups help us train the model, which makes 
it more complicated. The medical staff can see facts about each patient’s condition 
and change important details at any time to change the prediction process. This is 
possible by combining programs that learn and make predictions. If that’s not the 
case, the digital twin shouldn’t be used instead of a doctor. Its job is to show how the 
disease grows and how different medicines can stop it.

The two steps that make up the design structure are talked about in this chapter. 
The main ideas from the article are summed up in these steps. The first part shows 
how to look at facts and talk about them. It includes getting numbers based on things 
such as race, age, gender, marriage status, and other factors. With the help of links 
and data we’ve collected, we can now make a digital twin. The first step is to put 
people into different groups.

In the second part, we train a neural network with 500 RNFLT maps and their 
visual field (MD). This is something we do to help find people who have eye trouble. 
It also talks about how the network was set up and how it was used, as well as how 
accurate the results were.

7.5.1 � Statistics on the Occurrence of Glaucoma 
Based on Demographic Factors

Who are they? What race are they? How old are they? Together with this knowledge, 
you could start making a digital copy of them and check to see if they are blind. We 
will be able to find links between the comments made and the chance of getting this 
condition based on the results of these statistical tests. In order to fully understand 
the factors that raise the chance of the disease and to find specific groups of people 
who are more likely to get glaucoma, all of these factors are important.
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The 3300 cases in the Harvard Glaucoma Fairness dataset were used in this study 
(Harvard-GF3300). Section 7.4 talks about this. This part talks about this collection 
in more depth.

Out of the 3300 cases that were looked at, 1748, or 52.97%, had glaucoma. About 
half of the people who were diagnosed with glaucoma were men (46.57%), and the 
other half were women (934). It was found that the number of cases of myopia in men 
and women was the same. In other words, these two groups aren’t that different from 
one another. Glaucoma affects about the same number of men and women. Most 
likely, this is the case because of your genes and high blood pressure. These results 
may also be affected by socioeconomic factors such as education level, income, and 
similar problems linked to getting medical care.

The age of the patients is another thing that could be taken into account when this 
study is being done. The collection has information on adults from 10 to 98 years old. 
In Figure 7.3, you can see the spread based on the subject’s gender and age. This age 
group is getting glaucoma the fastest, even though most of the people in the study 
were over 60.

See Figure 7.4 for a list of all the people in the sample who have glaucoma. The 
rate is highest among people aged 70 to 80 (26%), then among people aged 60 to 70 
(25%). According to the “Introduction,” the number of people with glaucoma contin-
ues to increase after age 50, particularly between the ages of 60 and 70 and between 
70 and 80. We can say that the risk of developing glaucoma shifts around the age of 
60. This is because getting older changes the shape and function of the eye. This is 
why it’s important to get regular eye tests. Another observation is that the disease 
progresses slowly and initially shows no symptoms. A very small number of people 
with glaucoma were between the ages of 10 and 20 (1%), and then between 90 and 
98 (2%).

Race was also looked at in this study. There were three groups we looked at: 
Asian, Black or African American, and White or Caucasian. There were 1101 people 
of each race in the study group. The study found that 48.7% of White or Caucasian 

FIGURE 7.3  The occurrence of glaucoma based on gender and age category
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people, 62% of Black or African American people, and 48.1% of Asian people had 
glaucoma. Figure 7.5 shows that glaucoma patients are mixed-race and female.

Figure 7.5 shows that there are different numbers of people of different groups 
who have glaucoma. People who are black or African American make up 39.07% 
of all cases. The next group is made up of people of Asian descent (30.32%), then 
white or Caucasian descent (30.61%). Men are more likely than women to get all 
three types of glaucoma. The different glaucoma rates for men and women make 
this very clear. Genes that make a person more likely to go blind could be a cause of 
these differences. They might also be because of the shape of the eye, which has a 
smaller flow angle in this case. Increasing the risk of glaucoma, makes the pressure 
inside the head go up. According to medical books, the way glaucoma starts and is 
treated may be a little different in people of different races. Some of these people 
have changed other symptoms and warning signs, like how their optic nerve looks 

FIGURE 7.4  Shows how common glaucoma is by age group

FIGURE 7.5  The number of people with glaucoma by gender and race
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and how their vision field works. It's important to keep in mind that social problems 
also affect how easy it is for people to get medical care.

See a picture of the people involved and find out if they are married to get a better 
idea of how their health might be affected by things going on in their personal and 
social lives. In spite of this, it’s important to keep in mind that getting married does 
not directly lead to cataracts. People who are married, single, divorced, dead, legally 
separated, or not married are in the group. Figure 7.6 shows how the lines are spread 
out based on the type of marriage and the gender of the pair.

There are too many people in the first group, which includes married people, 
people in civil unions, and life partners. To make things fair, 56% of blind people 
are in that group and 27% are in the “single” group. Also, the least number of blind 
people were in the Legally Separated (1% cases) and unknown (2% cases) groups. 
Figure 7.7 shows all of these things in great depth.

FIGURE 7.6  The number of people with glaucoma by race

FIGURE 7.7  The number of people with glaucoma by gender and marriage situation
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The first study could be used as a guide to make an artificial twin of the patient. 
More information should be added about the patient’s trips to the eye doctor and 
things in their home that could be bad for their health or make them more likely to 
get glaucoma. This will make sure that the digital twin works at its best. With the 
information we’ve gathered, we can make models that can tell us when glaucoma 
will start. It makes it easier to make a computer copy of a person.

As we move forward with prediction medicine and making digital twins to find 
glaucoma, it is important to keep a lot of different social issues in mind. Going for-
ward, this will make it possible for people to get more personalized care. Looking at 
old data showed that there is a link between these two types of data. The information 
in this collection can be used to put people into the right groups and figure out the 
best ways to help them. People over the age of 50 and people who say they are “Black 
or African American” are more likely to have glaucoma. You don't have to be mar-
ried or a certain gender to get these numbers. Because we know what makes people 
more likely to get glaucoma, we can make personalized care work better and raise 
patients' quality of life. These connections make it possible to make digital twins, 
which show how different treatments affect a patient and help stop or find glaucoma 
early.

7.5.2 �T raining the Neural Network for Glaucoma Detection

As its inputs, we used RNFLT maps, the visual field mean deviation (MD) that goes 
with them, and the presence or lack of glaucoma to make a network with many inputs. 
Under “Materials and Methods,” you can see a sketch of the model. We taught it with 
500 examples from the Harvard Glaucoma Detection dataset (Harvard-GD500).

Identifying glaucoma from eye images is considered a challenging task. Some 
things about the shape of the eye, like how wide the retina is, make it a lot trickier. 
We used common machine learning methods, such as classification and regression, 
to determine the presence of glaucoma based on the provided data. These pictures 
show the thickness of the cornea. And with machine learning, it is also possible to 
find signs that show how the optic nerve is getting weaker. It’s likely that the retinal 
nerve fiber layer thickness (RNFLT) is getting worse over time because nerve fibers 
are getting thinner. This is a positive sign that you have glaucoma. By looking at dif-
ferent patterns, texture analysis can be used to determine where the nerve fibers in 
the eye are. With the assistance of a skilled doctor and a reporting system, you can 
train the digital twin. You can find people who are more likely to get glaucoma and 
identify it by looking at the length, shape, and direction of nerve fibers. We can better 
understand the distribution of nerve fiber strength and width with a better set of data. 
We will look at both the mean and the standard deviation. Adding regularisation 
based on contrastive learning was the key to completing this task.

This ensures the correct display of images in clusters and their accurate differen-
tiation based on the expert doctor’s feedback. This process creates vector represen-
tations that illustrate the similarities and differences between photos. By including 
the doctor’s opinion in the predicting process, this method promises the creation of 
a solid way to look at and understand pictures in order to find glaucoma. Figure 7.8 
shows the percentage of persons having blindness based on the marriage status.
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The RNFLT maps in Figure 7.9 show that there is glaucoma, while Figure 7.8b 
shows that there is no glaucomatous state.

After teaching the model, we made a 5 × 5 picture. Figure 7.9 shows that a picture 
from the dataset was in every area. The mark also showed that the disease was pres-
ent. A mark of 1 means that the person has been diagnosed with glaucoma. As long 
as the number is 0, the person does not have glaucoma.

We fed data into the training model and then tried it with 10% of the whole set. 
After adding the data and making sure it was correct, we used the test group to make 
forecasts. Then what they said came true: they were right.

Finally, we made graphs to show how the model's gain and loss changed while 
it was being trained. The training and test datasets were both used to make the loss 
function graph (Figure 7.10). The test and training files were used in the same way as 
the accuracy curve. The test had an answer that was 84% right.

FIGURE 7.9  How the RNFLT maps are processed—whether the person has glaucoma or 
not. a) Glaucoma and b) Not glaucoma

FIGURE 7.8  The number of people with blindness based on their marriage situation
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You can see that the level of accuracy is not up to par. This means that the meth-
ods being used need to be changed. To get better results, we will change the features 
of a neural network, make it better designed, and use new methods. More personal 
information from patients and more data need to be taken during eye tests. We've 
already said that the collection needs to be better. This will make it possible to make 

FIGURE 7.11  These graphs show how the model's loss and accuracy changed as it was 
trained. (a) How the loss changed over time; (b) How well the estimates came true

FIGURE 7.10  Pathology is present—5 × 5
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both a digital twin for the patient and a digital twin for the disease, which will help 
find people who have glaucoma.

Because it can find cataracts, the digital twin could be very useful in eye surgery. 
It’s still just a dream, though. By mixing a patient’s medical history with data from 
prediction models, it is possible to make personalized treatment plans, operate on 
them, keep a close eye on their health, and make the review process better. The 
digital twin could be seen as a thought that wants to change medicine as a whole to 
make people healthy. Using digital twins in this area could change how doctors keep 
track of their patients’ medical information. Technology and medical data would be 
brought together in this way. By making it easier to find, treat, and care for diseases, 
these changes are making it easier for science and technology to work together.

7.6 � DISCUSSION

As it says in Section 7.5, the amount of data is not up to our standards. The way the 
network was set up and built might have made the model too complicated for this set 
of training data. You should also think about how well the data was used to train and 
test the model. A big enough sample is needed for the first step in making the digital 
twin so that it can show all the different things that can happen in medicine. We need 
this to build a complete model and get results that look like they could work. If the 
wrong steps were taken to prepare the data and make the model normal, the noise 
removal process might not have worked right either.

The next part will talk about some ways that digital twins could be studied in the 
future in optometry. Our goal is to make digital twins of different types of people 
by analyzing the data we already have, taking into account genetic predisposition, 
combining information from eye doctor visits, making personalized treatments, and 
modeling how patients will respond.

In the next step, it's important to use more than one model to make sure that the 
whole system can work. Discrete event systems help us focus on improving how 
things behave. We could make a model of the cell cycle from this point of view. 
Chemical reactions can be used to figure out what disease the patient has and how 
likely it is that they will get it.

Discrete event systems can also be used to mimic the results of certain treatments, 
giving us a full picture of how the patient felt after the treatment. Another thing 
that the events can show is the different stages of the sicknesses, like when they are 
retreating, stopping, or evolving. These facts could help the medical staff figure out 
what to do.

7.7 � CONCLUSIONS

Digital twin models combine elements of systems medicine and predictive medicine. 
These models help find and treat eye diseases, which indirectly leads to better diag-
nosis. So, doctors can mimic how the eye works in different scenarios using digital 
twin models. This helps them find possible eye problems quickly and easily. To make 
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sure that each patient gets the best care, predictive medicine, and machine learning 
are two ways to look at eye diseases as a whole.

By utilizing AI to generate a digital twin of an individual with glaucoma, we can 
not only determine the next course of action, such as recommending a doctor’s visit 
but also monitor potential changes or stability in the disease. AI helps us study and 
understand clinical data by illustrating how glaucoma could worsen and how the 
patient might respond to the offered medicine.

To find myopia, it is important to make a digital twin for each patient. Our idea is 
for a well-organized pattern with five layers. Figures in this structure helped us find 
connections between age, gender, race, and other social factors that raise the risk of 
glaucoma. There were also talks about the effects of teaching the neural network to 
understand what blindness is. Our hopes for these results (Section 7.5) were not met. 
That is why the changes in Section 7.6 are being made to improve the model.

According to the study we read, optometry hasn’t been used and dealt with a digi-
tal twin based on a prediction model well enough yet. As a result, we believe that the 
findings presented in this paper represent a significant advancement in the fields of 
targeted and predicted optometry.​ ​ ​ ​
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8.1 � INTRODUCTION

Sharing clinical study data is a touchy subject, and during the spread of COVID-19, 
it became even more important. This term refers to any information, results, discov-
eries, ideas, processes, or methods (whether they can be patented or not) that came 
from or were created by the scientist or study staff during the clinical trial. It does 
not include medical records or personal information [1]. You can share private clini-
cal trial data about a single patient through well-known methods. This is what clini-
cal trial data sharing means [2, 3]. Anyone from outside the field can look at old data, 
combine it with new data, repeat it, and add to it. This helps studies be more useful 
and open to everyone. Sharing anonymized individual participant data (IPD) with 
other study-generated data can help doctors make better choices a lot of the time. By 
putting together data from smaller studies that didn’t have enough people, looking 
at these types of clinical trial data again helps add to the body of evidence that is 
already out there. It’s one of many easy and cheap ways to gather more information 
in places that don’t have many resources or during health emergencies [4].

The spread of COVID-19 has been used as an example by many experts and 
working groups to push for the sharing of clinical data [5​​–8]. Sharing data from 
clinical studies should be standardized and done in the same way by scientists all 
over the world. But this is what the study was all about: the information from the 
people who took part should help other people. One of the best ways to do this is to 
share information. To keep data sharing in clinical research under control, clinical 
study groups have made rules. The National Institutes of Health (NIH) StrokeNet 
[9], the International Committee of Medical Journal Editors [10], and the Pragmatic 
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Potential of Digital Twins and Blockchain

Clinical Trials Unit [11] have all made rules for how to share data and get to it more 
quickly. Scholarly journals and clinical trial registries expect biomedical researchers 
to make statements about data sharing at different points in clinical trials, such as 
when the trial is registered, after the planned interim analysis, in the middle of the 
trial, and at the end of the trial. This is because the data-sharing guidelines for each 
stage require it [12]. These rules for sharing data are meant to protect the privacy 
of study subjects whose data is used by researchers to add to what is already known 
(secondary research) and help the public as much as possible.

The International Council for Harmonisation for Good Clinical Practice says that 
either data tracking or a formal ethics council needs to be put in place. A group 
of medical journal editors from around the world says this about studies that use 
people as subjects [13]. To keep study subjects, experts, and everyone else involved 
in clinical trials safe, it is very important to follow these rules and get their permis-
sion. Most of the time, national law agencies in each country decide how clinical 
study data can be shared.

When there is such direction, government policy papers explain how to share and 
access data while ensuring that participants are safe and following ethical rules [14]. 
Investigators encounter significant challenges when adhering to data-sharing regula-
tions, as new issues arise between data sharing and safeguarding the privacy and 
anonymity of study participants. Reviewing data-sharing rules and engaging with 
1329 scientists revealed that medical science does not appropriately value data shar-
ing. Sharing data from clinical studies is challenging because of technical, economic, 
and moral issues [15]. Technical problems include not enough standardization, not 
enough resources for researchers to collect high-quality data, and not enough cash 
benefits for people to share data. Threats to data-sharing include intellectual prop-
erty rights (IPR), data control, worries about joint benefits between data providers 
and data users, and the need for clearly educated permission for data sharing. People 
in high-income areas were also worried that sharing a lot of data could put patients’ 
privacy at risk and lead to abuse and exploitation.

Things that are tricky It’s hard to share data because different people have dif-
ferent goals when they are interested in research studies. This is because of funding 
and the way intellectual property rights (IPR) are handled now [16]. It makes sense 
for medicine companies that want to make money to be against data monopolies 
since they spend a lot of money on clinical tests. Most big foreign clinical studies 
are paid for by drug companies that want to make money. These businesses do more 
than just gather information. They also risk their money, spend it, and come up with 
new thoughts about hard science facts. It is not a surprise that these businesses want 
to stop people from sharing data and have the freedom to do so. There is a deal 
between the World Trade Organisation (WTO) and intellectual property rights that 
says trade and policy rely on being open and having the most recent information 
available [17]. Modern IPR laws that are specific to an area or country make it harder 
for global companies to do business there. Concerns have been raised about sharing 
clinical trial data after IPR issues have been found when trial information that hasn't 
been made public is shared. This is commonly known as “secret trial data.” Due to 
their data monopoly practices, pharmaceutical firms that want to make money often 
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resist or have no interest in data-sharing activities. People in low- and middle-income 
countries (LMICs) have a harder time getting drugs, biologics, and vaccines because 
of this. Institutional systems in different states are very different from one another.

Data from randomized controlled studies that happen in more than one country 
or region is usually not managed by a single law, let alone laws that are identical [18]. 
There aren’t any rules that everyone must follow when sharing info, but there are 
some general ones. There are problems that only happen in a regional and multicoun-
try trial, like how much it costs to finish the trial, share data, hire subcontractors, and 
finish the study. It’s harder to share statistics because of the way that for-profit and 
non-profit groups are hired to run the study [19]. From a social point of view, it’s also 
hard. In order to get a big sample size, researchers often have to hire people from 
low-income countries, which tend to have larger populations and less strict rules and 
tracking for clinical studies. So, it’s not a surprise that clinical study scientists aren’t 
sure what to do now that more and more people are okay with sharing data without 
being forced to. It’s important to gather evidence and organize it in a way that makes 
it easier to compare and make sense of data-sharing practices. This is because there 
aren’t many studies or academic reviews on the subject that can help people make 
choices.

Because clinical studies can't share data easily right now, it’s good to see attempts 
by institutions to make data sharing more common [20]. This comes from what giv-
ers have said, but each person has said something different. Two types of models 
were made to make things easy to understand: models with open access and models 
with limited access. So, based on how the clinical trial is going, study experts are 
sharing data at different points along the way [21]. In other words, release times 
change on a large scale as well. There is a link between the amount of data shared 
and the different goals of these types of lead detectives. This information fits into the 
right group after our review. To fill in the holes stated above, the goal of this study is 
to present the present state of clinical trial data sharing [22]. We look at this from the 
point of view of public health because we think that encouraging people to share data 
is good for everyone. To do this, we read a lot of different kinds of books. Our main 
goals were to find the regulatory documents that have helped clinical trial scientists 
share trial data and to look at the main parts of these regulatory documents that talk 
about how to share information.

8.2 � LEGAL FRAMEWORK

Regulatory papers could include financial information, such as trade secrets and 
intellectual property, as well as personal information about people participating in 
clinical trials and working on the studies. We need to remove or alter this informa-
tion before sharing it to prevent identifying the individuals. This study’s main topic 
is how to handle personal information. Visit the EFPIA Intellectual Property page to 
learn more about important financial information.

Before the study’s participants’ information is made public, it needs to be properly 
anonymized, which means it needs to be hidden and/or changed. This makes sure 
that study participants and workers can’t be found. “Anonymisation” protects the 
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privacy of data subjects, such as people who take part in health studies, and makes 
it less likely that their identities will be found again. Because of this, 1) it changes 
structured data and papers that hold personal information; 2) it finds and manages 
the risk of re-identification; and 3) it thinks about why the data is being shared.

Today’s clinical trials are often global, with material from people from all 
over the world who are participating and working on the studies. Typically, 
authorities in multiple areas receive a single clinical study report (CSR) explain-
ing the trial's overall results. Despite the varying privacy laws and rules in each 
of the included areas, the public can access this single CSR in all of them. Many 
donors strive to conceal their identities and distribute their documents in com-
pliance with the most stringent privacy regulations. This unified method doesn’t 
always work, so sometimes a paper is made anonymous in different ways in 
different areas. This could potentially increase the likelihood of re-identifying 
study participants.

8.2.1 �P rivacy Regulation

The General Data Protection Regulation (GDPR) is a regulation that protects people 
in the EU. Not so with private data, though. GDPR doesn’t protect that. A lot of 
people believe this is the most strict privacy rule. Anonymous data means “informa-
tion that does not relate to a named or identifiable natural person or to personal data 
that has been made anonymous in such a way that the data subject is no longer iden-
tifiable” (GDPR, 5th section). Also, “to find out if a natural person is identifiable, all 
the reasonable steps that could have been taken by the controller or by someone else 
to directly or indirectly identify that natural person should be taken into account.” 
People who are in charge of personal data must follow the rules set out in the GDPR. 
When sponsors try to figure out who their members are, they need to look at more 
than just recent events. Since they were in charge of the facts, this is what they did. 
They should also look into other sources of data that match the information in the 
public clinical study papers. They could use things such as voting registration infor-
mation, healthcare data, and social media, for example.

8.2.2 � Data Disclosure Risk

A lot of people think that the GDPR standard for anonymous data is a hard and fast 
rule: data is either anonymous or not. Sharing anonymized data doesn’t need the full 
approval of the person because it can’t be used to find out who they are. In real life, 
anonymization means making sure that there is a very small chance that someone 
will be able to figure out who the data belongs to again. This keeps the data useful 
whether it is shared with the public or a researcher directly. There can’t be any risk, 
though. When a file has information about a person or group of people, the chance of 
being identified again goes up. Studies show that you can identify up to 87% of the 
people in the United States just by their name, gender, and five-digit zip code. These 
are some examples of private data that anyone can see:
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List of people who have signed up to vote, with their name, address, race, gender, 
and birthday.

You can do background checks online for both personal and general information.
Health broking services facilitate the buying and selling of health information.

People shared facts about themselves on social media, TV, and news outlets.

Recently, news coverage of the COVID-19 vaccine made it challenging for donors to 
figure out how much risk there was of reidentification. People who volunteered for 
COVID-19-related goods gave out public information about themselves, where they 
lived, and their medical background (more specifically, their medical experience 
with the study). In their subject-informed consent forms, donors explain how they 
share clinical study data for legal and volunteer reasons. Sponsors know that people 
who participate in a clinical study have the right to talk about it. The public can 
compare the publicly available information with research trial information. Cross-
referencing public information increases the risk of exposing study participants to 
data they may not have consented to.

8.3 � EXISTING DATA SHARING PLATFORMS

8.3.1 �R egulatory Sharing

More people around the world have been calling for freedom in the last ten years. 
Rule 2.2: Data Sharing Standards lists many rules that have been made to get peo-
ple to share more data. The information in the full clinical study reports can now 
be read and used by anyone. These reports help with the marketing forms for new 
goods in Japan, the EU, and Canada. This is because new rules have been put in 
place. The libraries that store these papers and let people read them are owned and 
run by regulatory bodies. Anyone can look at the books, but not do certain things 
with them. Privacy experts say that putting information out there always makes 
it easier for people to try to figure out who the information belongs to [16, 17]. 
Because of this, researchers greatly edit and change papers to make it much less 
likely that people who took part in clinical studies will be found. A lot of changes 
and filters are done to health data before it is shared with the public. This makes 
it less useful than other types of data. However, donors have to make this choice 
to protect user privacy when the data is made public. None of these rules say that 
the full files with personal information have to be made public. The Clinical Trial 
Regulation [18] of the EU says that the Clinical Trial Information System (CTIS) 
must be built by 2022. Another library will be added, which will make clinical 
study material easier to find. With this method, a lot more of the information that 
researchers, countries, and funders share during a clinical study will be made pub-
lic. We haven’t seen how the new rule fully changes openness yet because the tem-
porary choice phase doesn’t begin until early 2022. It is important to remember, 
though, that this method will only store data needed for drug-invasive clinical tests 
that happen in the EU.
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8.3.2 �V oluntary Sharing

People from all over the world who pay for clinical studies have also put a lot of 
money into developing tools, processes, and methods that will help the growth of 
drugs and clinical research. EFPIA and PhRMA established rules for sharing clini-
cal trial data in 2013. Numerous individuals within the company have signed these 
rules. Scientists and doctors who are qualified must be able to get clinical trial data 
from pharmaceutical companies [23]. This includes data about individual patients 
and studies, as well as procedures from trials that use drugs and methods that are 
legal in the United States and the EU. Idea 1 states: since the promise was made, 
both groups that support and don’t support have spent time and money building 
data-sharing platforms with ways to make requests, tools for statistical analysis, and 
scientific review boards that look over requests on their own. Sponsors have also set 
up tools to make it easier to send data and help people learn the rules. Businesses and 
researchers see this environment as the best way to collaborate and enable scientific 
and medical progress worldwide [19].

For this reason, 1) individuals who freely share information do so in moni-
tored, locked rooms, 2) we verify that those requesting the data are doing so for 
research purposes, and 3) we enforce rules through contracts. For example, the 
researcher is not allowed to try to re-identify people in the dataset and is limited 
in how long they can access the data. This method gives sponsors more confidence 
that study participants won't be named again than regulatory public sharing. Extra 
safeguards, such as data sharing agreements and controlled environments, make it 
less likely that people will be re-identified. Sponsors can minimally alter or redact 
data and documents when they share them voluntarily. This makes the information 
shared more useful.

8.3.3 � Clinical Study Data Request Portal

CSDR stands for the clinical study data request portal. There are a lot of companies 
in this group that work together to help lawyers and drugmakers. The SAS Institute 
usually shares clinical data that is allowed to be shared through the CSDR using 
the SAS clinical trial data transparency (CTDT) method [24, 25]. Researchers have 
shared a lot of useful data using this tool, which has helped the study move forward. 
More than 3000 works have been shared on this site since July 2021. Eighty-four 
different works [20] have used this study’s results.

8.3.4 �V ivli

As of August 2021, Vivli is a new website and group that lets people share knowl-
edge. You can ask for help with your work on Vivli, get help from a separate review 
board, and do your statistical analysis in a technical setting. Qualified scholars can 
request over 6000 clinical studies through Vivli as of July 2021, and 37 papers have 
documented the permitted data sharing through Vivli [21].
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8.4 � METHODOLOGY

8.4.1 �R esearch Design

A method called “systematic literature analysis” helps us put together papers about 
blockchain-based clinical studies. As part of the review process, you have to pick 
sources and search keywords, pick and choose studies, get data and look it over, and 
pull results together.

8.4.2 � Data Collection and Analysis

Searching PubMed and IEEE Xplore can all help you find things that have to do with 
clinical studies and blockchain. Some of the things that are on the list are “trans-
parency,” “data security,” “data integrity,” “clinical trials,” and “distributed ledger.” 
We are only interested in works that have a big impact between 2015 and 2022. To 
review and choose, you must first read the names and descriptions of the studies and 
then choose the right one based on rules that say what should be included and what 
shouldn’t be. We don’t let non-scientific studies of the blockchain happen. There are 
some papers that don’t include study ideas, plans, methods, important results, or 
limits. A lot of data can be used for thematic analysis to find themes.

8.4.3 �M eta-Model Framework Development

8.4.3.1 � Design Principles and Components
Medical study blockchains must be safe, open, and able to connect to other systems 
in order to work. The system has a layer for smart contracts, a layer for managing 
data on the blockchain, and a layer for managing user IDs and access. These frame 
parts are shown in Figure 8.1.

FIGURE 8.1  A proposed framework for a meta-model for blockchain clinical trials
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Blockchain-based data management keeps scientific study data centralized and 
can’t be changed. To make running a clinical study easier, the smart contract layer 
finds patients, gets written permission from them, collects data, and reads it. People 
who aren’t supposed to be there can’t take part in clinical studies because of a system 
that controls names and access to data.

8.4.3.2 � Technical Specifications and Requirements
We need a structure for the meta-model that is open and flexible, and works with 
tools that control data for clinical studies. A permissioned blockchain, such as 
Hyperledger Fabric or Corda, is needed to hide the plan and help it grow. The Clinical 
Data Interchange Guidelines Consortium has rules and data forms that clinical study 
data management tools (CDISC) need to be able to use.

We should use GDPR and HIPAA to protect clinical study data in the system. 
Figure 8.2 shows that system checks and tracking should stop people from accessing 
and changing data without permission. Using blockchain technology in the meta-
model structure makes clinical study data safer, more open, and more efficient. The 
system handles clinical study data, makes it automated, and keeps it safe.

8.5 � ALGORITHM DEVELOPMENT

8.5.1 � Design and Implementation

A tool called the meta-model framework for blockchain-based clinical trials keeps 
data safe and secure in a clear and open way. It also keeps track of the steps needed to 
study and decides who can get to it. Smart contracts on the blockchain keep the rules 
for clinical studies up to date and make the method work. The program is in charge 
of finding people to take part in clinical studies, getting their signed permission, 

FIGURE 8.2  How blockchain technology can be used to track and trace medicinal goods
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gathering data, and analyzing it. To use the method, we made a solidity smart con-
tract on Ethereum.

8.5.2 �P roposed Algorithms

A lot of people have thought about this for the meta-model framework for block-
chain-based clinical trials:

Inputs:

•	 Facts about patients (P)
•	 Consent form to fill out to say “I agree”
•	 A plan for a clinical study
•	 The tools for gathering data
•	 Methods for analyzing data (DAM)
•	 Levels of access and rights for users (UAP)

Outputs:

•	 Clinical study data that is safe and easy to understand (D)
•	 Clinical study methods that are automated (ACP)
•	 Control of user access (UAC)

Algorithm Steps:

1. �Write down what people need to do to be a part of the 
clinical study: Let us write CTP as [CTP1, CTP2,…, CTPn].

2. �Make sure the information about the patient meets the needs 
of the job: P' = {P | P ∈ CTP}

3. �Fill out this form to get permission from people who can 
give it: ICF = [ICF1, ICF2,…, ICFn]

4. �Make sure that the study is only seen by people who agreed 
to take part in it: P' = {P | P ∈ ICF}

5. �Make a list of the steps that need to be taken and the 
tools that can be used to help: Its value is {DCT1, 
DCT2,…, DCTn}.

6. �If you want to get information from skilled people, use the 
following tools: D = {DCT(P) | P ∈ ICF}

7. �Use smart contracts to keep the info on the blockchain 
safe: D' = {DCT(P) | P ∈ ICF} + UAC

8. �Talk about how to handle information and what needs to be 
done to use it: DAM = {DAM1, DAM2,…, DAMn}

9. �Use the following methods and steps for data analysis to 
look at the data you’ve collected: A = \DAM(D)}

10. �Smart contracts can help you with the steps of the study 
project: ACP = {CTP, ICF, DCT, DAM, UAP}
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11. �With smart contracts, you can tell each person what kinds 
of access and rights they have: UAC = {UAP}

12. �Make sure that the data you used for statistical analysis 
is right and accurate by checking it: S = {STAT(D)}

To use the blockchain-based clinical study method, follow the steps shown in Figure 
8.3. Before patients are added to the project, their data is compared to the criteria for 
recruitment, and they give their full consent. On the blockchain, tools gather data 
and smart contracts keep it safe. Protocols look at data and smart contracts control 
who can see what. The clinical study automation system uses statistics to make sure 
that the data is correct and reliable. The plan stresses the importance of keeping 
clinical study data safe, being open, and being honest.

•	 “P” stands for “Patient data,” which includes the person’s name, address, 
date of birth, gender, and medical history.

•	 “CTP” stands for “clinical trial protocol,” and tells us who can and can’t 
take part in the study and how it will be set up.

•	 “DCT” stands for “data collection tools,” are things such as polls, brain 
scans, and even medical tests.

•	 “DAM” stands for “data analysis methods” and includes things such as data 
visualization, machine learning, and statistical analysis.

FIGURE 8.3  Step-by-step implementation of the blockchain-based clinical trial algorithm
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•	 “UAPs” stands for “user access levels and permissions,” they include jobs 
such as executive, researcher, investor, and patient.

•	 “D” stands for “Collected data,” such as the patient’s name, date of birth, 
gender, medical history, test results, physician's notes, and pictures.

•	 The words “secure and transparent clinical trial data” refer to both the data 
and the way that people can see it.

•	 “A” stands for “Analysed data,” with math and statistics being the major 
areas.

•	 “ACP” stands for “automated clinical trial processes,” uses smart contracts 
to find people, get their permission, gather data, and examine it.

•	 Person access control (UAC): Smart contracts set the levels of access and 
rights for each person.

•	 “S” stands for “statistical analysis results,” which includes p-values, mean, 
and standard deviation.

•	 For the program, we used all kinds of signs and notations.

This program sets the rules and guidelines for each part of a research study. The 
system also makes sure that patient data is correct, keeps information safe on the 
blockchain, and processes data in a certain way. Smart contracts decide who can see 
what, and scientific analysis makes sure the info is right.

8.6 � RESULTS AND DISCUSSION

The above results use blockchain and cryptography technology to protect the pri-
vacy, security, and accuracy of healthcare data. A lot of the time, these studies try to 
solve privacy and security issues that have been around for a long time in the field. 
The results show that these technologies can share medical data and restrict who can 
see it in a safe and effective way that protects both patients’ and doctors’ privacy. The 
recommended methods have reasonable prices for both transmission and processing, 
and they meet the expected security requirements.

Blockchain and collaborative learning are used in the study to create a new way 
for medical picture data to be shared across an open network. Health data can be 
stored off-chain using an interplanetary file system-based infrastructure. This pro-
tects both the safety of the healthcare system and the privacy of the information 
about the patients who use it. They learned that adding information to the blockchain 
mostly changes how long the program needs to run and how much work it needs to 
do. This makes sense because the design and encryption protect your privacy and 
safety.

Several studies came up with methods that let the patient choose whether to let the 
person in or not. These changes make it easy for healthcare workers and groups to 
follow privacy rules. There are also safe ways to pay for the answers, so people and 
doctors can be sure they can pay for storage and testing services.

The suggested ways can defend against many types of attacks, including cloning, 
collusion, and man-in-the-middle attacks, according to a security study and a lot of 
testing. The results also show that the suggested methods work to keep data safe, 
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protect against threats, and make sure that storage space is shared evenly. Health pri-
vacy information can be sent and stored in more ways than ever before, both inside 
and outside of healthcare.

A lot of people have worked on ways to keep information on the Internet of 
Medical Things (IoMT) safe and open to everyone. Some of these are improved 
attribute-based encryption primitives and individual smart contracts. Because IoT 
devices don't have a lot of room, some studies have changed how sensor nodes work 
so that they make better use of it. The study’s results show that this method is a safe 
and effective way to make it easier for people to share IoT medical data while still 
protecting patient privacy.

A lot of research has shown that blockchain and security technologies can help 
us share and manage health information in a safe, private, and effective way. IoMT 
users should use the suggested methods because they meet the expected security 
needs and are affordable in terms of how much they cost to carry out and send. These 
results show that these technologies might be able to solve long-standing privacy and 
security problems in the healthcare field. The papers’ effects on privacy and safety 
in healthcare are shown in Figure 8.4.

Question 1: What uses does blockchain technology have in the healthcare field for 
security and privacy?

In the healthcare field, it’s very important to keep patient information safe and 
secret. Electronic health records (EHRs) need to be trusted to keep private health 
information safe for people. This protects the patients’ rights and stops people from 

FIGURE 8.4  Healthcare privacy and security using blockchain and cryptography
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stealing their information. e-health data could be kept safe and secret with the block-
chain. Blockchain-based EHR systems might offer a safe and unbreakable way to 
share and store health data (Table 8.1). The blockchain’s self-sufficient structure can 
stop data spills and keep data safe. With smart contracts and coin payments, you 
can make sure that only authorized users can see your data. Access control based on 
blockchain may also make data more private because users can control who can see 
their data and at what time. This way, only people who are allowed to can see it. It’s 
not clear from either one how to use smart contracts.

To share and handle personal health records (PHRs), you also need strong privacy 
and security steps. A PHR keeps private health information about a person, such 
as medical data, test results, and illnesses. When you use blockchain to share data 
(Table 8.2), you can make sure that only approved people can see the information 
and protect the privacy of your patients. EHRs, or electronic health records, can 
also help protect privacy when they are shared. K-nearest neighbors (KNN) training 
for IoT data that protects privacy can also help keep hospital data safe. Healthcare 
blockchain privacy could make it possible to store and send medical data in a way 
that can't be hacked. Health data on the blockchain can be made even safer and more 
private by adding rights and identification. The info can only be seen by people who 
are allowed to.

What are the problems with healthcare blockchain when it comes to privacy and 
safety?

TABLE 8.1
Applications for Health Records

Use Case Smart Contract Reference

EHRs [9]

How to handle and share personal health records (PHR) [12]

Management of EHRs [13]

Blockchain system for EHRs [14]

Blockchain for EHR privacy [15]

TABLE 8.2
Manage Data

Use Case Smart Contract Reference

Health sharing of IoT data [1]

Safe sharing of data [2]

Shared [3]

Shared medical info [4]

Blockchain helps people share data [5]
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TABLE 8.3
Authentication

Use Case Smart Contract Reference

Proof of identity [6]

PPBA security check [7]

Authentication by machine learning [8]

Verification of identity [10]

Making sure that healthcare data on the blockchain is real and 
authorized

[11]

Healthcare has a lot of problems with safety and privacy. Security and privacy 
are very important in healthcare because it is a very private field. If medical data is 
misused or leaked, it could hurt people or businesses. Blockchain technology is the 
answer because it gives everyone a safe way to store and share info. The building 
blocks of cryptography let you look without risk and control what people can see. 
Smart contracts protect data and only let certain people see it. Several suggested 
methods have been studied and tried in simulations and real-world tests, showing 
that they are safe, effective, and able to work. Blockchain-based systems may be 
able to keep their computing and link prices low while still being safe, according 
to a number of studies as summarized in Table 8.3. Other methods, such as adapted 
attribute-based secured primitives and certificate-less public-key encryption tech-
nology, have also worked well in healthcare to keep information private and give 
people control over their own access. Healthcare workers and groups should make 
sure that these options follow privacy rules and can be used in the real world.

What are the pros and cons of using Bitcoin in the medical field to protect privacy 
and safety?

Over the next few years, making healthcare safer and more private is likely to 
stay a top goal. Blockchain technology is being used more and more to protect health 
data. A smart medical cloud tool keeps users' data safe by only letting them use 
data and not borrow it. New technologies such as blockchain, shared learning, and 
edge computing can be used to hide and protect data. Federated learning could let 
people work together to look at data without sharing private information. Blockchain 
technology could be used to make sure that only people who are allowed to can see 
and change data. Plus, working with data close to where it starts instead of moving 
it to a central place might make it less likely that it will be stolen. More strict rules 
and guidelines should be put in place to protect private health information as another 
option. As the amount of data grows, it becomes more important to keep health 
information safe from people who shouldn't have access to it or from being stolen. 
Both HIPAA and GDPR are regulations that protect the protection and safety of 
important health data. In the future, things that happen could lead to the creation and 
enforcement of more laws and rules that protect health information.
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8.7 � RESEARCH DIRECTIONS AND APPLICATIONS

Blockchain technology has a lot of interesting study possibilities and useful uses, 
even though its use in healthcare isn’t always clear. Dealing with problems related to 
scale and connection is the most important part. A lot of work needs to be put into 
making new technologies that will allow blockchain networks to handle the huge 
amount of healthcare data and help networks connect to each other well. This will 
make more people want to use these networks.

It’s clear that there are a lot of interesting places to study and use in the future. 
For healthcare blockchain networks to handle data well and connect to each other 
easily, growth and access should be their top goals. If you want to help people in 
other countries, blockchain is a great way to send health information across borders 
because it is safe. The medical supply line can also be changed by blockchain. This 
is to make sure that the drugs are real and that the patients are safe. Putting AI and 
blockchain together might also make it possible to handle data quickly while still 
keeping it private. Blockchain might offer a safe way for people to decide who can 
see their information and make money from it. It’s important to give patients power 
over their information and permission before using it. Healthcare companies might 
be more likely to follow the law if they use blockchain technology to keep patient 
info safe. IoT medical tools could be better with blockchain technology, which would 
protect the privacy of the patient data that these devices receive. EHRs and telemedi-
cine systems that are built on blockchain might give users better experiences and 
make it easier for them to connect to the current healthcare infrastructure. It talks 
about some important areas of study and how blockchain technology might change 
the business of healthcare.

8.8 � CONCLUSIONS

Some long-standing problems in the healthcare field can be fixed with blockchain 
technology. A lot of people think that blockchain is a cool new way to store medical 
records, keep track of medical activities, and make it easier to share and add medi-
cal records to a free, open healthcare network. Even though blockchain is getting a 
lot of attention in the healthcare field, people are still worried about their safety and 
privacy when they share information with it. From 2017 to 2022, researchers looked 
into how safe and secure blockchain is in healthcare. The piece talks about those 
studies. The goal of the study review is to look at how things are now, with a focus 
on real-world issues and problems.

The review comes to the conclusion that blockchain technology can help hospitals 
with privacy and security problems. When you use blockchain technology to store 
and send private patient data, it creates a decentralized, hack-proof platform that 
makes EHRs and PHRs safer and more private. Blockchain can also give people 
more control over who can see their data by letting them control who can identify 
them. However, healthcare organizations and practitioners need to think carefully 
about whether blockchain solutions will work for them to make sure they don't break 
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privacy rules and are useful. Blockchain tech has a lot of potential, but it's not the 
best way to solve all problems. It might need to be changed to meet certain needs.

Overall, the review gives useful information about how blockchain is currently 
used in healthcare and points out areas that need more study and development to 
make the technology more useful in this field. ​
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Role of Artificial 
Intelligence in 
Healthcare 5.0

Shivangi Verma and Anupam Singh

9.1 � INTRODUCTION

In order to enhance sustainability, resilience, also human-centred claim within the 
production surroundings, Industry 5.0 introduces a combination of technologies. 
Healthcare 5.0 incorporates cutting-edge technology including artificial intelligence 
(AI), the Internet of Medical Things (IoMT), huge data, drone, and robotics, much 
like Industry 5.0 Nanotechnology, cloud/edge computing, 6G, and digital twins 
(DTs). These revolutionary technologies deliver a number of remarkable advantages 
to society that prioritises sustainability, wellness tracking, individualised medical 
care, and the well-being of people. Healthcare 5.0 corresponds to the next evolution-
ary stage in healthcare transfer, driven by modification technologies that promise 
to reorganise patient care, operational efficiency, and health outcomes. It combines 
advanced digital technologies such as artificial intelligence, blockchain, and digi-
tal twins in healthcare [1]. This paradigm shifts from previous Healthcare 1.0 to 
Healthcare 5.0 and accurate medicine to analyse large amounts of data for predictive 
diagnostic and artificial intelligence treatment plans. In Table 9.1 we can describe the 
challenges and need for advanced technology in Healthcare 5.0. Healthcare 5.0 fos-
ters a cooperative ecosystem where a digital twin creates a copy of patients, organs, 
or even an entire healthcare system facilitating real-time monitoring, simulation of 
medical scenarios, and predictive analysis.

Integration between AI, machine learning (ML), and deep learning (DL) in 
Healthcare 5.0 corresponds to a theory shift towards more efficient, modified, and 
secure healthcare services. AI helps to develop medical diagnostics, treatment plans, 
and patient care through advanced data analytics and ML algorithms. The block-
chain receives the algorithm from artificial intelligence and ensures secure, trans-
parent, and decentralised management of health records to exchange data receivers, 
DTs receive data from smart contracts and represent the virtual model of physical 
entities, facilitating real-time monitoring, and reproducing the patients’ records. We 
can use this technology to reshape healthcare delivery, create new opportunities for 
precision medicine, and improve patient outcomes.

Digital Twin and Blockchain for Sustainable Healthcare 5.0 Role of AI in Healthcare 5.0
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Role of AI in Healthcare 5.0

AI is a network of computer algorithms that enables systems to automatically 
learn and develop knowledge over time. ML and DL are subcategories of AI. AI that 
uses advanced algorithms and analytical models will allow the network to improve 
its execution of a task. Currently, ML is used in numerous applications such as natu-
ral language processing (NLP), computer visualization, robotics, as well as business. 
These technologies can assist medical professionals in disease diagnosis, therapy 
development, and patient care. Numerous factors can affect how AI affects emer-
gency healthcare, one of which is its ability to help medical professionals diagnose 
and care for patients quicker and with more accuracy. AI systems can examine medi-
cal imaging data, such as MRIs and CT scans, to identify irregularities that are hard 
for humans to perceive. In order to identify patterns and suggest therapy, it may also 
be used to evaluate patient data and medical reports. As the word “emergency” sug-
gests, at the appointed time decision-making is essential in emergency healthcare. 
Artificial intelligence has the potential to help medical practitioners quickly make a 
well-informed decision. Different types of algorithms are used in AI to make deci-
sions automatically without other parties [1, 2]. There is a revolution going on in 
the healthcare sector. Growing shortages of medical specialists and rising overall 
healthcare costs are the root reasons for this transformation. Due to this, the health-
care field is seeking to use new information system-based processes and solutions in 
place which may bring down the cost and address these growing issues. Figure 9.1 

TABLE 9.1
Some Key Characteristics and Challenges of Public Healthcare 5.0

Characteristic Challenge Description 

Empirical insight Data privacy along 
with security

It can analyse large datasets for tendency and supervisory 
and predicts results on the basis of records. The challenge 
for Healthcare 5.0 is to provide security to health data 
from unauthorised persons. 

Interconnectivity Integration and 
interoperability

It can provide the facilities to collect information and share 
real-time information, such as telemedicine and remote 
care.

Advanced 
technologies

Regulatory 
compliance

Healthcare 5.0 is used in diagnostics, predicting outcomes, 
and optimising treatments, such as biotechnology, 
genomics, robotics, and automation.

Ethics and privacy Ethical concern It can provide security for health data and deal with ethical 
issues correlated to artificial intelligence and other 
technologies, such as biases in algorithms and simplicity 
in decision-making.

Patient 
empowerment

Digital literacy It provides the knowledge and tools for informed 
decision-making and applications for managing health 
conditions. It focuses on challenges such as educating and 
training healthcare staff.
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gives the chapter layout including the introduction, the evolution of healthcare from 
1.0 to 5.0, a literature review, challenges, and issues of AI in Healthcare 5.0.

9.2 � EVOLUTION OF HEALTHCARE

This section discusses Healthcare 5.0 and its developing technologies in smart 
healthcare systems from a broad methodical viewpoint. The healthcare sector has 
suffered a paradigm change, shifting from being hospital-focused to patient-focused. 
To support changes new technologies are being used in healthcare. There are a 
lot of technologies being used in healthcare such as AI, blockchain, digital twins, 
nanotechnology, cloud/edge computing, and 6G. Based on our assessment tool, we 
aim to evaluate the level of implementation in Healthcare 5.0 and their initiatives 
in Table 9.2. In Healthcare 1.0, patient data was recorded manually in face-to-face 
interactions between patients and doctors. Thus, the data was stored in hard files 
and retained by the doctors also becoming subject to wear and tear. With the begin-
ning of digitization, the hard file became digital in Healthcare 2.0, which is named 
electronic health records (EHRs), EHRs changed to support the interoperability of 
patient data by being updated by doctors, hospitals, and clinics. So, the drawback of 
the Healthcare 2.0 ecosystem was that the records were still retained on centralized 
hospital servers. This meant more security and privacy were required, this limita-
tion was removed by Healthcare 3.0. In Healthcare 3.0 only authorized persons can 
view and access the data, no other person can update data. Here clinical datasets 
are to be used for treatment. The limitation of Healthcare 3.0 is that it does not 

FIGURE 9.1  Chapter layout
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support large amounts of data. AI and big-data analytics have been introduced in 
Healthcare 4.0 to improve decision models on stored EHRs Medical stakeholders 
experienced difficulties with interoperability as a result of the convergence, and as 
data volumes increased, AI models grew more complicated and became ineffective, 
which decreased the responsiveness of the applications [2].

9.3 � NEED FOR AI IN HEALTHCARE 5.0

Today, AI is used in different types of fields and industries to develop and improve 
with a wide range of applications. There are many significant aspects which establish 
the need for AI [3].

9.3.1 �P ersonalized Medicine

Prognostic analysis and personal fitness cannot provide individual result treatment, 
according to personalized medicine, which will enable the collection of data for 
creative machine learning–based medical care improvements.

9.3.2 �I ntegrated Health Records (IHR)

IHR management involves a labour-intensive and complex process. ML plays a criti-
cal role in streamlining procedures within the medical sector with AI used to save 
time, effort, and resources.

TABLE 9.2
Evolution of Healthcare Stages

Year
Healthcare 

Stage Dataset Technology Advantages

2015 Healthcare 1.0 Manual Manual Improved health 
record-keeping

2016–2017 Healthcare 2.0 Telehealth records, 
patient survey, 
EHR

Telemedicine 
platforms, EHR

Increased patient 
engagement

2018–2019 Healthcare 3.0 Genomic dataset, 
clinical database

ML, predictive 
modelling tools

Tailored treatment

2020–2021 Healthcare 4.0 IoT device data, 
remote patient 
monitoring

IoT and wearable 
technology, AI 
algorithms 

Real-time monitoring, 
enhanced chronic 
case management

2022–present Healthcare 5.0 Multi-source health 
data, social data

NLP, autonomous 
diagnostic 
system

Holistic care 
application, improved 
health equity
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9.3.3 �I dentification and Diagnosis of Disease

ML has appeared as a powerful tool for the identification and analysis of diseases, 
particularly those that are difficult to study using traditional methods. Some impor-
tant implementations of ML in the healthcare sector include the identification and 
prognosis of diseases and circumstances, including early-stage cancer detection and 
inherited illness scopes.

9.3.4 �E ngineering and Medical Innovation

Robotics is increasingly used in scientific research and medical development pro-
grams, incorporating advanced analysis and learning capabilities such as next-gen-
eration classification and precision medicine to help identify treatment options for 
complex diseases.

It helps in healthcare and medicine, in which ML helps to analyse the medical 
image and predict outputs.

9.4 � LITERATURE REVIEW

Jaswinder Singh [1] states that machine learning has become an essential part of 
different industries, including healthcare, due to its aptitude to automate tasks and 
provide valuable large datasets. In healthcare, ML works to address challenges such 
as manual data processing and disease diagnosis. In this paper, the author used the 
EHR provided as a precious source of data in healthcare. It can identify samples and 
development that may not be clear to human physicians. It can easily detect diseases 
and improve patient reports. Manning et al. [4] talk about the use of EHR in super-
vised and unsupervised learning to analyse healthcare data for precise prognostic 
clinical tasks, highlighting the effectiveness of these approaches in improving medi-
cal task performance. Miotto et al. [5] state that we know that DL is a subset of AI, 
it’s inspired by the human brain and it organises the data in complex forms such as 
pictures, videos, text, etc., and produces accurate output. DL plays an important role 
in many fields related to healthcare such as medical image investigation (e.g., X-rays, 
CT scans), evaluating EHRs, genomics, and wearable device data.

Liu et al. [6] employed a CNN model in their healthcare review and used an 
EHR to assess cardiac infarction and pulmonary complications. They also used the 
previous history of a patient by using a long short-term memory recurrent neural 
network (LSTM RNN) used in a dynamic model to predict the output based on the 
medical history of patients. Lasko et al. [7] proposed medical information with a 
deep learning framework using longitudinal possibility consistency which applies a 
Gaussian development failure. This approach measures the serum uric acid in 4368 
persons. The result was constant phenotypic characterised suggesting numerous 
people subdivision along with extract differentiating between gout and severe blood 
cancer accompanied by AUC of 0.97. AI and ML have an extensive impact on medi-
cine. Since 1970, rule-based methods have been popular in medical research but 
they are popular due to their exact justification and continuous updates. Today, new 
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AI-supported replicas use ML procedures to make data blueprints from multifari-
ous sources such as disease identification, classification, risk ranking, and treatment 
selection. Research has used a range of machine learning algorithms including naïve 
Bayes, ANN, SVM, and other hybrid methods. Miotto et al. [8] introduced a DL 
framework and its importance over traditional methods. They examined applications 
in healthcare such as EHRs, medical images, genomics, and mobile applications 
Alafif et al. [9] talk about ML applications in COVID-19 to identify the disease 
and cure it. They classify ML support methods into symptomatic methods such as 
radiology investigation or treatment-based methods such as drug and vaccine devel-
opment. Olsen et al. [10] survey machine learning algorithms and their applications 
in heart failure, separating them into ML and DL groups. They also talk about their 
application in diagnosis, classification, and prediction, and highlight challenges and 
problems in ML. The authors describe an ML application in healthcare and also 
check detection, diagnosis, and treatment. They also discuss various algorithms and 
their applications in disease identification, drug manufacture, robot-assisted surgery, 
and medical data analysis.

Big Data: Big data provides large amounts of data from EHRs, wearable devices, 
and medical imaging, contributing to an all-inclusive viewpoint of patient health. It 
performs a big role in initialing medicine, leveraging sophisticated AI applications 
to develop treatments, and developing technologies for Healthcare 5.0 [11]. Big data 
has made it possible for healthcare systems to become more effective, efficient, and 
patient-focused methodologies.

Blockchain: Blockchain is an immutable shared, unchangeable ledger that makes 
it easier to track assets. The asset can be physical such as buildings, vehicles, cash, 
land, or abstract such as copyright, intellectual property, patents, and record trans-
actions in a corporate network. It is used to deliver information, which is mutable, 
distributable, and visible facts and figures which are retained on an unchangeable 
ledger accessible only to permit able systems and users. Payments, orders, produc-
tion, and accounts may all be tracked by a blockchain network. An authorized person 
can access information from beginning to end, which is the confidence and release of 
new possibilities and efficiency [12, 13]. Marketers can keep the pathway of medical 
product procedures with the support of blockchain technology. This mechanism has 
a tendency to be used by the healthcare sector and medicine industries to eliminate 
ineffective medical drugs and enable improvements in medical care. The security 
of data can possibly be guaranteed by blockchain technology. Additionally, histori-
cal medical records can be stored on blockchain and cannot be changed. Every part 
of common hardware in the hospital is connected to this decentralised network. 
Researchers may use the property; these devices save to calculate estimates for treat-
ments, medications, and therapy for a variety of diseases and conditions [14, 15]. 
The distributed ledger network allows for the accumulation of data without requiring 
undivided consent to be deleted or modified. Every data block value is accompanied 
by a compression function that attaches its recently introduced cluster transcript to a 
blockchain hashing function. Due to the distributed blockchain ledger design, data is 
able to be seen and dependable to all network users and is not gripped in a centralised 
location. Table 9.4 explains some features of blockchain related to healthcare. This 
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decentralised structure develops and defends itself against a single attack. It assists 
increase control over health data and patient care while saving time and money for 
patients and practitioners by doubling medical practice and supervision [16​–18].

Digital Twin: Virtual model reproduction of the entities of interest is a sensible 
and affordable method of exploring the suggestion of various design options and 
judgment in the study of complex dynamical systems. To assist in overall decision-
making, virtual models, also known as digital twins, are virtual representations of 
substance that span their lifecycles of creation and progression. Before spending 
money on tangible prototypes and assets, industrial manufacturers employ digital 
twins to replicate, anticipate, and upgrade production and scheme over the course 
of the innovation circuiting. A DT is a complex model that is intended to accurately 
replicate the physical configuration in actual time, estimate its behaviour, and offer a 
computerized copy or mock-up pattern of a real network [19]. In order to test a space 
capsule and allow troubleshooting of concerns in development, the NASA space 
program originally embraced the DT idea in the 1960s. When the spacecraft failed 
during the Apollo 13 mission, the NASA crew had to reconstruct the circumstances 
on board in order to safely return the spacecraft and men to Earth. This idea was 
successfully implemented on the mission. In 2005, the term “digital twin” (DT) was 
created by Michael in the context of product lifecycle management. Three elements 
are used to make a DT according to the author: a connection (provided connec-
tion between user and receiver), where the virtual system is mapped (it established 
a virtual mapping between users), and a physical component [12]. The healthcare 
industry is quickly changing due to the preface of technological innovations such 
as virtual replicas. These virtual copies are vital for agreement improved patient 
care and medical association procedures in the medical field. The market value of 
digital twins in the healthcare industry is projected to reach US$1.6 billion by 2023. 
Industry insiders forecast substantial expansion in 2028 when the market is projected 
to reach a valuation of more than US$21.1 billion [20].

9.5 � SOME APPROACHES OF AI IN HEALTHCARE 5.0

ML is nonlinear, traditional DL can produce ML for language achievement quickly 
and effectively while ensuring reliable patient data. Frequent formats can be used to 
illustrate patient data or information, including text and visuals [21]. This has been a 
significant problem since real-time outcomes are necessary for a network of physical 
device operations in the medical field and other industries [22, 23]. Deep learning 
and machine learning, which can distinguish between normal and irregular patient 
data, are two tools that medical experts can use to diagnose patients’ infections. 
Dense network learning, a category of computational intelligence developed for pic-
ture resolution, such as sonography, Mr-imaging, CAT scanning, and X-radiation, 
which forms the foundation of DL models. We can see the study analysis of ML/DL 
with healthcare in Table 9.3. For hospitals to carry on providing high-quality care 
and efficient use of resources, calculating patients’ lengths of stay (LOS) is a criti-
cal factor that machine learning–based calculation techniques may help with. This 
makes it challenging to build effective logical analytics that needs a huge volume of 
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a dataset that used to produce a model. So a collective predictive model in the server 
for forecast customers extent to wait for combining the conclusion from nearby train 
replicas of different distribute and pluriform customers. A predictive model that is 
based on the cloud and involves decentralised hospital clients while their privacy 
could be a game-changer for the 13 real-world healthcare sectors [24]. In order to 
provide patients with efficient and effective care, the healthcare business must over-
come several obstacles, such as rising patient demand, conned funding, and a grow-
ing scarcity of healthcare professionals. Many healthcare industries are using ML 
and AI to address issues and improve patient outcomes. The creation of intelligent 
chatbots has become a workable approach in the medical industry. The most impor-
tant principle of the chatbot treatment given to the patients is a more practical and 
easy mode to get healthcare services and information [25]. ML can be expanded 
by developing and validating a DL-based system to identify ovarian growths using 
contrast-enhanced CT scans. The DL-based device detected malignant cells on body 
scans, where the tumour size is small with similar sensitivity to radiologist interpre-
tation. In the future, researchers aim to improve deep learning algorithms to enhance 

TABLE 9.3
Study Analysing the Relationship between ML–DL and Healthcare Focusing 
on Challenges and Issues

Author Idea Approaches
Open Issues and

Challenges

Kundu et al. Monkey fox detection
Using vision 
transformer

ML-based approaches Insufficient dataset

Rahman et al. Patient length of stay 
prediction, proper 
treatment plans

Linear regression model Only use a linear model in 
future

Work on other model

Solanki et al. Develop chatbot 
healthcare

ML-based approaches Gain trust from users

Chen et al. Using DL for the 
discovery of ovarian 
cancer

CNN Collect actual time 
statistics information is a 
big job intended for users

Siar M et al. Through DL to detect 
brain tumour

CNN will classify SoftMax Collect healthcare data set 
and also provide security 
mechanism

Awotunde J 
et al.

Breast tumour 
recognition

CNN with consistent support
Feature collection

Collect large amounts of 
patient data

Ozdi et al. Fatty hepatosis 
detection

CNN with consistent support
Feature collection

Real image needed

Esteva et​.a​l. Detect tumours CNN with pattern 
reorganisations

Clinical data needed

http://www.et.al.
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the detection of ovarian tumours on CT scans, particularly small tumours that are 
often missed by conventional methods.

Siar et al. [26] used the deep neural network to detect tumours in MRI images 
and SoftMax to provide an accurate result compared to others. The SoftMax method 
improves physician diagnosis accuracy and patient treatment. The proposed meth-
od’s accuracy increased to 99.12% on test data, compared to traditional CNN. So, 
the SoftMax method provides the accurate diagnosis and treatment of tumours, as it 
increases medical accuracy [27].

Awotunde et al. [28] discuss breast cancer problems identified by the 
DL-based hybrid feature selection methods, which improve diagnostic accuracy. 
Ozdil et al.’s [29] study explores the possibility of health check-up infrared ther-
mal imaging (MITI) in involuntary recognition of non-alcoholic fatty liver dis-
ease (NAFLD). 167 MITI images were reviewed using image visualization and 
categorization techniques, using the CNN framework and microscopic testing 
methods. In some papers, the authors proposed a CNN and Cat-Boost classifi-
ers replica used for medical management, combining pictorial and non-pictorial 
data, despite disputes in data collection and security in healthcare systems, and 
the DRNN and SML models are presented for classification and prediction of 
cyber attacks in the IoMT environment, with promote studies needed for real-
time testing. Quadir et al. [30] used deep learning for automated spine segmen-
tation and it also involved pre-processing, decay with sigmoid, and handling to 
recognize split vertebrae.

Lasko et al.’s [31] study shows that ML has become an essential part of different 
industries, including healthcare, due to its aptitude to automate tasks and provide 
valuable insights into large datasets. In healthcare, ML is addressing challenges 
such as manual data processing and disease diagnosis. In this paper, the authors 
used the provided EHR as a precious source of data in healthcare. It can identify 
samples and developments that may not be clear to human clinicians. It can eas-
ily detect diseases and improve patient reports. The authors proposed scientific 
records with deep learning structural design using longitudinal possibility den-
sity which applies a Gaussian development regression. This approach measures as 
per numeric values in 4368 individuals. Their review had continuous phenotypic 
features suggesting multiple population subtypes and precisely distinguishing 
between gout and sensitive leukaemia; with an AUC of 0.97. AI and ML have an 
extensive impact on medicine. Since 1970, rule-based methods have been popular 
in medical research due to their exact justification and continuous updates. Today, 
new AI-based models issues in ML techniques to take out data patterns from com-
plex environments, disease identification, classification, risk ranking, and treat-
ment selection. Research has used a range of ML- methods including naive Bayes, 
ANN, SVM, and hybrid methods.

Miotto et al. [32] talk about the use of EHRs in supervised and unsupervised 
learning to analyse healthcare data for precise prognostic clinical tasks, high-
lighting the effectiveness of these approaches in improving medical task perfor-
mance. We know that deep learning is a subset of AI; it is stimulated by human 
intelligence and it organises the data in complex forms such as pictures, videos, 
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text, etc. and produces an accurate output. Deep learning plays an important role 
in many fields related to healthcare such as medical image investigation (e.g., 
X-rays, CT scans), evaluate EHR genomics, and wearable device data. The CNN 
model for EHR in healthcare calculates chronic bronchitis diseases from the use 
of an EHR and also uses the previous history of a patient and predicts output by 
using LSTM RNN, used in a dynamic model to predict the output based on the 
medical history of a patient. The author proposed a medical information with DL 
design using longitudinal possibility density which applies a Gaussian process 
regression.

9.6 � OPEN CHALLENGES AND ISSUES IN 
ARTIFICIAL INTELLIGENCE:

Real-time datasets are critical for ML or DL approaches in healthcare systems to deal 
with medical issues. Privacy trials such as federated learning and blockchain-based 
security measures are needed to address this issue. DL operation can be demanding 
on numerous layers due to heavy models making it difficult to integrate in IoT and 
wireless sensor networks. To overcome this problem we used lightweight DL models 
such as Vision Transformer. Advanced ML or DL models require real-time data, but 
AI techniques such as generative adversarial network (GAN) or time series GAN can 
generate synthetic data [33], the study explores the potential of DL and ML in auto-
mating vital aspects of medical infrastructure. These technologies can address issues 
such as rising global death rates and overwork, allowing hospitals to use ML and DL 
to improve efficiency. Virtual assistants can be cost-effective and can be adopted 
without significant financial investment. However, challenges exist in replacing out-
dated technical methodologies and enhancing the current healthcare infrastructure. 
Despite these challenges, DL and ML tools have the reachable to expand healthcare 
relief standards and effectiveness. Further research is needed to fully realize their 
potential. Table 9.4 illustrates the survey of ML and DL in the field of medicine.

9.7 � EXAMPLE OF AI IN THE HEALTHCARE 
INDUSTRY TO IDENTIFY A SYNDROME

9.7.1 �M edical Image Analysis

AI algorithms are developed to investigate medical imagery (such as X-rays, MRIs, 
and body scans) and recognize irregularities. For example, deep learning reproduc-
tion has been developed to identify early signs of tumours, such as breast cancer in 
mammograms or pleura cancer in chest scans.

9.7.2 �P athology

AI can help in analysing diseases by investigating tissue samples. Machine learning 
models can organize types of cells and identify cancerous tissues more precisely and 
speedily than conventional methods.
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TABLE 9.4
According to the Author AI Techniques in Healthcare 5.0

S. 
No. Author Year Technique Involvement and Method

1. Karim A et al. 2003 ML technique Use of ML models in combating floods, 
utilizing U-Nervier with Flood GAN 
performance.

2. Mukerji S et al 2003 ML technique Study utilisesa data-driven approach to 
investigate the neuro-psychological 
characteristics of HIV-positive Individuals.

3. Reboredo et al. 2021 ML technique Discuss recent machine learning
Techniques in pharmaceutical research

4. Djenouri et al. 2019 ML technique Study survey and classified machine learning 
purpose in smart structure to execute 
occupant-centric and energy-oriented

5. Periyasamy et al. 2023 ML-Healthcare Study uses predictive modelling techniques 
suchas ANOVA and correlation to analyse the 
impact of Singapore's old populace on its 
remedial system.

6. Patil et al. 2023 ML-Healthcare It can provide a summary of machine learning 
forms in the field of health.

7. Mccoy et al. 2022 ML-Healthcare It can explore the role of ability in the ethical 
and moral deployment of machine learning in 
healthcare.

8. Chen et al. 2021 ML-Healthcare It can explore the ethical use of machine 
learning in the healthcare sector, by a limited 
series of clear information and a computation.

9. Magesh kumar 
et al.

2023 DL-Healthcare Use of NLP in DL healthcare’ with cloud-
based medical systems for automatic data 
collection.

10. Jin et al. 2022 DL-Healthcare Author explains Artificial Intelligence the DL 
model utilizes data-driven technologies to 
improve a Healthcare system's efficiency.

11. Buddenkotte 
et. al.

2023 DL-Healthcare In which author used deep learning methods for 
detect the cancer and the established 
"no-new-Net" framework.

12. Vinod et. al. 2023 ML/DL 
Healthcare

develop Artificial intelligence and ML models 
to control COVID-19 spread in healthcare

13. Zohuri et. al. 2023 ML/DL 
Healthcare

Operate AI for use in drug development, 
publicity, and safety.

14. Stone et. al. 2022 ML/DL 
Healthcare

COVID-19 remote tolerant track by means of 
machine learning and deep learning methods, 
incorporating sensor systems for human 
beings and smart devices.
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9.7.3 � Healthcare Operation Using AI

AI is transforming medical procedures in many ways. It also enhances both the 
quality of patient care and the efficiency of operational processes. Medical images 
such as X-rays, MRIs, and CT scans can be analysed using AI algorithms. AI can 
analyze large amounts of data and predict the outcomes of high-risk patients, pre-
venting complications during the treatment phase. With the help of AI, healthcare 
can develop a personalised treatment plan which will be based on the unique genetic 
makeup of the patient, their lifestyle and many other factors. The approach of person-
alised treatment plans is very useful in chronic disease management and oncology.

9.7.4 � Diagnostic Assistance

In the field of healthcare AI can assist healthcare providers in diagnosing and identi-
fying diseases accurately and quickly using AI algorithms. It also helps in analysing 
medical images such as X-rays, MRIs, and body scans.

9.7.5 �P redictive Analytics

AI can analyse patient information and forecast the chance of diseases based on 
genetics, daily habits, and ecological factors. This is for the most part useful in pre-
dicting conditions such as diabetes, heart disease, or stroke.

9.8 � APPLICATION OF ARTIFICIAL INTELLIGENCE 
IN HEALTHCARE 5.0

The greatest impact of ML/DL functions is in the healthcare field and their ability 
to improve patient results and level of concern, even as new applications are being 
developed. Figure 9.2 shows ML/DL as used in the healthcare sector.

•	 Medical Picture Investigation: ML/DL algorithms are used in medical 
image investigation such as X-ray images, MRIs, and CT scans to help in 
disease diagnosis and treatment planning.

•	 Syndrome Prediction and Identification: The ML model can detect the 
disease based on patient data and family records; however, the DL algo-
rithm handles a large amount of genetic data to identify patterns and per-
sonalised treatment plans.

•	 Drug Discovery and Development: ML and DL techniques are used 
to analyse genetics and may aid in molecular construction and enzyme 
development.

•	 Chronic Diseases: These include conditions such as heart failure, cancer, 
and diabetes mellitus, which are the leading causes of death and disability 
in the United States.

•	 Smart Health Monitoring: A precise prediction and estimation method 
based on Deep Neural Networks (DNN) was developed as part of an 
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innovative, knowledge-driven smart monitoring system for patient observa-
tion within an Internet of Things (IoT)-based medical framework.

•	 Diagnostic Assistance: In the field of healthcare AI can assist healthcare 
providers in diagnosing and identifying diseases accurately and quickly 
using AI algorithms. It also helps in analysing medical imagery such as 
X-rays images, MRIs, body scans, and dual-energy X-ray imaging.

•	 Public Health Record Using AI: AI is transforming public health records 
by improving the efficiency, accuracy, and availability of health records. 
AI technologies consisting of ML and human–computer interactions bring 
the process of advanced medical records and documenting the information 
of patients into a single and interactive interface. Also, AI-powered sys-
tems can analyse the vast quantity of information associated with health-
care and predict the disease epidemic, and the outcomes of patients. It 
helps in quick and early mediation and also helps in the allocation of better 
resources. To extract meaningful information from the data AI uses NLP 
which improves the quality and explanation of health records. The infor-
mation can also be extracted from doctor’s notes or medical literature. AI 
technologies can improve the engagement of patients, organise administra-
tive data well, and also generate customised content for the campaign of 
public health which can lead to cost savings and improved public health 
outcomes.

•	 Patient Monitoring and Care: AI technologies can assist the health-
care provider in several ways including disease prediction and prevention, 

FIGURE 9.2  Application of AI in Healthcare 5.0
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medical imaging and diagnostics, personalised treatment plans, public 
health surveillance, and health system management, ethical use is required 
in all of these areas mentioned here.

9.9 � LIMITATION OF ARTIFICIAL INTELLIGENCE 
IN HEALTHCARE 5.0

Feature Enrichment: To better understand and handle patients, we must col-
lect information from various sources such as EHR, social media, wearable 
technology, and surveys. The challenge lies in successfully integrating dif-
ferent data into a DL model.

Federated deduction: Clinical facilities have unique patient bases; involving 
a DL model that uses patients from multiple sites while caring for their 
private information is a critical challenge.

Expert knowledge: Expert knowledge is critical for medical issues, and 
research on incorporating it into DL. It is essential to address quality issues 
and maximize system efficiency. Credible content should be retrieved from 
online sources.

Data Quality and Availability: AI systems require large amounts of expert 
data. Inconsistent or incomplete data can lead to mistaken predictions or 
detection.

Cost: Applying AI solutions can be costly, posing difficulty to entry for smaller 
healthcare providers.

Limited Generalizability: Models trained on specific populations or condi-
tions may not perform well when valid to different contexts or patient groups.

9.10 � CHALLENGES FACED BY AI IN HEALTHCARE 5.0

9.10.1 � Data Quality and Integration

•	 Heterogeneous Data: Medical data comes from different sources such 
as EHRs, portable devices, imaging systems, and genomic databases. 
Combining these diverse data types into a logical or reasonable system is 
complex.

•	 Data Accuracy and Completeness: Incomplete, inconsistent, or inac-
curate data can lead to incorrect AI predictions and analyses, potentially 
harming patient care.

•	 Data Standardization: Lack of uniform facts and terms across dissimilar 
medical systems hinders effective data sharing and integration.

9.10.2 �P rivacy and Security Concerns:

•	 Data Privacy: Patient records are extremely sensitive, and making sure of 
their privacy is the most important consideration. AI-based technology can 
be used alongside guidelines such as HIPAA and GDPR.
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•	 Cyber Security Risks: The AI structure is vulnerable to external attacks, 
which may lead to information leaks and misuse of personal health records.

9.10.3 �E thical and Learning Issues

•	 Algorithmic Learning: AI algorithms can learn from private data, key to 
better outcomes. Ensuring equal treatment across different patient popula-
tions is challenging.

•	 Ethical Decision-Making: AI algorithms may be ethically virtuous, such 
as prioritising treatments or allocating limited resources, where the human 
element is crucial.

9.10.4 � High Costs

The first investment in AI knowledge can be excessive, especially for smaller health-
care facilities.

9.10.5 � Changing Clinical Rules

AI algorithms may need continuous development to keep up with guidelines and 
practices, altering their significance and accuracy.

9.10.6 � Dependence on Technology

Over-reliance on AI could lead to reduced diagnostic skills among healthcare 
workers.

9.10.7 �E thical Concerns

Questions about accountability and ethical decision-making in AI-driven patient 
care continue to be debated.

9.11 � SOME CASE STUDIES INVOLVING HEALTHCARE 5.0

	 1.	 In 2015, Gulshan et al. [34] aimed to develop and validate a deep learn-
ing technique that can be used to diagnose diabetic retinopathy (DR). The 
authors used to type of dataset Messidor-2, Eye PAC, that is, a collection of 
cornea imagery selected for the categorisation of diabetic floaters. It pro-
vided 90% accuracy to identify patients without diabetic retinopathy.

	 2.	 In 2017, Esteva et al. [34] developed deep learning methods which mimic 
the ability of skin specialists. Here we can distinguish between benign 
and malignant skin issues, such as melanoma and keratinocyte carcinoma, 
using CNN. In Table. 9.5, we can see that after the model was trained on 
over 129,000 clinical photographs covering over 2,000 skin illnesses, it was 
verified using a dataset of biopsy-proven clinical photos.
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	 3.	 In 2015 and 2020, Topol et al. [36] arranged a perilous foundation for the 
integration of AI in healthcare, particularly in genomics projects. Their intu-
itions have played a critical role in influencing the direction of Healthcare 
5.0, highlighting the potential for personalised medicine and data-driven 
decision-making of patients through technology.

	 4.	 In 2018, Rajpurkar et al. [37] developed deep learning algorithms to analyse 
chest X-ray images. Their models were intended to identify various situa-
tions, such as pneumonia, tuberculosis, and other abnormalities, demon-
strating the effectiveness of AI in rendering medical images.

	 5.	 In 2020, Shing et al. [38] verified the role of AI in enhancing healthcare 
responses during the COVID-19 pandemic. Their results showed how AI 
technologies could enable faster identification, improve patient manage-
ment, and optimise resource allocation.

	 6.	 In 2022, Orenstein et al. [39] reviewed the application of AI in mental 
health, particularly through the development of AI chatbots and virtual 
assistants. The authors explored how AI-driven chatbots could provide 
accessible mental health support. These tools were designed to engage users 
in conversations, offer coping strategies, and provide resources, making 
mental healthcare more accessible.

TABLE 9.5
Case Studies Where AI Is Used in Healthcare

Author Year
Technology 

Used Advantages & Accuracy Data set used

Gulshan et al. 2015 Deep Learning High accuracy in finding diabetic 
floaters 90% accuracy

Eye PACS dataset, 
Messidor-2 

Esteva et al. 2017 CNN Automatic categorisation of 
melanoma cancer at 
dermatologist-level accuracy is 
~ 72.1

Image dataset of 
skin cancer

Rajpurkar et al.  2018 Deep Learning High accuracy in the detection of 
pneumonia from chest X-rays 
and 94.4 % accuracy

CXR

Topol et al & 
McKinney 
et al. 

 2020 AI, DL, ML 
algorithms

Improved diagnostic accuracy and 
detection of breast cancer

Mammogram 
dataset

Kelly et al. 2022 AI-driven 
predictive 
analytic 

AI-driven insights in predictive 
analytics, personalized treatment 

Multiple open 
clinical datasets, 
MIMIC, etc. 

Liu et al 2023 AI, IoT, and big 
data 

Real-time monitoring and 
diagnostics; personalized 
treatments 

Real-time patient 
data
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	 7.	 In 2023, Zhang et al. [40] studied how AI technologies are being joined 
into telemedicine platforms. This integration goal to improve the quality of 
remote sessions and diagnostics, making healthcare more open to patients.

9.12 � CONCLUSION

In conclusion, AI represents a transformative period in Healthcare 5.0; giving empha-
sis to the combination of advanced AI skills with human intelligence to improve 
patient care. By manipulating machine learning, natural language processing, and 
data analytics, AI develops diagnostics, treatment planning, and patient manage-
ment. In medical imaging, AI algorithms can detect diseases with accuracy, often 
outperforming human specialists in identifying early-stage conditions such as can-
cer. Predictive analytics allow healthcare workers to expect potential health concerns 
based on individual patient data, leading to proactive interference. It can be used for 
digital agreements through intelligent contracts, reducing costs and removing inter-
mediaries. It can also improve patient history management, insurance mediation, 
and clinical actions. The adoption of advanced technologies in the Healthcare 5.0 
ecosystems will revolutionise patient care and healthcare services. These tools do 
not necessarily guarantee improved medical outcomes but instead aim to redefine 
the principles of efficiency, innovation, and convenience in modern Healthcare 5.0.
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10.1 � INTRODUCTION TO HEALTHCARE 5.0 AND 
THE INTERNET OF THINGS (IOT)

Healthcare 5.0 is the most recent shift of the medical industry’s model to yet another 
paradigm, with its primary goals being to enhance patient care, operational effi-
ciency, and the general delivery of healthcare. In a sense, it is defined in terms of 
the seamless incorporation of modern technologies into healthcare organizations. 
Healthcare 5.0, while still evolving, builds on earlier models that have often strug-
gled to fully support pre-diagnostic, pre-symptomatic, and personalized healthcare 
paradigms [1, 2]. These new emerging technologies include ‘big data’, ‘blockchain’, 
‘artificial intelligence (AI)’, and of course the Internet of Things (IoT).

Key features of Healthcare 5.0 include:

•	 Personalized Medicine: Personalized medicine was developed to be spe-
cific to the genetic makeup of the patient, the patient’s lifestyle, and the 
surrounding environment.

•	 Predictive Analytics: Based on data and AI, an effective model for the 
prediction of health trends and possible spread of illnesses; thereby efficient 
measures and alerts are quickly taken.

•	 Preventive Care: Primary prevention of the diseases by frequent screening 
and early detection.

•	 Patient-Centric Care: Creating an understanding of the fate of healthcare 
delivery that responds to patients’ needs and expectations and improves 
their experience.

•	 Interoperability: The ability to interconnect and share information 
between multiple, preferably all, healthcare facilities and other life-sustain-
ing devices effectively and securely.
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Role of IoT in Healthcare 5.0

10.1.1 �O verview of IoT and Its Potential in Healthcare

As shown in Figure 10.1 the collection of interconnected hardware devices which 
can exchange data with one another over the web is referred to as the Internet of 
Things (IoT). IoT can therefore be described to encompass all smart allied products 
utilized in the healthcare sector such as smart health machines and wearable health 
gadgets aimed at collecting health information from patients and processing and 
transmitting the collected information in real time. There are numerous benefits that 
IoT can offer and bring to healthcare making it almost a different system that can 
revolutionize the industry. Due to IoT, it is now possible to monitor health param-
eters and the general well-being of patients outside the traditional hospital setting. It 

FIGURE 10.1  IoT and Healthcare 5.0
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allows the evaluation, 24/7, of health indicators including heart rates, blood pressure, 
glucose levels, pulse oximetry, respiratory rates, and others through fitness trackers 
and smartwatches [3]. It allows medical doctors and personnel to remotely supervise 
patients’ conditions, closely observe data for potential complications, and attend to 
them promptly, therefore reducing the readmission of patients to hospitals, and also 
improving patients with chronic disease conditions.

The telemedicine platforms which are based on IoT allow physicians and patients 
to have remote communications. This allows patients to receive drug prescriptions, 
and follow-up medical consultations without visiting a hospital due to data sharing 
and video conferencing. This will enhance the healthcare provision and enable peo-
ple in underprivileged or rural areas to benefit from better healthcare services. IoT 
is an innovation that helps to develop smart medical gadgets that can help enhance 
clinical operations’ accuracy and productivity. For instance, integrated infusion 
pumps can reduce the risk of error by using data from the patient’s health records 
to regulate the dosages of drugs given to the patient. Smart beds in hospitals can 
enhance the well-being and comfort of the patients as well as increase patient safety 
to avoid the development of bedsores by monitoring the movements of the patients’ 
bodies and automatically altering the positions of the patients’ bodies.

In particular, with the help of complex calculations and AI methods such as 
machine learning, an enormous amount of information generated by IoT devices 
can be analyzed. Here, healthcare professionals may use this big data strategy 
to anticipate illness outbreaks, recognize patterns, and then develop individual 
patient treatment plans [4]. By promoting the efficiency of big data, healthcare 
institutions can raise the quality of patients’ treatment, improve the distribution of 
resources, and make informed decisions. IoT also helps improve the operational 
efficiency of healthcare institutions. Automated materials management may keep 
continuous records of the medical supplies’ stock and ensure that all the needed 
materials are in stock. Smart scheduling systems can enhance patients’ satisfac-
tion by enhancing the organization and reducing the time spent scheduling an 
appointment [5].

Explainable AI in the context of Healthcare 5.0 discussed and highlighted both 
the opportunities and challenges it presents in Saraswat et al. (2022) [6]. The authors 
conducted a comprehensive survey following established standards. The paper out-
lines the research questions, data sources used, and methodologies employed. It 
delves into various aspects of eExplainable artificial intelligence (XAI), including 
its evolution, technological trends, and integration with other advancements such as 
5G and federated learning. The paper emphasizes the importance of user experience 
and interaction in healthcare applications. A bibliometric analysis of the applications 
of the IoT in healthcare is presented in Rejeb et al. (2023). The authors reviewed a 
substantial number of research papers to identify key themes, challenges, and future 
directions in this field. The study highlights trust and privacy, power management, 
resource management, and fog computing as major areas requiring further research. 
Additionally, it identifies emerging trends such as social networks, tactical internet, 
big data analytics, blockchain, and the internet of nano-things, while acknowledging 
scalability, interoperability, and mobility as persistent challenges [7, 8].
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The authors explore the intersection of Industry 5.0 and healthcare. The study 
aims to understand how Industry 5.0 principles, which emphasize human-centric 
technological advancement, can be applied to healthcare to improve patient care and 
overall well-being (Basulo-Ribeiro and Teixeira, 2024) [9]. The authors conducted 
qualitative interviews with a range of healthcare professionals, including doctors, 
nurses, and technology specialists. These interviews aimed to gauge the awareness 
and understanding of Industry 5.0 within the healthcare sector and to identify poten-
tial benefits, challenges, and implementation strategies. The article highlights the 
potential of Industry 5.0 technologies to enhance patient care through personalized 
medicine, improve diagnostics, and streamline healthcare operations. However, it 
also acknowledges challenges such as the need for upskilling healthcare profession-
als, addressing ethical concerns related to AI and data privacy, and ensuring equi-
table access to these advancements. The study, while preliminary, provides valuable 
insights into the potential of Industry 5.0 to transform healthcare and emphasizes 
the need for further research and discussion to guide its implementation effectively.

The authors explore the transformative potential of IoT in healthcare in Parihar 
et al. (2024) [10]. IoT enables remote patient monitoring, allowing doctors to track 
vital signs and other health data in real time, leading to early problem detection 
and personalized care. Another application is the development of smart ambulances 
equipped with IoT devices that transmit real-time patient data to hospitals, enabling 
medical professionals to prepare for their arrival and potentially deliver life-saving 
interventions. However, the paper also emphasizes the significant security and pri-
vacy challenges associated with IoT in healthcare. Health data transmitted between 
devices and central processing units is often in a raw, vulnerable format, making it 
susceptible to hacking and unauthorized access. Protecting patient privacy is crucial, 
and ensuring that only authorized individuals can access sensitive health data is 
paramount. The authors conclude by stressing the need for robust security measures, 
including device-specific cryptographic algorithms and user education, to mitigate 
these risks and ensure the safe and effective implementation of IoT in healthcare.

The transformative impact of IoT on healthcare, particularly within hospital set-
tings was explored by Almotairi (2022) [11]. The authors illustrate how IoT is revo-
lutionizing healthcare delivery by enabling real-time data collection, analysis, and 
exchange, leading to more efficient and effective care. They emphasize the numer-
ous advantages of integrating IoT in hospitals, such as enhanced patient monitor-
ing, facilitation of remote treatment options, and improved management of medical 
resources. However, the paper also acknowledges the challenges associated with 
widespread IoT adoption in healthcare. These challenges include ensuring data secu-
rity and patient privacy, managing the complexity of handling large volumes of data, 
and addressing the high costs associated with implementation. Looking toward the 
future, the authors outline potential research areas, such as leveraging IoT for pre-
dicting and managing chronic conditions such as strokes and epileptic seizures and 
developing advanced prosthetic sensors for real-time data retrieval to aid in patient 
treatment.

Kumar et al. (2023) explore the potential of healthcare IoT (H-IoT) to revolution-
ize healthcare delivery. The authors discuss various applications of H-IoT, including 
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remote patient monitoring, telemedicine, and smart hospitals. They highlight the 
benefits of H-IoT, such as improved patient outcomes, reduced healthcare costs, and 
increased efficiency. However, the paper also acknowledges the challenges associ-
ated with H-IoT, such as security and privacy concerns, interoperability issues, and 
the need for robust infrastructure. The authors emphasize the importance of address-
ing these challenges to fully realize the potential of H-IoT in healthcare. They con-
clude by suggesting future research directions and advocating for legislative action 
and policy frameworks to support the widespread adoption of H-IoT [12].

Javaid and Khan (2021) explore how IoT can be used to address challenges posed 
by the COVID-19 pandemic. It discusses how IoT technologies, such as remote 
patient monitoring and data analytics, can be used to improve healthcare outcomes 
and reduce the spread of the virus. The authors argue that IoT has the potential to 
revolutionize healthcare and make it more efficient, effective, and patient-centered, 
especially during pandemics [13].

IoT is a transformative technology that integrates sensors across various sectors, 
particularly healthcare (Pardhu and Kumar, 2024). These sensors enable data col-
lection, which is critical for analytics and improving services, especially during the 
COVID-19 pandemic. In healthcare, IoT enhances patient care by enabling precise 
and real-time monitoring, leading to better patient outcomes. The study explores 
various healthcare applications of IoT, demonstrating its potential to improve service 
delivery. However, the paper also addresses technological challenges, such as data 
security, device interoperability, and the need for robust infrastructure to support 
IoT systems. Drawing on data from reputable sources such as Google Scholar and 
PubMed, the research emphasizes evidence-based findings. The chapter calls for 
further research to overcome IoT challenges, particularly in light of the pandemic, 
and highlights the potential for IoT to revolutionize healthcare. Ultimately, the paper 
underscores the need for innovation and continued exploration to fully leverage IoT’s 
benefits in healthcare [14].

The integration of IoT in healthcare has transformed the industry by enhancing 
patient care and streamlining processes (Shafik 2024). IoT enables remote monitor-
ing, allowing healthcare providers to detect issues early, improve patient outcomes, 
reduce hospital readmissions, and lower costs. Hospitals have evolved into smart 
facilities with interconnected devices that monitor vital signs and alert doctors to 
sudden health changes. However, IoT implementation faces challenges, such as data 
privacy, security risks, and information overload. This chapter explores the benefits 
and characteristics of IoT in healthcare, its applications, and the challenges it pres-
ents. Collaboration between healthcare providers, technology firms, and regulatory 
bodies is essential for responsible IoT usage, maximizing its potential to improve 
care, reduce costs, and enhance efficiency [15].

Therefore, IoT is one of the significant facets of Healthcare 5.0, driving innova-
tions that enhance the quality of care which is centered on patients, holistic, rational, 
and accessible care. The IoT technologies could devise a completely new world of 
possibilities influencing the medical business and offer opportunities for enhanced 
patient treatment and organizational performance when introduced into the health-
care market and developed.
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10.2 � IOT APPLICATIONS IN HEALTHCARE 5.0

The use of IoT in healthcare means radical changes in every sphere of medical activ-
ity. In Figure 10.2, Here are the detailed applications of IoT in Healthcare 5.0:

10.2.1 �R emote Patient Monitoring

The application of the IoT in healthcare systems introduces radical changes to the 
different aspects of medical practice. Here are some of the various useful implemen-
tations of IoT in Healthcare 5.0:

Remote patient monitoring (RPM) is one of the most significant innovations in 
the sphere of healthcare that was made possible with the help of IoT. RPM reduces 
the cycle of readmissions by using IoT gadgets to check the progress of patients’ 
health at home [5]. Pulse oximeters, blood pressure, and glucose monitors are a few 
devices that collect data and transmit data to healthcare practitioners continuously. 
This enables:

•	 Early Detection of Health Issues: It is a consistent check to detect health-
related issues that require check-ups in their initial stages.

•	 Chronic Disease Management: The larger populations with diseases such 
as diabetes or hypertension; act can ensure that the conditions are managed 
better, thereby limiting complications.

•	 Reduced Hospital Readmissions: This is because, by constantly monitor-
ing patients from a distance, healthcare practitioners will be able to attend 
to them before they deteriorate hence less hospitalization.

FIGURE 10.2  IoT applications in Healthcare 5.0
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10.2.2 �W earable Devices and Sensors

•	 Because of the resulting ability to measure health parameters, devices 
such as wearables and sensors are transforming the management of human 
health [16]. Some of them include wearable biosensors, smartwatches, and 
fitness trackers. These gadgets provide:

•	 Real-Time Health Monitoring: Real-time monitoring and recording of 
basic life indices, movement, and sleeping habits respectively.

•	 Enhanced Patient Engagement: This has involved engaging patients in 
decision-making on their health since most decisions that affect their health 
are unique to them.

•	 Personalized Health Insights: Based on the stated question, data gathered 
can be processed and presented in the form of an individual report that can 
be shown to the healthcare providers for formulating the right decision.

10.2.3 � Smart Hospitals and Clinics

In smart hospitals and clinics, IoT solutions are used to optimize the handling of 
patients and improve overall practices. IoT applications in these settings include:

•	 Automated Patient Flow Management: Applying information technolo-
gies such as sensors and data analytics to reduce the time patients take to 
move from one department to another in the hospital, making it a one-stop 
shop.

•	 Smart Beds: Prop beds, with sensors adherent to the patient’s body to know 
their respiration rate and movements to avoid the development of pressure 
ulcers while improving the patient’s experience.

•	 IoT-Enabled Equipment Management: Supervision and control the state 
and usage of medical devices in real time so that timely diagnoses and 
repairs can be made.

10.2.4 �T elemedicine and Telehealth

Telemedicine and telehealth have popularity increased with the help of IoT as it has 
enhanced the availability of healthcare services [17]. IoT facilitates:

•	 Remote Consultations: Patients can confer with the provider online using 
video hence eliminating the need for in-person interviews.

•	 Virtual Monitoring: By giving intelligent IoT devices the capacity to per-
sistently transfer health data to healthcare professionals, such as physicians, 
patients’ health can be supervized and immediate decisions can be made if 
needed.

•	 Expanded Access: Telemedicine is the expansion of healthcare to areas 
that are not always reachable and with few hospitals and clinics.
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10.2.5 � Chronic Disease Management

It has been seen that IoT shows significant importance while dealing with chronic 
diseases as it could prevent and control the disease by continuously monitoring the 
patient’s condition. Applications include:

•	 Continuous Glucose Monitoring (CGM): Glucose real-time monitoring 
devices that notify patients and physicians of any unusual fluctuations with 
the condition that they are experiencing and help to manage diabetes better.

•	 Cardiac Monitoring: Smartwatches that can identify abnormal heart 
rhythms which are characteristic of arrhythmia or other related heart 
complications.

•	 Asthma and COPD Management: Smart inhalers and air quality moni-
tors assist patients with respiratory diseases to have better control of the 
signs.

10.2.6 �M edication Management and Adherence

Accurately and effectively treating a patient comes down to the satisfaction of the 
consumer by taking his or her medications as scheduled. IoT helps in:

•	 Smart Pill Bottles: Medication vials with sensors that gently remind 
patients to take the medication and keep a record of the self-administered 
doses.

•	 Automated Dispensing Systems: Apparatuses that contain the right quan-
tity of drug to be administered at the right time thus minimizing mistakes.

•	 Adherence Tracking: Tools that send notifications to healthcare profes-
sionals and/or other carers if a patient has not taken a prescribed drug, 
allowing timely actions.

Healthcare 5.0 is transforming medical practice by enhancing the practice of surveil-
lance of patients, the management of the condition, and the delivery and availability 
of services. They initiate the possibility of a more sensitive and coordinated EMR/
new healthcare structure by enhancing the operations of the healthcare industry as 
well as the experiences of its patients. Various IoT applications in healthcare are 
mentioned in Table 10.1.

10.3 � IOT-ENABLED HEALTHCARE ECOSYSTEM

The IoT environment in healthcare entails the connections of healthcare substantial 
items and systems that jointly enhance the efficiency, accuracy, and accessibility of 
healthcare services. The role of this ecosystem is to transform the existing paradigms 
of healthcare delivery through the application of innovative technology approaches 
to collect, analyze, and utilize health data in ways that were not previously possible 
[18]. Here is an in-depth look at the key components of an IoT-enabled healthcare 
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ecosystem. Here is an in-depth look at the key components of an IoT-enabled health-
care ecosystem:

10.3.1 �I nterconnected Devices and Systems

The IoT healthcare system can be summarized as the primary devices and networks 
that exist and work in conjunction with one another to offer complete healthcare 
services. These devices include:

•	 Wearables and Health Monitors: Smart wearables such as a fitness track-
ers, smartwatches, and biosensors that help in tracking health parameters 
such as heart rate, sleep cycle, and activity level.

•	 Smart Medical Equipment: Technologies in patient care systems such as; 
smart IV pumps and diagnostic devices in clinics and hospitals that can 
report information in real time and perform other functions.

•	 Home Health Devices: Products that can be employed in a home context 
to manage many chronic conditions including blood glucose meters, blood 
pressure cuffs, and smart scales.

•	 Telemedicine Platforms: Consultation and diagnostic tools that will 
enable doctors to consult/assess their patients from a distance and use video 
conferencing, data sharing, and patient monitoring systems.

10.3.2 � Data Collection and Analysis

The broad field of information derived from the numerous networked IoT units is a 
wealth for enhancing healthcare results. Key aspects of data collection and analysis 
include:

•	 Real-Time Data Collection: Prolonged collection of health data from 
different body sensors and appliances to get current figures on a patient’s 
health.

TABLE 10.1
Various IoT Applications in Healthcare
Application Description Key Benefits

Remote Patient 
Monitoring

Continuous tracking of patient health 
from home

Early detection, chronic disease 
management, reduced readmissions

Wearable Devices and 
Sensors

Devices that track health parameters 
like heart rate and sleep

Real-time health monitoring, patient 
engagement, personalized insights

Smart Hospitals and 
Clinics

IoT systems for optimizing hospital 
operations

Automated patient flow, smart beds, 
real-time equipment management

Telemedicine and 
Telehealth

Remote communication and virtual 
health monitoring

Remote consultations, expanded 
access to care, cost savings
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•	 Data Integration: Compiling records from numerous resources into one 
system, which offers effective records of the overall patient’s health.

•	 Advanced Analytics: Employing data analytics techniques to analyze the 
gathered data, and to analyze trends, outliers, and insights that may be 
derived from the data [19]. This allows especially healthcare individuals 
to make the right decisions, get the right diagnosis, and prescribe the right 
treatment.

10.3.3 � Cloud Computing and Storage

Cloud services are used in IoT-based healthcare services and applications for storing 
large amounts of data in a secure and cost-effective manner. Key benefits of cloud 
computing in healthcare include:

•	 Scalability: The way they allow for the collection and storage of data from 
the various IoT devices without the hindrance of physical storage space.

•	 Accessibility: Data should be readily available irrespective of the location, 
and helpful to the different healthcare workers, thus supporting telemedi-
cine options.

•	 Security and Compliance: Adhering to various security guidelines, 
including prescriptive compliance to ensure health information remains 
guarded and private; the health data protection laws including HIPAA 
(Health Insurance Portability and Accountability Act) and GDPR (General 
Data Protection Regulation).

10.3.4 �A rtificial Intelligence and Machine Learning

IoT devices are attributed to the creation of large volumes of data, for which extract-
ing useful information needs the application of advanced technology such as AI and 
ML [20]. Their applications in the healthcare ecosystem include:

•	 Predictive Analytics: Applying AI computations to anticipate health pat-
terns, future epidemics, and possible results of patients’ treatments, thus, 
implementing preventive measures in advance.

•	 Personalized Medicine: Utilizing ML for diagnosing diseases by corre-
lating patients’ genetic makeup, their daily habits, and previous medical 
records, with suggestions of suitable treatments for a particular patient.

•	 Automated Diagnostics: By applying AI to help in the diagnostic tech-
niques and decision-making when it comes to images and lab tests or even 
the records belonging to a patient then the diagnosis turns out to be more 
correct and faster in terms of time.

•	 Operational Efficiency: Incorporating the use of AI can help to cut down 
the workload on the healthcare staff and in addition avoid any likelihood 
of errors in daily tasks such as scheduling, inventory, and workflow among 
others.
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IoT in healthcare is the systematic integration of electronic devices into people’s lives 
specifically in the healthcare sector where several devices are being connected to 
establish a continuous flow of data and information through IoT technology. Being 
an ecosystem of real-time monitoring, big data and analytics, cloud computing, and 
AI can significantly improve the quality of patient care, business processes, and 
even the practice of individualized medicine. With these technologies advancing, 
the healthcare sector will be able to improve its solutions by making them efficient, 
effective, and, most importantly, patient oriented.

10.4 � CHALLENGES AND CONSIDERATIONS IN 
IMPLEMENTING IOT IN HEALTHCARE 5.0

This section presents methods for implementing IoT in healthcare. While IoT 
adoption offers several advantages, it also introduces significant challenges [21]. 
Addressing these challenges is essential to successfully realize and operate IoT tech-
nologies in healthcare, as illustrated in Figure 10.3.

10.4.1 � Data Privacy and Security

The major drawback to IoT healthcare is the protection of data being transferred such 
that; private information or secret information is not exposed to third parties. Due 
to the fact that health data is often considered as sensitive information, it poses an 
appealing target for hackers. Key considerations include:

FIGURE 10.3  Challenges in IoT Healthcare 5.0
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•	 Data Encryption: In this case, it is suggested that all the data exchanged 
between IoT devices and the health care systems be encrypted so that unau-
thorized persons cannot access the information.

•	 Access Controls: Adopting strict measures to warrant that only those who 
have a noble cause access the patient data.

•	 Cybersecurity Protocols: Creation of secure bandwidth and DLs capable 
of identifying and countering security breaches on the fly.

•	 Compliance with Regulations: Compliance with the laws of data privacy 
such as HIPAA for the patients’ information to be collected, used, and dis-
closed in a legal and ethical manner as per GDPR.

10.4.2 �I nteroperability between Devices and Systems

Interoperability is essential for creating a cohesive IoT-enabled healthcare ecosys-
tem. It means that there is no unification, and therefore, it can complicate coop-
eration between different devices and systems [22]. Considerations for improving 
interoperability include:

•	 Standard Protocols: By using standardized communication platforms and 
the use of format-friendly devices and systems.

•	 Integration Platforms: Using integration platforms that can easily connect 
the various applications, so that there is a proper transfer of data.

•	 Collaborative Efforts: Promoting the cooperation between the device 
manufacturers, software developers, and care organizations to create com-
patibility solutions.

10.4.3 �R egulatory and Legal Issues

An enormous issue when considering IoT healthcare is the issue of regulation and 
law. Key considerations include:

•	 Compliance with Health Regulations: Guarantee that all the IoT devices 
and systems meet the existing health laws and regulations as dictated by 
regulatory bodies such as the FDA and EMA [23].

•	 Data Ownership and Consent: Ensuring patient information use and col-
lection by defining the ownership rights of data collected by the EMR system.

•	 Liability and Accountability: They mention inadequate criteria for iden-
tifying those entities which are accountable or liable in the event that these 
devices malfunction or data is stolen.

10.4.4 �U ser Acceptance and Adoption

IoT in healthcare has relativity on the adoption rate from both the practitioners 
and users of the services. Key considerations to enhance acceptance and adoption 
include:
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•	 Training and Education: Conduct extensive training and awareness to 
healthcare professionals regarding IoT technologies and their advantages.

•	 User-Friendly Interfaces: Development of friendly interfaces on the IoT 
devices and applications to be used in the delivery of healthcare to patients 
or by the healthcare givers.

•	 Demonstrating Value: IOT solutions should be worked on so as to educate 
healthcare providers and patients about the benefits of using IoT solutions [24].

•	 Addressing Concerns: Being proactively engaging to remove any fear that 
users may have especially when it comes to privacy, security, as well as the 
reliability of the connected IoT devices.

In this case, the integration of IoT in Healthcare 5.0 is not well described to explain 
the envisioned change. Despite its potential for transformation, risks such as per-
sonal data protection, system integrability, legal requirements, and users’ embrace. 
Solving these issues is possible through the use of established cybersecurity; stan-
dardization, legal and regulatory compliance; and user-centered design and aware-
ness. Overcoming such challenges will ensure that appropriate strategies are 
implemented in the delivery of healthcare services that are efficient, effective, and 
responsive to the patients’ needs. Table 10.2, mentions various challenges faced by 
IoT in healthcare.

10.5 � CASE STUDIES AND EXAMPLES

Case Study 1: Remote Patient Monitoring at Mayo Clinic

The Mayo Clinic has adopted a complex IoT-based RPM solution for CHF and dia-
betes patients [25]. It consists of wrist-worn devices that provide a stream of data as 
to a patient’s health and relay this information back to specific clinicians. This initia-
tive has resulted in significant improvements in patient outcomes, including:

TABLE 10.2
Various Challenges IoT Faces in Healthcare
Challenge Description Proposed Solutions

Data Privacy and Security Risk of unauthorized access to 
sensitive health data

Encryption, access controls, 
compliance with regulations

Interoperability Difficulty in integrating various IoT 
devices and systems

Standard protocols, integration 
platforms, collaborative efforts

Regulatory and Legal 
Issues

Unclear data ownership and 
regulatory compliance

Compliance with health laws, clear 
data ownership policies

User Acceptance Low adoption rates due to 
complexity and unfamiliarity

User-friendly design, training, and 
clear communication of benefits
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•	 Reduced Hospital Readmissions: The ability to monitor the health status 
of the patient continuously helps in early signs and symptoms of the health 
status of a patient, leading to intervention and thus minimizing the hospital 
readmission status.

•	 Improved Patient Engagement: The management of health informa-
tion improves since patients are fully involved, and they receive feedback 
instantly.

•	 Enhanced Chronic Disease Management: Telemedicine has made it pos-
sible for patients to be monitored from the comfort of their homes which has 
made treatment personalized and chronic diseases well managed.

Case Study 2: Smart Hospitals at Cleveland Clinic

The Cleveland Clinic is making its environment smart by implementing IoT in its 
processes. Some key initiatives encompass:

•	 Smart Beds: These are health facility beds that have motion and patient 
sensors which help in detecting movements of the patient and the patient’s 
vital signs with ease; the bed can change position to help make the patient 
comfortable to avoid bed sores.

•	 Connected Medical Devices: Equipment such as infusion pumps and 
other monitoring equipment are active components in the overall system 
of the hospital which offers real-time information to the programmers of 
healthcare.

•	 Automated Inventory Management: Smart healthcare monitors the med-
ical supplies they require in real time, it eliminates post- or before-stock 
checking which is very tedious.

These implementations have led to:

•	 Operational Efficiency: Facilitated by automation and real time, it has 
helped in the reduction of task burdens on healthcare personnel while at the 
same time decreasing possible mistakes.

•	 Improved Patient Care: Real-time monitoring and smart devices improve 
the level of care being delivered and prompt management and control of 
ailments hence improving health.

Case Study 3: Telemedicine Services at Mercy Virtual

Mercy Virtual which is a fully operational virtual care center uses IoT to deliver 
telemedicine to patients residing in areas that are not easily reachable. Key features 
include:
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•	 Remote Consultations: One can communicate with doctors and other pro-
viders remotely, backed up by biometrics transmitted from remote wearable 
health fitness trackers.

•	 Continuous Health Monitoring: Connected objects make it possible for 
practicing physicians to constantly supervise their patients’ states without 
direct contact.

•	 Data-Driven Insights: The connectivity of IoT devices with analyti-
cal applications enables doctors to come up with findings from different 
aspects of a patient’s health.

Results of this implementation:

•	 Expanded Access to Care: The patient in remote regions is taken care of 
through the provision of healthcare facilities hence being able to access 
quality healthcare services without having to move.

•	 Cost Savings: There is improvement in the frequency of hospital appoint-
ments and admissions hence cutting the costs of both the individual and 
healthcare entities.

•	 Enhanced Patient Satisfaction: From the patient’s perspective, the use of 
telemedicine services is convenient and easily accessible hence enhancing 
patients’ experience.

10.6 � LESSONS LEARNED AND BEST PRACTICES

Lesson 1: Prioritize Data Security and Privacy

It is a requirement to secure the data and personal information of the customers. Best 
practices include:

•	 Implement Strong Encryption: All information that is sent and received 
should be encrypted to minimize the cases of leakage in case of an attack.

•	 Adopt Robust Access Controls: Make certain that some key information 
in the health environment should not be accessed by everyone.

•	 Regular Security Audits: Security audits and updates should be conducted 
every now and then in order to check the level of weaknesses.

Lesson 2: Ensure Interoperability

This means that the IoT ecosystem involves a connection of devices and systems 
and thus the need to ensure that devices and systems are compatible. Best practices 
include:

•	 Standardization: Have agreed standards when communicating and the 
structure of data to be exchanged to encourage interlinking.
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•	 Use Integration Platforms: Use applicable systems whereby the transfer 
of information between the two systems will be optimized.

•	 Collaborate Across the Ecosystem: Coordination with the makers of the 
associated devices and the software as well as healthcare organizations for 
integrated products.

Lesson 3: Focus on User-Centric Design

Therefore, accessibility to IoT mobility and its acceptance by consumers is impor-
tant for succeeding IoT solutions. Best practices include:

•	 User-Friendly Interfaces: Web designs, gadgets, and any kind of applica-
tions have to be designed with interfaces that are easy to navigate.

•	 Comprehensive Training: Ensure rushed and tired clinical personnel and 
patients cope well with the technology through proper orientation on how 
to operate it.

•	 Clear Communication of Benefits: Illustrate the theme of how to get IoT 
solutions adopted in order to engage by showing the worth of solutions.

Lesson 4: Compliance with Regulatory Standards

Some areas are regulation and legal compliance, which is rather important. Best 
practices include:

•	 Stay Informed: Meet the rules and guidelines applicable to the healthcare 
IoT environment.

•	 Clear Data Ownership Policies: There should be exact regulatory guide-
lines on who actually owns the data and patients must give consent in 
advance.

FIGURE 10.4  Future trends
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•	 Liability and Accountability: Specify precise lines of responsibility and 
fault when devices fail or data gets compromised.

Examples of successful implementation of IoT technologies in healthcare settings 
include Mayo Clinic, Cleveland Clinic, and Mercy Virtual. The goal of using IoT 
to advance the delivery of healthcare services will be realized when there is a com-
mitment to protecting data, promoting the standards of interoperability, creating 
solutions that enhance the users’ experience, and meeting compliance standards. 
The latter not only outlines best practices and lessons learned indicating the general 
course toward a more/integrated, client-centered, and efficient healthcare framework.

10.7 � FUTURE TRENDS AND OPPORTUNITIES

10.7.1 �E merging IoT Technologies and Their Impact on Healthcare

Based on the advancements of IoT technologies, its relevance to healthcare is antici-
pated to go deeper as a source of innovation and enhancement of better patient care 
and health system operation. Figure 10.4 shows, some emerging IoT technologies, 
and their potential impacts including:

•	 Advanced Wearables and Biosensors: The subsequent generation of 
wearable devices and biosensors will enable more accurate and elaborate 
tracking of the health indices. Such assumptions will allow for constant 
tracking of not only more parameters but also many more, allowing health 
professionals to get more in-depth pictures of their patients’ conditions and 
act before things worsen.

•	 Smart Implants: Implantable IoT devices such as smart pacemakers, and 
smart insulin pumps will give real-time monitoring of the chronic condi-
tions and would also be able to self-adjust the pace of regulating the dis-
eases. These devices should directly speak to the health care providers, so 
that, any detected problems are promptly addressed.

•	 IoT-Enabled Home Health Kits: Health kits for homes that contain more 
than one IoT device will enable a patient to monitor their health more effec-
tively from home. These kits could be a blood pressure monitor, glucose 
monitor, oximeter, and other related gadgets that are connected to a master 
system that reports to the doctors.

10.7.2 �I ntegration of IoT with Other Disruptive Technologies

The integration of IoT with other disruptive technologies will create synergistic 
effects, further transforming healthcare delivery:

•	 5G Connectivity: 5G network solutions will greatly improve the IoT used 
in healthcare by delivering higher and more reliable connection speeds and 
lower latency. This will allow for the actual-time transfer of information 
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that facilitates sensible operation such as remote surgery and real-time tele-
medicine consults, and better distant tracking.

•	 Blockchain: Embarking IoT with a blockchain system will improve its 
security, confidentiality, and credibility. Thus, the use of the technology can 
create a secure and unalterable system of records that health data belongs 
to or that can work as a key providing access to certain types of data. The 
following can enhance the level of trust and user adherence in the handling 
of health information.

•	 Robotics: Implementation of IoT and robotics can help in increasing the 
accuracy of surgeries, reducing the role of human intervention in monoto-
nous tasks, and patient care solutions. For instance, IoT-integrated operat-
ing theatres are capable of delivering highly sensitive surgery through the 
use of data received from several sensors and imaging tools.

•	 AI and ML: IoT with AI and ML will allow for deeper and more analytical 
patterns and predictions in data and decision-making. Integration of the IoT 
with analytics powered by AI can reveal patterns and trends concerning 
the big data collected by IoT, which can be applied to developing individ-
ual therapy plans as well as forecasting when medical equipment requires 
maintenance.

10.7.3 �P ersonalized and Precision Medicine Enabled by IoT

Devices including connected sensors will prove to be instrumental in the further 
development of personal and precision medicine, which target different characteris-
tics of patients. Key opportunities include:

•	 Genomic IoT Devices: Personalized tools that could analyze and interpret 
genes will help doctors in the determination of treatment options depending 
on the patient’s genotype. This can assist in determining the relevant treat-
ments, if any, and preventative measures concerning each particular patient.

•	 Real-Time Health Data Integration: Incorporating real-time data from 
wearable IoT devices; patients’ vital signs, behaviors, and factors in the 
environment they operate in will afford a complete picture of a patient’s 
health. The above data will also promote precision medicine as the detailed 
results will help in providing accurate diagnosis as well as treatment.

•	 Dynamic Treatment Adjustments: The integration of IoT in healthcare 
systems makes it possible to observe patients’ reactions to the prescribed 
treatments and alter the therapies as often as necessary. For example, smart 
drug delivery systems can adjust the concentrations of delivered medica-
tions in response to signals provided by biosensors in real time to ensure that 
therapeutic outcomes are maximized and therapies’ toxicities are reduced.

•	 Predictive Health Management: In this segment, it is possible for healthcare 
givers to use analysis of data obtained from various IoT devices to evaluate 
the likely health trends or risks of the patient. Clinical intervention is excellent 
as it helps in early prevention hence the enhancement of a healthier lifestyle.
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Various discussions indicate that the future of healthcare will be revolutionized 
by IoT and related innovative solutions. Integrated wearables for the patient, smart 
implantable devices, and IoT home health kits will improve the efficiency of patient 
care. There are notable growth prospects for healthcare from IoT, 5G, blockchain, 
robotics, and AI, where the system will enhance the delivery of healthcare, particu-
larly through IoT & 5G networks, blockchain for security and personalized robot-
ics, and AI for efficiency. Healthcare IoT will drive precise, targeted treatment, and 
earlier intervention with treatment measures, both goals that focus on the patient 
and the patient’s health at the center of attention. As these trends and opportunities 
expand, the healthcare sector opens up for a revolutionary age fuelled by the adop-
tion of technologies.

10.8 � CONCLUSION

Healthcare 5.0 with the IoT joining the field of healthcare this year, the latest in 
medical practices, promises even more significant progress. This change is about 
actual time, data analysis, cool technology, smart devices, smooth interconnected 
patient care, the manner in which health is delivered, and various processes. This 
results in the efficiency of everything involved in healthcare, and IoT in its essence 
is a network of devices and systems used to cope with chronic diseases, moni-
tor health ceaselessly, etc. Wearable or smart apparel, biosensors smart medical 
equipment, and remote patient monitoring help the patients or the healthcare indi-
viduals to have the health information with them at early stages and make it more 
patient-centric.

But hold your horses! Employing IoT in healthcare is not all upside. Since data 
may contain personal information for the users, it becomes essential that the data 
is protected from hackers and hence needs to be encrypted and restricted to a few 
people depending on the laws. In its current state, IoT means different tech and 
devices must work in harmony with one another. Furthermore, training the people 
and ensuring that they know the usefulness of the IoT techs through training and 
making the models as simple as possible is essential to gaining people’s support. The 
future appears to be very promising when it comes to IoT applications in the health-
care industry! Estates, flashy accessories, and tiny healthcare kits might change the 
way patients are taken care of a great deal. Combining IoT with more technologies 
such as 5G, blockchain, robots, and AI may cause some cool shifts in telemedicine, 
precision medicine, and forecasting health requirements.

In the subsequent days, as IoT in healthcare gets more glamorous by the min-
ute, a coordinated yet humanistic healthcare system that utilizes real-time data and 
glamour analytical instruments to convey customized care will be experienced. An 
emphasis will be placed on the individual approach as the specificity of each patient 
will finally provide better outcomes as a rule. The road to adopting IoT in Healthcare 
5.0 is full of twists and turns but perks as well! There are solutions to these chal-
lenges, when all the above challenges are dealt with innovatively and when all the 
standards are followed closely – we can harness the full benefit of IoT to deliver very 
effective, tailor-made care to all of us as we are led to better health status collectively.
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Summary of Key Points

	 1.	Introduction to Healthcare 5.0 and IoT: Healthcare 5.0 is a symbolic 
representation of a new era in medicine through the incorporation of IoT 
as one of the technologies. The integration of these principles will focus on 
augmenting individualized, preventive, and anticipatory patient care, clini-
cal and administrative effectiveness, and overall healthcare.

	 2.	IoT Applications in Healthcare 5.0
•	 Remote Patient Monitoring: Remote surveillance of patients’ health 

status hence is easily detected and addressed as they stay at home sav-
ing on the number of times they must be admitted.

•	 Wearable Devices and Sensors: Equip people to monitor health stan-
dards in real-time ‘increasing patients’ awareness of their health status.

•	 Smart Hospitals and Clinics: Implement IoT for patient tracking, 
intelligent beds, and connected medical equipment hence improving 
the hospital functionality and improved patient care.

•	 Telemedicine and Telehealth: Provide remote consultation and virtual 
follow-up and increase the reach of the health care services especially 
in rural areas.

•	 Chronic Disease Management: Through constant supervision, sched-
uling, and analysis of feedback the health of patients with chronic dis-
eases is enhanced.

•	 Medication Management and Adherence: Smart pill bottles and 
automated dispensing systems enhance patients’ compliance with 
regard to medication plans and regimens.

	 3.	IoT-Enabled Healthcare Ecosystem:
•	 Interconnected Devices and Systems: An arrangement of devices that 

can interconnect for a complete solution to health problems.
•	 Data Collection and Analysis: Real-time data interchange An inte-

grative framework for knowledge processing in decision support and 
targeted treatment.

•	 Cloud Computing and Storage: Mobile and web applications that 
support massive and easy accessibility of health-related information 
and technology-driven secure storage systems.

•	 Artificial Intelligence and Machine Learning: Per case diagnostic 
and predictive analytics, big data, IoT, and other technologies improve 
treatment and administrative outcomes.

	 4.	Challenges and Considerations:
•	 Data Privacy and Security: Maintaining sound procedures for han-

dling patients, employees, and other health information while following 
the set laws and policies.

•	 Interoperability: Some of the key issues include implementing sys-
tems to ensure protocol of communication and compiling a network of 
systems that interact harmoniously.
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•	 Regulatory and Legal Issues: As with any public health intervention, 
there are also issues with health regulations, ownership of data, and 
handling of liability issues.

•	 User Acceptance and Adoption: User interface design, recommended 
approach which includes training and showing the benefits of IoT 
solutions.

	 5.	Case Studies and Examples:
•	 Mayo Clinic: Experiences with a chronic patient concerning remote 

patient monitoring for chronic disease management.
•	 Cleveland Clinic: Introducing and or enhancing smart technologies to 

be used in delivering quality patient care in hospitals.
•	 Mercy Virtual: Development of technology services that increase the 

reachability of healthcare services in remote areas.

Future Outlook for IoT in Healthcare 5.0

Speculations on the further developments of IoT in Healthcare 5.0 are marked by 
continued innovation and integration with other advanced technologies, promising 
transformative changes in the healthcare industry:

	 1.	Emerging IoT Technologies: There will be progression in wearables, bio-
sensors, and smart implants for enhanced and accurate health monitoring 
resulting in early diagnosis and timely treatment.

	 2.	Integration with Disruptive Technologies:
•	 5G Connectivity: Greater intimacy will facilitate faster transfer of 

actual-time data and complicated applications such as operation from 
a distance and more.

•	 Blockchain: Better protection of the data through the distribution of 
health management across networks.

•	 Robotics: Greater accuracy in the surgical procedures that are per-
formed and also increased mechanization of processes, which increases 
productivity within facilities.

•	 AI and Machine Learning: ‘Smart’ management of patient data and 
extraction of analytical and predictive patterns to design treatment regi-
mens and preventive health care systems.

	 3.	Personalized and Precision Medicine: IoT will also be seen to have an 
influential position in the future development of healthcare, especially 
through the concepts of precision and personalized medicine that will be 
in a position to customize care delivery through genomic IoT devices, real-
time data integration in healthcare, dynamic treatment plans, and predictive 
healthcare.

Therefore, the use of IoT to advance the Healthcare 5.0 ecosystem will keep on 
developing, affording incomparable approaches to enhance patient care, operational 
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effectiveness of healthcare systems, and healthcare delivery. With the continua-
tion of these evolutions and improvements in these aforementioned technologies in 
healthcare, the world is already on the cusp of a more integrated, convenient, and 
patient-oriented medical world (Table 10.2).
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Role of 5G in 
Healthcare 5.0

V. Lakshmi and Sujatha Rajkumar

11.1 � INTRODUCTION

The evolution of wireless communication technology brings people closer even 
though they may be physically far away. This evolution began in the 1970s and con-
tinues to date. A decade is referred to as one generation in communication tech-
nology. Now we are in the fifth generation. In this chapter, we will discuss each 
generation in detail [1, 2]. Figure 11.1 illustrates the evolution from the first to the 
fifth generation of wireless communication technology.

In the swiftly evolving fields of technology and communication, various termi-
nologies and abbreviations are frequently used in this chapter. Table 11.1 summarizes 
some of the key terms and their full forms, which are essential for understanding the 
nuances of modern technological advancements in Healthcare 5.0.

11.1.1 � 1G (First Generation, 1970s–1980s)

In the 1970s and 1980s, 1G, or the first generation of wireless communication tech-
nology, was unveiled. NTT introduced the first commercial 1G network in Japan 
in 1979, an analog system with a speed of 2.4 kbps that primarily supported basic 
voice communication, using FDMA access techniques and FM modulation. It was 
not supported for data transmission. The technology was limited, with low capacity, 
incompatibility between European systems, and no mobile-assisted handover. The 
standards included AMPS (USA), TACS (Europe), and NMT (Scandinavia), each 
with its own set of limitations which results in poor call quality and frequent call 
drops and prone to call interference. Considering its weaknesses, 1G technology set 
the stage for the creation of further wireless generations, that have evolved over time 
due to technological breakthroughs.

11.1.2 � 2G (Second Generation, 1990s)

The second generation of wireless communication technology was first released in 
the early 1990s, it marked a substantial advancement over 1G. By using digital sig-
nals for transmission, it introduced data services and enhanced call quality. GSM 
(global system for mobile Communications), which supported numerous users and 
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data services, was the most extensively utilized 2G standard. Japan was the only 
country that used the 2G mobile telecommunications standard PDC (personal digital 
cellular). It was created as a competitor to NADC in Japan and was the primary stan-
dard used there until it was phased out in favor of 3G technologies such as W-CDMA 
and CDMA2000. Along with supporting circuit-switched data rates of up to 9.6 kbps 
and packet-switched data rates of up to 14.4 kbps, 2G systems also brought basic 
data services such as MMS and SMS and enabled internet access via WAP (wireless 
application protocol).

11.1.3 � 3G (Third Generation, Early 2000s)

The third generation of wireless communication technology, 3G, commenced in the 
early 2000s, advancing with a faster data transfer rate of 144 kbps by means of 
packet switching technology for the improvement and better voice quality compared 
to 2G and 2.5G networks. Different services benefited people around the world such 
as video calls, mobile TV, mobile broadband access, and improved voice quality. 
There was also a focus on the security of the data in transit which led to end-to-end 
encryption. To attain 3G technology, 2G was upgraded gradually to 2.5G and 2.75G, 
before it attained 3G. Enhanced data rates for GSM evolution networks were cre-
ated, offering faster data transfer rates and better voice quality. It is based on a set of 
standards used for mobile devices and mobile telecommunications services and net-
works that comply with the International Mobile Telecommunications-2000 (IMT-
2000) specifications set by the International Telecommunication Union. The UMTS 
(Universal Mobile Telecommunications System), standardized by 3GPP in 2001, 
was used in Europe, Japan, China (with a different radio interface), and other regions 
that had predominantly GSM-based 2G infrastructure. Meanwhile, the CDMA2000 
system, standardized by 3GPP2 and first offered in 2002, was primarily used in 
North America and South Korea. The latest UMTS release, HSPA+, provided peak 
data rates of up to 56 Mbps downlink and 22 Mbps uplink, while CDMA2000’s 
release, EVDO Rev.B, offered peak rates of 14.7 Mbps downlink. These advance-
ments played a profound role in changing mobile connectivity and setting the stage 
for a future where mobile internet is indispensable.

FIGURE 11.1  Evolution from the first to the fifth generation of wireless communication 
technology
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11.1.4 � 4G (Fourth Generation, Late 2010s)

In the late 2010s, wireless communication technology evolved to its fourth genera-
tion, 4G. This technology used even faster data transmission speeds to support video 
streaming with high quality and additionally bandwidth-intensive applications. Key 
features of 4G include faster data transmission speeds, which enable users to stream 
high-definition video and use other bandwidth-intensive applications. 4G used LTE 
(long-term evolution) technology, which provided faster data transmission speeds 
and lower latency. Additionally, 4G enabled users to access mobile broadband ser-
vices, which provided faster internet access and improved overall network perfor-
mance. The downlink peak data rate for 4G was approximately 100 Mbps, making 
it significantly faster than its predecessors.

11.1.5 � 5G (Fifth Generation, 2020s)

In 2020 the fifth generation, 5G, evolved. 5G offers significantly faster speeds (up 
to 20 Gbps), lower latency (as low as 5 ms), and greater bandwidth compared to 
its predecessors, enabling the development of new and broad-ranging applications 
and use in services across numerous industries, such as IoT, industrial automa-
tion, gaming and entertainment, healthcare and telemedicine, transportation and 
autonomous vehicles, and smart cities and infrastructure [3, 4]. 5G networks use 
techniques such as 5G New Radio, cell sites, small cells, and millimeter wave 
(mmWave) spectrum to provide coverage and capacity, and are designed to be soft-
ware-defined and virtualized for greater flexibility and scalability, with advanced 
technologies such as massive MIMO and edge computing to improve performance. 
Commercial 5G services began rolling out in 2019, with major carriers deploying 
5G networks in different countries, offering various types of services including 5G 
cellular and private 5G [5].

11.2 � ARCHITECTURE OF 4G LTE(LONG TERM EVOLUTION)

Figure 11.2 shows the 4G LTE network architecture, comprised of two sections 
E-UTRAN (evolved universal terrestrial radio access network) and EPC (evolved 
packet core). The user’s equipment connects to the network through the eNode 
at the base station, comprised of remote radio units and baseband units; these 
components are connected by means of backhaul and fronthaul links. The EPC 
includes the mobility management entity (MME) which handles user mobility, 
the service gateway (SGW), which routes data packets, and the packet data net-
work gateway (PGW), which connects to external networks such as the internet. 
External networks include the internet message service (IMS), which handles the 
multimedia services over an IP network, bridging to both the public switched tele-
phone network (PSTN) and the wider internet. This architecture ensures seamless 
communication across various network elements for optimal connectivity and 
service distribution.
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11.3 � ARCHITECTURE OF 5G NEW RADIO (NR)

Figure 11.3 illustrates the architecture of the 5G network, detailing the connection 
from user equipment (UE) to the active antenna unit (AAU) responsible for radio 
frequencies. The distributed unit (DU) oversees real-time operations such as sched-
uling, while the centralized unit (CU) manages non-real-time functions. Fronthaul 
links connect the AAU to the DU, and the midhaul links connect the DU to the CU, 
enabling smooth data flow. The virtualized edge, featuring the user plane function 
(UPF), processes data closer to users to minimize latency. The virtualized core net-
work includes elements such as access and mobility management function (AMF) 
for mobile control, session management function (SMF) for session regulation, 

FIGURE 11.3  Architecture of a 5G network

FIGURE 11.2  Architecture of a 4G network
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policy control function (PCF) for policy enforcement, unified data management 
(UDM) for storing subscriber data, and another UPF for data handling. External 
networks such as the internet, internet message service (IMS) for multimedia, and 
the public switched telephone network (PSTN) for traditional telephone calls are 
connected to the system. Enhanced features such as flexible frame structures, wide 
bandwidths, massive MIMO and beamforming, edge computing, network slicing, 
and virtualization provide high speed, low latency, and reliable connections vital for 
Healthcare 5.0.

11.3.1 �E dge Computing

Instead of transferring data to a central server or cloud, edge computing processes it 
locally. As a result, there is less latency, faster processing, and better real-time data 
processing. Stated differently, edge computing processes data at the point of creation 
rather than sending it to a remote server or cloud. This reduces latency, accelerates 
the process, and improves real-time data processing. Imagine having a little data 
center next to your wearables, sensors, or smart gadgets. They can work quicker and 
more consistently with this configuration. In healthcare, this is crucial for quick data 
analysis and immediate responses.

11.3.2 �F requency Ranges

Most 4G networks operate in frequency bands below 6 GHz. These lower frequency 
bands give good coverage, but they have limited bandwidth. In contrast, 5G networks 
encompass a wider range of frequencies, including lower frequency bands under 
6 GHz, mid-range bands between 1 GHz and 6 GHz, and high-frequency bands 
(millimeter-wave frequencies) more than 24 GHz. The latter high-frequency bands 
allow for substantially more bandwidth and capacity, but they have a shorter range 
and need more advanced antenna technology.

11.3.3 � Data Capacity and Speed

4G networks deliver high-speed mobile data with theoretical maximum download 
speeds reaching several hundred megabits per second. The actual user experience, 
however, can fluctuate based on factors such as network congestion and signal 
strength. In comparison, 5G networks boast much higher data rates and improved 
network capacity. They can achieve multi-Gbps peak data rates, facilitating remark-
ably fast downloads and uploads. Additionally, 5G networks can accommodate a vast 
number of IoT devices and sensors simultaneously.

11.3.4 �R esponse Time or Latency

Latency in 4G networks generally falls within the range of tens to several tens of 
milliseconds. Although this latency is adequate for many applications, it may not 
satisfy the needs of highly sensitive latency applications. On the other hand, 5G 
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networks are designed to achieve ultra-low latency, aiming for targets as low as 1 
ms. This almost instantaneous responsiveness is essential for applications such as 
autonomous vehicles, remote surgeries, and industrial automation.

11.3.5 �V irtual Network Solution

4G networks lack the capability for network slicing, a feature that enables the for-
mation of multiple virtual networks on a single physical infrastructure. This limita-
tion restricts the optimization of network resources and performance for specific 
applications. In contrast, 5G networks incorporate network slicing as a fundamental 
architectural feature. This innovation allows for the creation of dedicated, isolated 
virtual networks tailored to unique service requirements, delivering customizable 
performance, enhanced security, and specific service level agreements (SLAs).

11.4 � 5G IN HEALTHCARE 5.0

Wearable technology or remote patient monitoring can be used by healthcare prac-
titioners to continually gather, report, and transmit crucial information to a remote 
monitoring center, the 5G network has a 100 times greater ability to interface with 
IoT devices over 4G networks. Figure 11.4 highlights the key components of 5G tech-
nology [6]. Enhanced mobile broadband (eMBB), massive machine-type commu-
nication (mMTC), and ultra-reliable low-latency communication (URLLC) are the 
three most significant components. These overviews how 5G technology underpins 

FIGURE 11.4  Significant components of 5G technology
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cutting-edge applications, particularly in Healthcare 5.0, enabling innovative solu-
tions and improved patient outcomes.

11.4.1 �U ltra-Reliable Low-Latency Communication in 5G Networks

Ultrareliable low-latency communication (URLLC) is a main technology feature 
in 5G networks, intended to facilitate the transmission of mission-critical data with 
exceptional reliability and minimal latency. This capability is essential for applica-
tions such as remote surgery, autonomous vehicles, and real-time control systems, 
where quick and reliable data delivery is paramount.

11.4.1.1 � Key Features and Techniques
URLLC achieves low latency typically less than 1 ms and a packet error rate below 
10–5, enabling the rapid and accurate transmission of critical messages even in sce-
narios where failure is unacceptable. To ensure seamless connectivity, techniques 
such as the dual active protocol stack (DAPS) handover allow for smooth transitions 
between cells, maintaining a stable connection without latency increases. Advanced 
methods employed in URLLC include sophisticated modulation techniques, such as 
differential and coherent modulation, alongside effective coding strategies. Network 
slicing enables dedicated communication channels, while guaranteed bit rates allow 
applications to reserve specific bandwidth and maintain consistent data transmission 
rates.

11.4.1.2 � Redundancy Techniques for Reliability
Redundancy techniques are vital for maintaining high reliability and data integrity 
within the URLLC framework. Key methods include:

•	 Hybrid Automatic Repeat Request (HARQ): Combines error detection 
with retransmissions to enhance data reliability.

•	 Incremental Redundancy (IR): Sends additional bits to recover lost or 
corrupted data.

•	 Soft Combining: Merges multiple packet transmissions to improve overall 
signal quality.

11.4.2 �M assive Machine-Type Communication in Healthcare 5.0

Massive machine-type communication (mMTC) plays a vital role in ensuring effi-
cient and reliable connectivity for a vast array of IoT devices, particularly in high-
density environments. By deploying several key techniques, mMTC enhances the 
functionality of diverse healthcare applications [7].

11.4.2.1 � Key Techniques for Enhanced Connectivity
Narrowband IoT (NB-IoT) leverages a narrow bandwidth to sustain a large num-
ber of low-power devices, allowing them to operate effectively even in challenging 
conditions. Coverage enhancement (CE) significantly improves signal quality and 
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device connectivity in hard-to-reach areas, such as deep inside buildings or in rural 
settings [8]. Additionally, efficient signaling protocols minimize the communica-
tion overhead, enabling smooth data transmission for numerous devices. resource 
management algorithms dynamically allocate network resources to optimize per-
formance and prevent congestion, while power-saving modes such as extended DRX 
(eDRX) and power saving mode (PSM) help devices minimize power consumption 
while maintaining connectivity.

11.4.3 �T ransforming Healthcare Applications

These techniques allow mMTC to provide large-scale remote patient monitoring, 
allowing physicians to observe vital signs, ECGs, and other health information 
in real time. mMTC facilitates seamless communication among medical devices, 
including insulin pumps, pacemakers, and implantable cardioverter-defibrillators 
(ICDs). Furthermore, it improves connection for a variety of wearable devices, 
including trackers for fitness, smartwatches, and wellness monitors, promoting pro-
active health management [9]. In addition, mMTC plays a crucial role in advancing 
telehealth services by enabling video consultations, remote assessments, and virtual 
healthcare coaching. The deployment of IoT devices within healthcare facilities is 
also bolstered, with applications such as temperature, moisture, and air quality mon-
itoring, all contributing to a more responsive and efficient healthcare ecosystem. In 
summary, mMTC represents a transformative force in Healthcare 5.0, ensuring that 
a multitude of IoT devices can operate seamlessly, reliably, and efficiently within the 
healthcare sector.

11.4.4 �E nhanced Mobile Broadband (eMBB)

Enhanced Mobile Broadband (eMBB) is a vital feature of 5G technology that deliv-
ers more rapid data rates, higher capacity, and improved network efficiency, sig-
nificantly transforming healthcare services in the context of Healthcare 5.0. eMBB 
enables high-speed connectivity essential for applications requiring rapid access 
to large datasets, such as high-definition medical imaging and telemedicine tools, 
which enhance patient experiences by allowing timely consultations with specialists 
regardless of geographical barriers. It supports mobile health (mHealth) applications 
that process large volumes of data quickly for actual-time monitoring of bodily func-
tions and access to electronic health records (EHRs) while facilitating remote diag-
nostics by transmitting high-resolution imaging data for rapid analysis. Healthcare 
providers can also leverage eMBB for streaming live surgeries to training sessions, 
enhancing education and collaboration, and ensuring timely access to critical infor-
mation in emergencies. Furthermore, eMBB promotes the interoperability of con-
nected medical devices within the medical equipment connected to the internet, 
facilitating seamless communication crucial for remote monitoring and smart hospi-
tal systems. Nevertheless, challenges remain, such as data security issues regarding 
sensitive health information, ensuring reliable connectivity in less robust infrastruc-
ture areas, and the complexities of integrating new eMBB-enabled solutions with 
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legacy systems. The overall implications of 5G on healthcare are profound, with 
eMBB enabling faster teleconsultations, real-time health monitoring, and connected 
ambulance services, while network slicing provides dedicated networks for critical 
applications, enhancing reliability and security. Increased efficiency and automation 
lower inventory levels and enhance patient experiences, transforming healthcare by 
supporting the use of IoT devices for real-time monitoring, which improves patient 
care, reduces costs, and enhances the overall healthcare experience.

11.4.5 �W earables in Healthcare 5.0

The field of healthcare has undergone a significant transition with the introduction 
of wearable devices. These innovative devices, equipped with enhanced sensors 
and accessibility have the ability to revolutionize patient monitoring, diagnosis, and 
treatment as shown in Figure 11.5. From tracking vital signs to enabling remote 
patient care, wearable devices are reshaping the landscape of healthcare delivery [10, 
11]. A wearable spirometer is a device that measures lung function and can be used 
to track patients with respiratory conditions such as asthma or COPD. It can be worn 
on the wrist or as a patch on the chest, providing continuous monitoring and early 
detection of any respiratory distress.

A glucose monitor is a device that measures blood sugar levels, making it ideal for 
overseeing patients with diabetes. It can be worn on the wrist or applied as a patch 
on the skin, facilitating real-time monitoring and improved condition management. 
Similarly, a wearable blood pressure monitor assesses blood pressure and is designed 
for patients with hypertension. This device can be worn on the wrist or as an arm 
patch, providing healthcare providers with essential data to refine treatment plans.

A wearable oxygen saturation monitor evaluates oxygen levels in the blood and 
is beneficial for patients with respiratory issues such as COPD. This device can be 
worn on the wrist or as a finger patch, allowing for early detection of oxygen-related 
problems. Additionally, a wearable pulse monitoring system measures heart rate and 
aids in supervising patients with cardiovascular conditions. It can be worn on the 
wrist or as a patch on the chest, delivering real-time data to healthcare providers. A 
wearable body temperature sensor monitors body temperature and is advantageous 
for patients experiencing fever or other temperature-related concerns. It can be worn 
on the wrist or applied as a patch on the skin, enabling early detection and prompt 
intervention. An activity-tracking sensor records physical activity levels and targets 
patients with sedentary lifestyles. This can be worn on the wrist or as a skin patch, 
encouraging healthier habits among patients. Lastly, a range of motion sensors moni-
tors joint movement and helps in assessing patients with musculoskeletal issues. It 
can be worn on the wrist or as a skin patch, providing valuable information for reha-
bilitation and recovery.

An assessment sensor is a device that measures various physiological parameters, 
including heart rate, blood pressure, and oxygen saturation. It can be worn on the 
wrist or applied as a skin patch, facilitating comprehensive health monitoring. An 
ECG patch is utilized to observe heart rhythm and is designed for individuals with 
heart-related issues. It can be placed on the chest or offered as a skin patch, enabling 
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FIGURE 11.5  Wearable devices in healthcare: transforming patient monitoring and care
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continuous observation and timely identification of any cardiac concerns. An insulin 
pump is a device that administers insulin to individuals with diabetes. It can be worn 
on the body or as a patch on the skin, providing a more convenient and effective 
method for managing the condition. A TENS (transcutaneous electrical nerve stimu-
lation) therapy device delivers electrical impulses to the body for pain relief. It can be 
worn on the wrist or applied as a patch on the skin, offering a non-invasive approach 
to pain management. Smart gloves monitor hand movement and are suitable for eval-
uating individuals with musculoskeletal disorders. They can be worn on the hand, 
yielding valuable data for rehabilitation and recovery. A pacemaker regulates heart 
rhythm and supports individuals with heart-related issues. It can be implanted in the 
chest, offering a long-term solution for heart problems. An implanted cardioverter 
defibrillator also manages heart rhythm and is used for patients with heart condi-
tions. This device can be implanted within the chest, providing a more advanced 
option for cardiac issues. A wearable cardioverter defibrillator similarly regulates 
heart rhythm and is intended for patients with heart concerns. It can be worn on the 
body, offering a more portable and accessible alternative for heart-related treatment. 
A folder monitor assesses muscle activity and is useful for tracking individuals with 
musculoskeletal conditions. It can be worn on the wrist or as a skin patch, providing 
essential information for rehabilitation and recovery.

The incorporation of these wearable devices into the healthcare ecosystem is likely 
to change how patient monitoring, assessment, and management are conducted. By 
providing real-time data, facilitating remote care, and encouraging patients to take 
a greater role in their health, wearable technologies are on the verge of transforming 
healthcare as we know it.

11.5 � Healthcare 5.0 Use Cases

The healthcare sector is on the brink of a groundbreaking transformation, driven 
by the arrival of fifth-generation (5G) wireless technology. 5G is set to redefine the 
delivery of healthcare services, facilitating innovative applications that were once 
deemed impossible. This section delves into the substantial influence of 5G on the 
healthcare landscape, emphasizing the critical use cases that are designed to reshape 
the future of medical care.

11.5.1 � Connected Ambulance

One of the most impactful applications of 5G in healthcare is the connected ambu-
lance. This technology allows for instantaneous assessment of patients’ health met-
rics, empowering medical professionals to make well-informed decisions before the 
ambulance arrives at the hospital. With low-latency, high-speed communication 
facilitated between ambulances, healthcare facilities, and medical staff, seamless 
collaboration and decision-making can occur. Ambulances connected via 5G feature 
advanced medical gear, patient monitoring systems, and telemetry devices that con-
vey health information to the hospital in real time. They also include onboard cam-
eras that deliver live visual feeds, allowing remote specialists to provide guidance 
during critical procedures. Moreover, 5G-connected ambulances can dramatically 
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enhance patient care, particularly in emergency scenarios. This technology facili-
tates advanced healthcare from the moment a patient is encountered until they arrive 
at the hospital and enter the emergency room. It also streamlines response times 
in urgent situations, leading to timely and efficient patient care while alleviating 
some of the administrative burdens on healthcare providers. In India, 5G-connected 
ambulances have been successfully deployed, with Apollo Hospitals introducing 
them in various cities, including Bengaluru and Kolkata, to enhance emergency 
response capabilities. HealthNet Global has collaborated with Apollo Hospitals to 
launch these ambulances, allowing for immediate monitoring and communication 
between ambulances and hospitals. Thus, 5G-connected ambulances represent a 
revolutionary advancement in medical care, transforming real-time communication 
among ambulances, hospitals, and medical professionals, and aiming to improve 
patient care in critical moments.

11.5.2 �A ugmented Reality/Virtual Reality

The convergence of 5G, augmented reality (AR), and virtual reality (VR) is trans-
forming the healthcare landscape by revolutionizing medical training and education, 
enhancing assessment and care planning, advancing remote care and telemedicine, 
and alleviating discomfort and anxiety for patients. The high-speed, low-latency 
capabilities of 5G facilitate immersive AR/VR experiences for healthcare profes-
sionals, allowing them to practice intricate medical procedures within safe, vir-
tual environments, thereby enhancing their skills and expertise. Moreover, AR/
VR technologies supported by 5G permit physicians to visualize complex ana-
tomical structures in three dimensions, aiding in assessment and care strategies. 
This is accomplished by superimposing medical data, such as MRI and CT scans, 
onto a patient’s body, which assists practitioners during procedures. Additionally, 
5G-powered AR/VR can deliver high-quality, real-time video consultations and 
remote patient monitoring, thereby enhancing healthcare accessibility for individu-
als in rural or underserved regions. The seamless integration of 5G, AR/VR, and 
edge computing fosters instantaneous communication and data transmission among 
devices, medical equipment, and healthcare providers, simplifying remote collabo-
ration and decision-making. This technology can also ease discomfort and anxiety 
for terminally ill or severely ill patients by providing soothing, distracting content. 
Overall, the combination of 5G, AR, and VR is revolutionizing the healthcare sector 
by enhancing medical training, advancing assessments and care, widening access 
to services, and enriching patient experiences. According to Verizon’s Business 
Resources, the advanced visualization features of 5G can elevate patient care by 
allowing medical professionals to see complex anatomical structures in 3D. A study 
by health smart Taiwan (HST) outlines the capability of 5G-powered AR/VR to 
enhance diagnostic precision and minimize treatment errors. AT&T forecasts that 
5G will enhance AR/VR for healthcare by promoting high-quality video consul-
tations and remote patient monitoring. Tecknexus asserts that 5G will transform 
various sectors, including healthcare, through the integration of AI and AR/VR. 
Additionally, edge computing plays a vital role in optimizing the performance of 
AR/VR applications by facilitating data management closer to the user [12​​​–16].
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11.5.3 �T elemedicine and Remote Consultations

The growth of 5G technology will transform telemedicine and healthcare delivery 
by providing low latency, high-speed internet access, and increased bandwidth. This 
development will facilitate real-time remote patient oversight, remote surgical pro-
cedures, and enhanced patient care. With the advantages offered by 5G, physicians 
will have the capability to oversee patients from a distance and conduct surgeries 
in real time, significantly improving the quality of care. The augmented bandwidth 
from 5G allows for the efficient transfer of substantial data volumes, including medi-
cal images and videos, thereby enhancing remote patient care by enabling physicians 
to access and analyze information swiftly. Additionally, 5G will revolutionize emer-
gency management in smart cities through instantaneous communication and data 
exchange, enhancing response times and patient care quality. Data analytics will also 
see a boost from 5G, allowing for the collection and interpretation of large datasets 
to help healthcare providers make better-informed decisions. The enhanced mobile 
broadband (eMBB) aspect of 5G supports seamless video consultations between 
patients and healthcare practitioners, facilitating remote evaluations and treatment. 
This increases access to medical services, particularly for those in underserved or 
remote areas, while alleviating the strain on healthcare facilities.

11.5.4 �R emote Patient Monitoring

The architecture of a 5G-driven remote patient monitoring (RPM) system involves 
several critical elements and technologies as shown in Figure 11.6. IoT devices and 
sensors, such as smartwatches or patches, track essential parameters such as heart 
rate, blood pressure, and glucose levels, along with sensors positioned at home or in 
medical facilities to observe patients’ health states. The 5G network ensures high-
speed, low-latency, and dependable internet access, allowing for seamless data trans-
mission and real-time analyses.

Data from IoT devices and sensors is sent to centralized platforms for processing 
and evaluation, which can be integrated with electronic health records (EHRs) and 

FIGURE 11.6  Architecture of 5G enabled remote patient monitoring system
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various healthcare systems. Artificial intelligence (AI) and machine learning (ML) 
algorithms evaluate this information, identifying irregularities and alerting health-
care providers, as well as forecasting patient outcomes and suggesting personalized 
care plans. Patients can participate in video consultations with healthcare profession-
als through high-definition conferencing, which boosts engagement and reduces the 
necessity for in-person appointments. The analyzed data is visualized to give health-
care providers immediate insights into patient conditions, enabling more effective 
decision-making and improved health results. The 5G network also incorporates 
enhanced security measures, ensuring the confidentiality, integrity, and availability 
of patient data, with data encryption and secure storage being vital components of 
RPM systems. These systems are integrated into existing healthcare frameworks, 
such as EHRs and hospital information systems (HIS), allowing for smooth data 
sharing and coordination among various healthcare providers and facilities. Patients 
become active participants in their care through remote monitoring, fostering a pro-
active approach to health management, leading to better health outcomes and height-
ened patient satisfaction. Lastly, RPM systems are regularly evaluated and upgraded 
to assure optimal performance and patient health results [17, 18].

11.5.5 �R emote Robotic Surgery

The 5G technology enables remote robotic surgery, allowing surgeons to perform 
procedures from a distance. Figure 11.7 shows the 5G-enabled remote robots which 
can perform surgery. This technology overcomes geographic constraints and pro-
vides access to specialized surgical expertise, even in remote or underserved areas 
[19​​–22]. Researchers in China have reported the first successful robot-assisted remote 
radical distal gastrectomy (stomach surgery) using 5G technology (International 
Telecommunication Union, 2007). The procedure was conducted with minimal 
delays and no packet loss, highlighting the viability and safety of 5G-powered remote 
surgery. The promising advantages of 5G remote robotic surgery include broadening 
the availability of advanced surgical treatments for patients in remote or underserved 
areas, enabling specialized surgeons to operate on patients situated far away, facilitat-
ing remote training and collaboration among healthcare professionals, and enhancing 
emergency response effectiveness (Healthcare in Europe, 2020). Nevertheless, there 
are challenges and barriers that must be overcome. The extensive implementation of 
5G infrastructure in healthcare environments is still in progress, with larger, well-
funded hospitals likely to be the first to incorporate it. Issues concerning data secu-
rity and patient privacy must be resolved, alongside regulatory and liability matters 
related to remote surgical procedures. Looking ahead, as 5G technology progresses 
and becomes more widely integrated, remote robotic surgery is anticipated to gain 
greater traction. Innovations in areas such as haptic feedback and edge computing 
will further augment the functionalities of 5G-driven remote surgical systems.

The integration of 5G with other groundbreaking advancements, such as artificial 
intelligence and augmented reality/virtual reality, will drive further innovation in 
remote healthcare delivery. 5G-powered remote robotic surgery signifies substantial 
progress in healthcare, with the ability to enhance the availability of specialized 
treatments and revolutionize the provision of surgical services globally.
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11.6 � COMPARATIVE ANALYSIS OF FOURTH- AND FIFTH-
GENERATION TECHNOLOGIES IN HEALTHCARE

Table 11.1 highlights the main distinctions between fourth- and fifth-generation 
communication systems within the healthcare sector. Aspects such as data transfer 
speed, latency, Internet of Things (IoT) support, teleconsultation, and robot-assisted 
services were examined.

11.6.1 � Data Transmission and Speed

4G offers a data transmission rate of up to 100 Mbps, adequate for fundamental 
internet uses like website browsing and emailing. However, this performance falls 
short for applications that need rapid data movement, including video calls and 
streaming. On the other hand, 5G provides data transmission speeds reaching up to 
1 Gbps, enabling it to accommodate more demanding use cases.

•	 Latency: 4G experiences latency rates of 20–50 ms, which may result in 
delays in live services such as video calls. In contrast, 5G boasts latency as 
low as 1 ms, allowing for quicker communication.

•	 IoT Support: 4G has limited capacity to support IoT devices, hinder-
ing their integration into healthcare frameworks. Conversely, 5G enables 

FIGURE 11.7  5G enabled Remote robots perform surgery
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massive machine-type communication (mMTC), capable of managing a 
vast array of IoT devices and enhancing healthcare functionalities.

•	 Teleconsultation: 4G offers only basic capabilities for teleconsulta-
tion, reducing the feasibility of remote consultations. In comparison, 5G 
enhances mobile broadband (eMBB), allowing for swift data movement and 
minimal latency, making it ideal for telehealth interactions.

•	 Robot-Assisted Services: 4G presents scarce support for robot-assisted 
technologies, complicating their incorporation into healthcare solutions. On 
the flip side, 5G facilitates time-sensitive networking (TSN), offering low 
latency and high reliability suitable for robotic assistance.

•	 Connected Ambulances: 4G’s limited support for connected emergency 
vehicles hampers real-time monitoring and communication during crises. 
In contrast, 5G supports high-definition imaging and VR devices, provid-
ing immediate monitoring and communication capabilities in emergency 
situations.

•	 Security: While 4G has minimal security measures, making it susceptible 
to data breaches, 5G incorporates advanced security features, enhancing 
data protection and safety measures.

•	 Cost: 4G entails high setup costs and is not widely accessible, posing 
challenges for healthcare providers seeking integration. Conversely, while 
5G also comes with considerable implementation expenses, it promises 
improved healthcare operations and better patient outcomes, making it a 
worthwhile investment for medical providers.

•	 Overall, this analysis underscores the substantial variations between 4G 
and 5G technologies concerning healthcare. 5G delivers quicker data trans-
mission rates, reduced latency, better IoT integration, and fortified security 
features, rendering it a more appropriate choice for healthcare purposes.

11.7 � MICROSEGMENTATION

Microsegmentation is a leading security technique tailored to the complexities of 
5G-enabled healthcare environments. This method entails establishing smaller, dis-
tinct segments within the network, each managed by separate security protocols and 
access regulations. This granular segmentation allows organizations to better man-
age and protect sensitive data flows across the network [23].

In a 5G healthcare ecosystem, where multiple interconnected devices and appli-
cations coexist, the implementation of microsegmentation provides a robust security 
architecture. Should a security breach occur, microsegmentation limits the impact 
to the compromised segment, thereby minimizing the risk of lateral movement by 
malware or unauthorized users. This containment principle ensures that even if one 
segment is breached, the integrity and functionality of the rest of the network remain 
intact.

Microsegmentation can be achieved through several methodologies, each with 
distinct advantages:
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	 1.	Network Segmentation: This involves subdividing the network’s physi-
cal and virtual infrastructure into distinct segments, ensuring that sensitive 
applications and data are isolated from other less secure segments.

	 2.	Agent-Based Solutions: This approach deploys software agents on indi-
vidual workloads, creating barriers that enforce strict access controls and 
maintain isolation between segments.

	 3.	Network-Based Solutions: Utilizing existing network infrastructure—
such as load balancers, switches, and software-defined networks (SDNs)—
these solutions enforce security policies at the network level, providing a 
centralized mechanism to manage security configurations.

	 4.	Cloud-Native Controls: Leveraging the capabilities of cloud service pro-
viders, these solutions offer additional layers of security by utilizing built-in 
security features inherent to the cloud environment.

The advantages of applying microsegmentation in 5G healthcare systems are sub-
stantial. It reduces the attack surface significantly by constraining the spread of mal-
ware and unauthorized access. Improved insight into network traffic facilitates the 
quick detection and response to possible security threats. Furthermore, microseg-
mentation makes it easier to adhere to regulatory requirements, including the Health 
Insurance Portability and Accountability Act (HIPAA), by securely isolating sensi-
tive information and systems.

11.7.1 � Challenges in Microsegmentation Implementation

While microsegmentation provides a robust framework for enhancing network secu-
rity, its implementation can present challenges. The complexity of modern network 
architectures and the diverse range of security protocols can complicate deployment. 
Other issues include the investment costs required for infrastructure upgrades and 
the need to ensure interoperability among various network components and devices. 
Healthcare organizations must strategically navigate these hurdles, often necessi-
tating collaboration with cybersecurity professionals and investment in specialized 
training for staff.

11.8 � ZERO-TRUST ARCHITECTURE (ZTA)

Zero-trust architecture is a contemporary framework which operates on the principle 
of treating every device and user with suspicion by default, irrespective of loca-
tion within the network. Unlike traditional perimeter-based defenses, ZTA requires 
rigorous verification of identities and access permissions at every interaction point 
within the network. This ensures that even if an endpoint is compromised, attackers 
cannot move laterally throughout the network.

ZTA is particularly beneficial in 5G healthcare environments, characterized by 
a high volume of connected devices such as medical sensors, wearables, and IoT 
devices that create a substantial attack surface [24].



222 Digital Twin and Blockchain for Sustainable Healthcare 5.0

11.8.1 �K ey Principles of Zero-Trust Architecture

	 1.	Explicit Verification of Access: All access requests are verified using 
multi-factor authentication (MFA) and real-time validation processes, 
ensuring that only legitimate users gain entry to the network.

	 2.	Minimal Access Rights: Users and devices are granted only the essential 
permissions required for operations, thereby reducing exposure to sensitive 
information and decreasing potential attack surfaces.

	 3.	Assumed Breach: The ZTA model operates on the assumption that a 
breach could occur at any time, leading to continuous monitoring and pro-
active security measures.

	 4.	Microsegmentation: The network is divided into smaller, isolated seg-
ments, allowing for tailored security policies applicable to specific seg-
ments. This containment strategy hinders attackers from moving laterally 
even if they gain initial access.

	 5.	Ongoing Surveillance: Real-time observation of user behavior and net-
work traffic is crucial for the timely identification of irregularities and swift 
action against potential threats, ensuring a strong security framework in 
dynamic healthcare environments.

11.8.2 �F undamental Elements of Zero-Trust Architecture

•	 Authentication and Access Control (AAC): This system verifies user 
identities and implements access restrictions. AAC is essential for guaran-
teeing that only verified users can access particular resources.

•	 Policy Enforcement Engine: This element applies access control policies 
according to contextual variables, including user roles, device status, and 
data sensitivity, enabling real-time access determinations.

•	 Secure Access Service Edge (SASE): By integrating networking and 
security functions into a single cloud-delivered service, SASE enhances 
secure access to resources, enabling healthcare professionals to use various 
devices and locations without compromising security.

11.8.3 � Benefits of Zero-Trust Architecture

	 1.	Improved Security: ZTA reduces the exposure to potential vulnerabilities 
and implements stringent access restrictions, strengthening the organiza-
tion’s overall security framework. Segmentation and thorough verification 
processes collaborate to effectively mitigate potential threats.

	 2.	Enhanced Visibility: Continuous monitoring and detailed logging of 
network traffic and user behaviors provide healthcare organizations with 
a clearer understanding of their security landscape, enabling better threat 
detection and mitigation.



223Role of 5G in Healthcare 5.0

	 3.	Increased Flexibility: ZTA allows healthcare providers to adapt quickly to 
changing network and security requirements, supporting the integration of 
new devices and technologies without compromising security.

	 4.	Regulatory Compliance: By safeguarding sensitive data and enforcing 
strict access controls, ZTA assists healthcare organizations in complying 
with regulations such as HIPAA, ensuring that patient information is ade-
quately protected.

11.8.4 � Challenges in Implementing ZTA

While the benefits of ZTA are significant, healthcare organizations face several chal-
lenges in its implementation:

	 1.	Complexity of Network Environments: Transitioning to a ZTA model 
often requires a comprehensive overhaul of existing network infrastruc-
tures, which can be complex and resource-intensive. Healthcare organiza-
tions with legacy systems may find full integration particularly challenging.

	 2.	Scalability Issues: As the quantity of connected devices keeps expanding 
in healthcare environments, ensuring that the ZTA framework can scale 
effectively to accommodate this growth can be daunting. Organizations 
must design solutions that can adapt to increasing complexity without sac-
rificing security.

	 3.	Resource Constraints: Many healthcare organizations operate under tight 
budgets and limited IT resources, difficult to allocate resources for the 
essential technologies and staff to deploy

	 4.	User Training and Change Management: Educating staff about the prin-
ciples of ZTA and how to navigate the new protocols is crucial, yet it can be 
met with resistance or confusion. Effective change management strategies 
are essential to ensure that personnel are engaged and compliant.

	 5.	Interoperability with Legacy Systems: Integration of ZTA in environ-
ments with numerous legacy systems poses significant challenges in terms 
of compatibility and coherence. Organizations must ensure that legacy 
applications can work within the ZTA framework without compromising 
security or functionality.

11.9 � NETWORK FUNCTION VIRTUALIZATION (NFV)

NFV is a revolutionary idea that changes conventional networking by separating net-
work functions from specialized hardware devices. By leveraging IT virtualization 
technologies, NFV allows these functions to be implemented as virtual machines 
(VMs) or containers that run on commercial off-the-shelf (COTS) servers, switches, 
and storage devices [25].

This innovative approach revolutionizes how service providers deploy and manage 
network services, facilitating rapid scaling of resources on-demand while reducing 
both capital and operational expenses typically associated with dedicated hardware.
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11.9.1 �K ey Components of NFV

The backbone of NFV consists of three primary components:

	 1.	NFV: These are applications that run on software to provide essential 
NFV management and orchestration (NFV-MANO) capabilities, such as 
firewalls, load balancers, and routing. VNFs substitute physical hardware 
devices, offering enhanced flexibility and scalability.

	 2.	NFV Infrastructure (NFVI): This includes both the physical and virtual 
resources necessary to host VNFs. NFVI consists of computing power, stor-
age, and networking resources, forming the basis on which VNFs operate.

	 3.	NFV Management and Orchestration (NFV-MANO): This element over-
sees the lifecycle of VNFs and the NFVI. It guarantees smooth deployment, 
scaling, and administration of network operations and coordinates the inter-
relations among various VNFs to ensure optimal performance of services.

11.9.2 � Benefits of NFV

NFV offers numerous advantages for the healthcare sector, including:

•	 Increased Agility: NFV allows healthcare providers to rapidly deploy new 
services and scale resources according to fluctuating business and user 
demands. This agility is crucial for adapting to evolving healthcare chal-
lenges and patient needs.

•	 Cost Savings: By decoupling network functions from proprietary hard-
ware, organizations can significantly reduce both capital and operational 
expenses. NFV enables multiple VNFs to operate on a single server, improv-
ing resource efficiency and reducing the requirement for dedicated hardware.

•	 Enhanced Security: NFV creates a secure and isolated environment for 
VNFs, protecting network functions from unauthorized access and mali-
cious attacks. This isolation is critical in a healthcare environment where 
sensitive patient data is frequently under threat.

•	 Diverse Use Cases: Offers several important use cases in healthcare. It 
enables virtualized mobile base stations, allowing for quick scaling and 
cost-effective mobile services. NFV also supports content delivery net-
works that ensure fast and secure distribution of medical content and data. 
Additionally, it provides security functions such as virtual firewalls and 
load balancers to manage data flows securely and efficiently. Furthermore, 
NFV enhances network performance and minimizes latency, which is vital 
for telemedicine and instantaneous patient monitoring.

•	 Software-Defined Networking (SDN): NFV can be deployed either on its 
own or in combination with software-defined networking. SDN divides the 
network control plane from the data forwarding plane, easing better adapt-
ableness and programmability. When integrated with NFV, SDN offers 
a robust framework for developing and managing cost-effective, modern 
communication networks that can swiftly adapt to the evolving demands of 
the healthcare industry.
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11.9.3 � Challenges in Implementing NFV in Healthcare

Despite the considerable advantages of NFV, healthcare organizations face several 
challenges in its implementation:

	 1.	Complexity of Integration: Transitioning from traditional networking 
to NFV can be complex, especially in environments with legacy systems. 
Organizations may struggle with integrating NFV solutions into their exist-
ing infrastructures.

	 2.	Resource Allocation: NFV requires significant computational resources. 
Healthcare organizations must ensure they have adequate and appropriately 
configured COTS hardware to support the deployment and operation of 
VNFs and NFVI.

	 3.	Skill Gaps: There exists a critical skills shortage for IT professionals famil-
iar with NFV and virtualization technologies. This talent gap can hinder 
the successful implementation and ongoing management of NFV solutions.

	 4.	Security Concerns: While NFV inherently offers enhanced security 
through the isolation of VNFs, new vulnerabilities may arise from miscon-
figurations and improper management. Organizations should implement 
robust security measures and conduct regular assessments to reduce these 
risks.

	 5.	Interoperability Issues: With the proliferation of IoT devices and various 
applications, ensuring that VNFs can seamlessly interoperate with exist-
ing systems and maintain compliance with healthcare regulations (e.g., 
HIPAA) can be challenging.

	 6.	Latency and Performance Overhead: Introducing virtualization can 
sometimes introduce latency or performance overhead, which is crucial 
to monitor, particularly in time-sensitive healthcare applications such as 
remote surgeries or real-time patient monitoring.

11.10 � SOFTWARE-DEFINED NETWORKING

SDN has developed into a groundbreaking technology that strengthens the security 
infrastructure of Healthcare 5.0 networks. By decentralizing network management 
and enabling dynamic control over network resources, SDN addresses various secu-
rity challenges unique to the healthcare sector [26].

11.10.1 �K ey Security Features of SDN in 5G Healthcare

Separation of Control and Data Planes: The fundamental architecture of 
SDN divides the control plane, which is responsible for decision-making 
and management, from the data forwarding plane, which handles the actual 
data transmission. This distinction allows for centralized management and 
oversight of network traffic, facilitating improved monitoring and control. 
It simplifies the process of identifying suspicious activities and responding 
to potential dangers instantly.



226 Digital Twin and Blockchain for Sustainable Healthcare 5.0

Centralized Network Management: With SDN, healthcare organizations can 
consolidate their network management processes. This unified approach 
allows for consistent enforcement of protection policies across the entire 
network. Administrators can more effectively implement and update secu-
rity measures, which is crucial in a sector that must comply with strict data 
protection regulations.

Dynamic Policy Management: One of the standout features of SDN is its 
programmable interface that enables flexible policy changes. Network 
administrators can easily define and modify security protocols based on 
immediate conditions or emerging risks. This adaptability is important in 
a landscape where cyber dangers transform rapidly, allowing healthcare 
organizations to remain proactive rather than reactive.

Enhanced Response to Threats: SDN enables quicker identification and reac-
tion to security incidents. By analyzing traffic patterns in real time, SDN 
can detect irregularities indicative of security violations. Once a potential 
danger is identified, network administrators can swiftly implement pre-
defined response procedures to mitigate hazards.

Establishment of Secure Network Slices: With 5G technology, SDN sup-
ports the concept of network slicing, which allows for the establishment 
of several virtual networks within a single tangible network infrastructure. 
Each slice can be tailored to address specific protection needs, ensuring 
that confidential medical information is isolated from less critical traffic. 
This segmentation reduces the likelihood of data security incidents and 
improves overall protection.

Integrated Protection Functions: SDN simplifies the incorporation of 
advanced security features, such as firewalls, breach detection systems, and 
encryption protocols. Network administrators can implement these solu-
tions seamlessly within the SDN architecture, delivering an improved layer 
of safety for sensitive healthcare information.

Facilitating Secure Remote Access: Healthcare professionals often require 
remote access to systems to provide care efficiently. SDN can create secure 
access points that allow medical professionals to connect to the network 
without compromising information security. This capability is especially 
important for virtual medicine and distance patient monitoring, where 
maintaining information integrity and confidentiality is crucial.

11.10.2 � Challenges in Implementing SDN Security in Healthcare

While SDN offers numerous security benefits, there are hurdles that healthcare orga-
nizations must address:

Implementation Complexity: Transitioning to SDN from traditional net-
work architectures may be intricate and demanding in terms of resources. 
Healthcare organizations must ensure their personnel is sufficiently trained 
and equipped with the tools needed to effectively oversee a software-
defined network.
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Evolving Threat Landscape: The constant emergence of advanced 
cyber threats necessitates continuous adaptation of security protocols. 
Organizations must stay alert and invest in solutions that prepare them to 
combat threats aimed at healthcare data.

Reliance on the Controller: In SDN frameworks, the controller serves as a 
central management unit. If the SDN controller is breached, it could present 
severe security vulnerabilities. Organizations must ensure their controllers 
are extremely secure and resilient against attacks.

11.11 � BLOCKCHAIN FOR SECURING DATA EXCHANGE

The healthcare sector is experiencing a noteworthy shift with the introduction of 5G 
technology. With its ability to facilitate high-speed data transfer, minimal latency, 
and extensive connectivity, 5G is set to transform the delivery of healthcare services. 
However, as the dependence on digital information increases, the need for strong 
security protocols has intensified. This is where blockchain technology plays a cru-
cial role, providing a secure and decentralized method to safeguard and oversee 
healthcare data. Blockchain has gained recognition in the healthcare sector due to its 
capacity to offer a secure and reliable method to safeguard healthcare data. Through 
the use of a distributed ledger, blockchain guarantees that data is resistant to tam-
pering and accessible only to authorized users. This is vital in the healthcare field, 
where patient information is sensitive and requires stringent confidentiality.

The fusion of 5G and blockchain technology is revolutionary for the healthcare 
sector. With 5G’s capability to enable rapid data transmission and minimal latency, 
blockchain can be utilized to securely safeguard and oversee extensive healthcare 
data. This is essential for remote patient tracking, where patients’ information must 
be transmitted securely and efficiently. The integration of blockchain and 5G tech-
nology in healthcare presents numerous advantages: blockchain guarantees that 
healthcare information is tamper-resistant and accessible only to authorized users, 
offering a clear method to safeguard and oversee healthcare data, ensuring that all 
stakeholders share the same information. Furthermore, it automates various health-
care processes, lessening the reliance on manual data entry and enhancing efficiency. 
Additionally, it can improve patient care by providing healthcare professionals with 
instantaneous access to patient information, allowing them to make more knowl-
edgeable decisions.

11.11.1 � Challenges and Limitations

While the combination of blockchain and 5G advancements in healthcare pres-
ents numerous advantages, there are several obstacles and constraints to take into 
account. Blockchain can be sluggish and inefficient, especially when handling sub-
stantial volumes of data. Incorporating it with current healthcare infrastructures can 
be complex, necessitating considerable modifications to existing frameworks and 
procedures. Additionally, this solution must adhere to prevailing healthcare regula-
tions, which can be daunting and labor-intensive. The confluence of blockchain and 
5G in healthcare represents a groundbreaking method for secure data exchange. By 
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offering a safeguarded and clear approach to managing and overseeing healthcare 
data, blockchain can enhance patient care, lower expenses, and boost operational 
efficiency. Although there are obstacles and constraints to acknowledge, the merits 
of combining blockchain with 5G in healthcare are undeniable, making it an intrigu-
ing and promising field for research and innovation [27].

11.11.2 �E nhanced Data Encryption and Isolation

Data encryption is a powerful security method that converts sensitive details into an 
unreadable format, protecting them from unauthorized access, alteration, or theft. 
This complex process, referred to as cryptography, guarantees that only permitted 
individuals can interpret the encrypted content, making it inaccessible to malicious 
entities. In the healthcare sector, data encryption is an essential element of data pro-
tection. It safeguards sensitive patient details, such as medical files and personal 
information, keeping them confidential and shielded from unauthorized access. 
This is especially vital in healthcare, where patient privacy and safety are of utmost 
importance.

11.11.3 �T ypes of Data Encryption

Symmetric and Asymmetric Encryption: In symmetric encryption, the identical 
key is utilized for both the processes of encryption and decryption, which enhances 
speed but reduces security. In contrast, asymmetric encryption utilizes a private key 
that is possessed by the data owner and a public key that is provided to the recipient. 
Providing a higher level of security due to the lack of private key sharing.

To ensure robust data encryption in healthcare, organizations should implement 
the following best practices. Utilize industry-standard encryption algorithms such 
as AES to ensure the highest level of security. Encrypt data stored on devices, serv-
ers, or databases, as well as during transmission using protocols such as transport 
layer security (TLS). Allow selective encryption of sensitive data to ensure that only 
necessary information is protected. Manage encryption keys securely and efficiently 
to avoid illegal access. Define and implement encryption guidelines automatically to 
ensure compliance with regulatory requirements. Although it has challenges in real-
time practicality. Managing encryption keys is a critical part of encryption manage-
ment, requiring careful planning and execution.

11.11.3.1 Ensuring Performance and Security in Healthcare Data Encryption
Maintain encryption without compromising system performance, as this is vital for 
the complete effectiveness of healthcare organizations. Implement strong security 
strategies to safeguard from various threats, including brute-force and side-channel 
assaults. Adhere to applicable laws, such as the Health Insurance Portability and 
Accountability Act (HIPAA), to avoid legal and financial repercussions. By adopting 
effective data encryption solutions, healthcare organizations can uphold the privacy, 
integrity, and authenticity of sensitive patient information, shielding it from unau-
thorized access while ensuring regulatory adherence. Real-time network security 
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situational awareness involves actively monitoring network activity to quickly iden-
tify potential threats. This proactive strategy enables swift incident response, mini-
mizing the impact of security breaches on healthcare services [28].

11.11.4 � Continuous Identity Authentication

Authentication is essential for healthcare organizations to keep sensitive patient data 
safe. As cybersecurity is a major concern, strong authentication methods are needed 
to make sure only approved staff can access this information. Many healthcare pro-
viders use connected medical devices, which also need protection from cyber threats 
to ensure services run smoothly. Traditional password methods are not effective, 
as they are often weak or easily stolen. Passwordless authentication offers several 
advantages: it removes risks tied to passwords, reduces the hassle of remembering 
multiple passwords, and helps healthcare organizations comply with regulations 
such as HIPAA. This method allows for faster and more secure access to health 
information, improving patient care. The best way to authenticate in healthcare is 
through tap-and-login, which uses employee ID badges and smartphones as security 
keys. This system improves convenience and security, making sure only authorized 
personnel can view patient records. As the industry moves toward Healthcare 5.0, 
adopting passwordless authentication will be vital for protecting patient data [29].

11.11.5 �F ine-Grained Access Control

Fine-grained access control allows organizations to manage access to specific 
resources and data based on user roles and permissions. This strategy ensures that 
only authorized individuals can access sensitive information and systems, signifi-
cantly lowering the chance of unauthorized access and data breaches. Key com-
ponents of fine-grained access control include assigning users specific roles and 
permissions aligned with their job functions and access needs. These roles specify 
which resources and data each user can access. Access control lists (ACLs) outline 
the permissions for each user or team, defining what actions—such as reading, writ-
ing, executing, or deleting—they can carry out on particular resources. Additionally, 
attribute-based access control (ABAC) takes into account user characteristics, per-
missions, and other relevant factors to establish access rights.

Mathematical representation for fine-grained access control process:
The fine-grained access control process can be represented mathematically as 

follows:

	 1.	User Features: The attributes of a user are shown as a set P A i ni� � �� �:1 ,  
where Ai is the ith feature and n is the count of features.

	 2.	Authentication Information: The authentication information for a user is 
represented as UI username password certificate etc� � �, , , . .
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	 3.	Access Control Function: The access control function I A� � is defined as the 

configuring function of the user feature A, which satisfies:I A I A
i

n

i i� � � � �
�
�

1

,  

where I Ai i� � is the configuring function of the ith feature Ai.
	 4.	Access Identifier (AID): The AID is generated based on the user feature A 

and is represented as AID I P I A
i

n

i i� � � � � �
�
�

1

.

Fine-grained access (FGA) control offers several advantages, including the ability to 
significantly reduce the risk of unauthorized access and data breaches by managing 
access to particular resources and information. This control enables more accurate 
access management, eliminating the need for broad, generic permissions. It also assists 
organizations in meeting regulatory compliance by ensuring that access is granted 
based on clearly defined roles and permissions. Consequently, FGA control is an essen-
tial element of contemporary security frameworks. By regulating access to distinct 
resources and information according to user roles and permissions, fine-grained access 
control guarantees that only authorized personnel can access sensitive data and sys-
tems, further mitigating the risk of unauthorized access and data breaches [30].

11.11.6 �N etwork Slicing

The advancement of 5G technology has introduced network slicing, allowing opera-
tors to create various virtual networks, or “slices,” on a shared physical infrastructure. 
Each slice is tailored to specific use cases with unique resources and security set-
tings. While network slicing enhances security by isolating slices from one another, 
it also brings challenges. Managing many slices increases the risk of human errors 
that can lead to vulnerabilities. Operators must secure numerous slices, each requir-
ing careful configuration. This complexity can lead to weaknesses, with billions of 
potential attack points in a 5G network. To address security concerns, operators and 
security companies are developing solutions such as micro-segmentation and secu-
rity-as-a-service (SECaaS). These strategies aim to simplify management and pro-
tect against risks. In healthcare, 5G also faces security challenges. Providers should 
adopt advanced techniques such as micro-segmentation, zero-trust architecture, and 
artificial intelligence–based security. Additional measures such as improved data 
encryption and continuous identity authentication are vital for safeguarding 5G 
healthcare systems [31​–33].

11.12 � FUTURE TRENDS AND RESEARCH DIRECTION

The future of 5G in healthcare is hopeful, with numerous key trends and research 
directions emerging. Widespread deployment of 5G networks, especially in under-
privileged and rural areas, is crucial to ensure equitable access to 5G-enabled health-
care services. Leveraging 5G’s low latency and high bandwidth will enable more 
seamless, high-quality virtual consultations and remote patient monitoring while 
integrating 5G-enabled wearables, sensors, and IoT devices will facilitate continuous 
monitoring and early intervention for chronic conditions [34].
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Utilizing 5G’s data handling capabilities will enable real-time analysis of 
large healthcare datasets using machine learning and artificial intelligence, 
allowing for the development of predictive models and personalized treatment 
plans. The exploration of AR/VR applications in healthcare, such as remote sur-
gery, medical guidance, and patient rehabilitation, will also be enabled by 5G’s 
low latency [35].

Cybersecurity and data privacy considerations are essential to protect sensitive 
patient data in 5G-enabled healthcare systems. Ensuring robust security measures 
and developing comprehensive data governance outlines and rules will address pri-
vacy concerns and regulatory compliance. Blockchain, edge computing, and digital 
twins will enhance 5G healthcare applications and services.

Establishing clear regulatory guidelines and policies will support the widespread 
and secure implementation of 5G in healthcare, addressing issues such as liability, 
data privacy, and patient safety. Promoting awareness and understanding compre-
hension of the benefits and contests of 5G in healthcare among healthcare profes-
sionals, policymakers, and the general public will also be crucial. By tackling these 
emerging trends and research priorities, the healthcare sector can fully leverage 5G 
to enhance patient outcomes, improve healthcare delivery, and foster innovation 
within the industry.

11.13 � CONCLUSION

In summary, 5G technology has the potential to completely transform the healthcare 
sector by offering a dependable and strong framework for data transfer in real time, 
thereby facilitating telemedicine, remote patient monitoring, and other cutting-edge 
healthcare applications.

•	 By bridging the gap between patients and healthcare providers through 
latency at ultra-low, data transfer at high speed, and mMMC capabilities, 
5G will bridge the gap between patients and healthcare providers, allowing 
for more efficient and effective care.

•	 Enable telemedicine and remote patient monitoring to increase underprivi-
leged communities’ access to healthcare.

•	 Support instantaneous communication between medical equipment and 
healthcare providers, enhancing patient care and reducing errors.

•	 Facilitate the development of precision medicine and personalized treat-
ment plans through advanced data analytics and AI-driven insights.

•	 Improve emergency response times with real-time emergency dispatch and 
remote emergency services.

•	 Enhance patient engagement and empowerment through mobile health 
apps and wearables. In general, the implementation of 5G technology in 
the healthcare industry holds promise for revolutionizing the delivery of 
healthcare services, resulting in increased accessibility, efficacy, and effi-
ciency. 5G will be significant in determining how healthcare is delivered in 
the future as the healthcare sector develops.​​
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12.1 � INTRODUCTION

Blockchain’s usefulness extends far beyond just digital currencies such as Bitcoin. 
Think about how the identical technology that facilitates decentralized financial 
transactions might transform the oversight of medical records, clinical studies, and 
pharmaceutical distribution networks. Fundamentally, blockchain offers a perma-
nent, clear, and distributed ledger system that can dramatically transform our per-
spectives on trust, privacy, and efficiency within the healthcare sector.

During a period when the surge of patient information, rising expenses, and 
increasing cybersecurity risks burden healthcare systems, blockchain has the poten-
tial to act as a revolutionary technology that tackles several of the sector's essential 
issues [1]. By providing secure and immutable solutions, blockchain could enhance 
the focus on patients, reliance on data, and credibility in healthcare.

The healthcare industry faces numerous urgent challenges that influence not only 
providers but also patients, insurers, and policymakers. A primary concern is the 
security of data. Medical records are among the most private forms of personal infor-
mation, and as a result, they frequently become targets for cyberattacks. In 2020, 
breaches in healthcare data affected more than 22 million people globally, leading 
to a loss of patient trust, disruptions in care, and considerable financial repercussions 
for hospitals and insurance companies [2]. Existing methods of data storage, whether 
utilizing centralized cloud systems or traditional paper formats, are vulnerable to 
hacking, unauthorized access, and human error.

One significant challenge is interoperability. Usually, data does not flow smoothly 
between hospitals, laboratories, insurance companies, and pharmacies. This frag-
mentation of information results in care delays, unnecessary testing, and miscom-
munication among professionals, thus potentially hindering a patient’s treatment. 
Although we have seen improvements in electronic health record (EHR) systems, 
interoperability still faces obstacles [3].

Global healthcare systems deal with issues such as payment delays, bottlenecks, 
and opaque pharmaceutical supply chains. These issues may lead to increased 
expenses, fraud, and hold-ups in getting necessary prescription drugs. It is difficult 
for current procedures to promote responsibility and confidence between various 
healthcare facilities, especially when it comes to managing patient permission and 
the validity of clinical trials [4].
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Figure 12.1 illustrates the distribution of blockchain technology usage across var-
ious sectors [5], with a specific emphasis on the healthcare sector.

•	 Healthcare is highlighted as a significant sector, accounting for 25% of 
blockchain usage.

•	 Finance remains the dominant sector of blockchain implementation.
•	 The Supply chain sector also shows substantial use of blockchain.

In this chapter, we will discuss how blockchain technology can transform the  health-
care industry focusing on the key propositions of how blockchain can help address 
some  of the most significant challenges facing the healthcare system,  including 
inefficiencies, security of data, and interoperability.

Finally, this chapter will analyze some use cases of blockchain in various  medi-
cal areas. It will  emphasize the current uses of blockchain in areas such as clinical 
trials, pharmaceutical supply chains, and electronic health records. Through  these 
case studies, readers will learn about the current state of healthcare blockchain tech-
nology and its potential for future development.

FIGURE 12.1  Blockchain usage by sector



236 Digital Twin and Blockchain for Sustainable Healthcare 5.0

12.2 � BLOCKCHAIN’S ROLE IN ELECTRONIC 
HEALTH RECORDS (EHRS)

Electronic health records (EHRs) have transformed the management, access, and 
sharing of patient  data between distinct healthcare institutions [6, 7]. Electronic 
health  records (EHRs) allow authorized clinicians to see a patient’s full digital health 
record, diagnosis, treatments, lab findings, etc. [8]. This data streamlining reduces 
mistakes and ensures that the current and complete patient  information is utilized to 
steer healing choices. Although offering numerous benefits,  EHRs remain plagued 
by major issues: security, privacy, interoperability, and patient control over their own 
data [9]. Emerging technologies such as artificial intelligence (AI) and the Internet 
of Things (IoT) are helping healthcare systems grow both in sophistication and data 
demand, thus  prompting questions concerning the efficacy and sustainability of cur-
rent EHR systems.

One of the major concerns about conventional EHR systems is security. The 
majority of EHR systems currently in use are centralized in  nature, meaning they 
can be hacked from a single point, allowing their data to be erased or accessed by 
any number of unauthorized third parties. Threat actors typically target the health-
care sector to obtain financial records, medical  history, insurance details, and per-
sonally identifiable information (PII). In recent years, millions of patients have had 
their personal data compromised by high-profile breaches in the healthcare  sector, 
revealing the urgent need for tighter security protocols. Additionally, since hospi-
tals or other healthcare providers manage and maintain patient medical information, 
patients often have limited control over who can access their data.

Blockchain technology presents a promising solution to the challenges faced by 
traditional EHR systems. Blockchain's decentralized structure offers an innovative 
way to organize, share, and protect medical data. Its essential characteristics—dis-
tributed design, encryption, and consensus-based validation—make it particularly 
suitable for safeguarding sensitive health information and maintaining data integ-
rity within healthcare systems. By addressing many of the core issues associated 
with EHRs, blockchain can help establish a more patient-centered, transparent, and 
secure system for storing medical records [10, 11]. The distinction between block-
chain-based and conventional EHR systems is covered in Figure 12.2.

Several real-world examples show the potential of blockchain in enhancing EHRs. 
Estonia, one of the pioneers in digital healthcare, has successfully integrated block-
chain technology into its national healthcare system. More than a million patient 
records in Estonia are protected by blockchain technology, which guarantees that all 
medical data is secured and kept in a decentralized fashion. A new patient-centric 
approach to data management is being established in Estonia, where patients have 
complete control over their medical data and can provide access to healthcare profes-
sionals using cryptographic keys [12]. Another illustration is the blockchain-based 
platform MedRec, which was created by MIT researchers. With MedRec, patients 
can keep control of their medical records and only share them with those who need 
to know.
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FIGURE 12.2  Traditional vs blockchain-based EHR

12.3 � BLOCKCHAIN-BASED EHRS AND INTEROPERABILITY

Another significant problem facing the healthcare sector is the interoperability of 
conventional EHR systems. Frequently, disparate healthcare providers manage 
patient records using incompatible systems, which makes effective data sharing 
challenging or impossible. Incomplete medical histories, redundant testing, treat-
ment delays, and misunderstandings between healthcare professionals can all arise 
from this fragmented patient data caused by a lack of interoperability [13, 14]. 
Critical information on the patient’s care may be lost or delayed if, for instance, a 
patient visits several medical facilities for various treatments and these facilities are 
unable to exchange information easily. In addition to decreasing the quality of care, 
the fragmented nature of current systems puts more administrative strain on health-
care workers, who have to manually transfer or re-enter data into different systems. 
Figure 12.3 explains the challenges of EHR interoperability in healthcare.

FIGURE 12.3  Challenges of EHR interoperability in healthcare
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Data integrity remains a crucial aspect of conventional EHR systems. Ensuring 
the precision and validity of patient records in healthcare is essential, as even minor 
inaccuracies or omissions can lead to misdiagnoses, incorrect treatments, or other 
negative consequences [15]. Nonetheless, contemporary systems permit data manip-
ulation, whether on purpose or by accident, without proper audit trails. A lack of 
transparency can result in disputes regarding record accuracy. Moreover, this dimin-
ishes the trust patients have in their healthcare providers.

Many of these challenges are addressed through blockchain’s decentralized archi-
tecture. By utilizing a network of nodes for data sharing, blockchain diminishes the 
necessity for a central authority to manage patient records, thereby lowering the 
chances of data breaches and unauthorized access. Each transaction or update to 
patient records is encrypted and validated through a consensus mechanism among 
varied nodes, removing the risk of a single party modifying or tampering with the 
data undetected [16]. This ensures that patient records are secure and unaltered. 
Additionally, blockchain empowers patients to manage their medical information. 
Patients can retrieve their health records at any time they wish. They have the right 
to share their records with whoever they choose or to restrict access. The paradigm 
shift from doctor-oriented to patient-centered qualitative data governance is consis-
tent with the  vision of Healthcare 5.0, and advocates for a more individualized and 
patient-driven healthcare system [17].

In terms of interoperability, blockchain  presents a solution by building a uni-
versal and decentralized framework that different healthcare providers can adopt 
irrespective of the EHR system they use. The decentralized ledger under block-
chain technology  enables the presence of multiple parties to access and edit 
records in real time. This  would allow for easy data communication between 
clinics, hospitals, labs, pharmacies, and other healthcare organizations. For exam-
ple, a blockchain could be used to securely log a patient’s entire medical history 
across  various providers. This would allow  authorized physicians to access the 
data whenever they needed to, regardless of the systems that other providers use. 
Another feature of some blockchain constructs is smart contracts, which are self-
executing  contracts in which the terms of the agreement between buyer and seller 
are directly written into lines of code; their execution can ensure the sharing of 
sensitive patient information with the right individuals or organizations under the 
right context [18, 19].

Data entered into the blockchain is immutable, meaning data cannot be changed 
or tampered with retroactively, creating an  audit trail tracing back to the source. 
One of its main features is verifying the authenticity of  information such as 
patients’ files. Every update or change in a record is time-stamped  and connected 
to the prior transaction, creating a transparent, verifiable record of all the changes 
to a patient’s medical information. Since this level of traceability means that every 
change is always transparent and verifiable, it can help healthcare providers settle 
disputes about the accuracy of records, as well as help those providers demonstrate 
compliance with legal and regulatory requirements and  adherence to the stan-
dards of care and treatment, thereby contributing to more accountability for the 
healthcare system.
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12.4 � LITERATURE REVIEW

Patient data management is one of the most significant areas where Blockchain  can 
contribute to Healthcare 5.0. For instance, a blockchain system stores encrypted 
medical records in a decentralized ledger which secures  access to data only to 
authorized parties such as patients and healthcare providers with the help of cryp-
tographic keys. Medical information is protected from exposure, breaches are 
prevented, and patients  can access and manage their medical information. The 
papers [1, 5, 9] give  a broad survey on healthcare data security and their novel 
trends for addressing real-world challenges. The authors described the different 
prominent cryptography, biometrics, watermarking, and blockchain-based security 
approaches  for healthcare applications. The authors in [2, 10] have surveyed infor-
mation breaches that can occur on healthcare  data and indirectly raise healthcare 
costs. During clinical trials, blockchain  provides an innovative means of reducing 
operational burdens such as data breaches, enabled by the features discussed in 
paper [4, 20]. It raises key challenges  including data integrity, transparency, and 
trust of patients. Smart contracts can reduce administrative  overhead by automat-
ing regulatory compliance through reference to preset procedures. Following the 
principles of Healthcare 5.0, these features contribute to more efficient, safer,  and 
patient-centric clinical trial procedures. The papers [8, 9] discuss the privacy and 
security concerns of electronic health record storage, and the authors in the papers 
[10, 13] proposed blockchain as a cure to answer these concerns. As per the research 
published in [15, 11, 18] interoperability is also an important factor in electronic 
health records. The National Alliance for Health Information Technology 
defines interoperability as the ability of information technology systems and soft-
ware applications to communicate, and exchange data accurately, effectively, and 
consistently, and to use the information that has been exchanged to provide bet-
ter healthcare services. This includes seamless EHR (electronic health records) 
and other health data integration enabling a real-time and comprehensive patient 
health  profile to all relevant stakeholders. Interoperability, at its core, should enable 
data to flow freely  between different providers of care and ultimately improve 
patient care, ensure patient safety, lower unnecessary costs, and improve workflow. 
It allows various components of the data flow—hospitals, clinics, pharmacies, labo-
ratories, and insurance companies to seamlessly and efficiently  share and use data 
without additional work [12].

The current state of interoperability and data sharing in healthcare is character-
ized by significant challenges and advancements. Partial patient data collection can 
cause issues  when an individual patient needs to switch their primary care providers 
or when they are referred to a specialist, as their records are kept in a centralized 
system and often poorly connected to their medical history [21]. The 21st Century 
Cures Act and  similar regulations aim to advance better data sharing, but pervasive 
barriers such as inconsistent data standards, privacy issues, and outdated infrastruc-
ture prepare us to miss widespread, seamless interoperability [22]. Blockchain tech-
nology is proving to potentially overcome these challenges by allowing for secure, 
decentralized, and immutable information sharing, from  multiple organizations 
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[23]. It provides DLT (distributed ledger  technology), which allows the sharing of 
data about patients among various healthcare providers while ensuring the privacy, 
security, and integrity of the data. The entire data is encrypted, verified  , and stored 
in a series of nodes in a peer-to-peer network. Smart contracts  enabled by block-
chain, or automatic agreements, could determine who has access to private health 
information. By avoiding any modifications or alterations,  blockchain becomes a 
secure pathway for managing electronic health records (EHRs), ensuring data integ-
rity, accountability, and transparency [24, 25].

Healthcare delivery relies heavily on data, and data sharing and interoperability 
are vital for optimizing care delivery, driving patient safety, and overall operational 
efficiency. Clinicians can call up patient data from different health systems, assur-
ing that the healthcare decision that needs to be made  can utilize the best data 
available [26]. This further reduces the need to duplicate diagnostic  efforts, reduces 
the risk of medical errors, and enables smooth transitions between different health-
care settings. One of the major problems with EHRs—existing cyber threats and 
data breaches—is tackled by blockchain technology from a  security standpoint. 
Since healthcare data is highly sensitive as well as the number of data breaches 
also continues to increase thus  a more secure and resilient system is needed to 
protect it. Since blockchain is a decentralized technology, it is almost impossible for 
any  malicious agent to tamper with the data, providing better privacy and security. 
In addition, blockchain personnel remove the need for intermediaries from various 
transactions, thus decreasing administrative costs  and even improving the sharing 

FIGURE 12.4  Blockchain interoperability facilitating secure data exchange
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of information across healthcare systems [27]. Regulations such as HIPAA in the 
United States require organizations to protect health information and encourage 
secure, professional data sharing between systems [22]. This ledger-ability makes 
it easier for healthcare organizations to facilitate compliance with data protection 
regulations without compromising on data privacy, as blockchain exhibits  a clear 
audit trail (Figure 12.4).

12.5 � ROLE OF BLOCKCHAIN IN CLINICAL TRIALS

Arguably the biggest benefit of utilizing blockchain within clinical trials is the 
implementation  of an immutable ledger of all transactions performed during the 
trial. Each transaction, whether it is patient consent, data entry, or analysis, is then 
stored in a block which connects to its  previous block, creating an unbroken chain 
of blocks—hence the name blockchain. Unlike a conventional database, this chain 
operates  in a distributed manner such that no single organization oversees the data. 
Therefore, blockchain can minimize the risk of data manipulation, fraud,  or selec-
tive reporting which, in the past, has compromised trust in clinical trials [6, 7, 11].

By making the same records available to all users, transparency is improved 
in  blockchain. In a typical clinical trial, patient information is collected and stored 
in a centralized database that is often overseen by the sponsor  or research group. In 
contrast, blockchain technology relies on several nodes that each maintain an  entire 
copy of the ledger. This setup preserves the  integrity of the trial statistics by ensur-
ing that the other nodes will rapidly detect any attempt to change the information in 
one node [28].

One of the key features of  blockchain technology is smart contracts, self-exe-
cuting contracts with the terms of the agreement directly written into lines of code. 
These smart  contracts can simplify three processes in clinical trials: patient enroll-
ment, consent management, and data sharing as shown in Figure 12.5. As an illus-
tration, a smart contract may be created to allow for the automatic enrollment of a 
patient in a trial immediately after they have  consented to do so, conditional on the 
meeting of all legal and ethical requirements before trial initiation [29].

Moreover, smart contracts  facilitate data sharing among stakeholders. At pres-
ent, sharing clinical trial data can be complex and slow among researchers, sponsors, 
and regulatory agencies, often requiring many  middlemen. Using distributed ledger 
technology, blockchain can eliminate delays and ensure that all parties have access 
to the most up-to-date information, allowing for this process to be completed more 
quickly in a real-time manner with instant  access to the latest information for all 
parties involved.

Smart contracts  can enforce protocol adherence in trials, as well. For example, 
assume a clinical trial states a particular analysis must be  performed once a certain 
number of patients have been enrolled in the study, the smart contract will automati-
cally trigger the analysis once that threshold has been hit. This reduces the risk of 
data dredging or selective outcome reporting by making sure that the trial is con-
ducted according to the pre-defined plan as shown in Figure 12.5.
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Patient consent is one of the  most complex problems in clinical trials. For both 
ethical and legal reasons, it is important that patients fully understand what the  trial 
involves and consent to participate. Until now, there are a few challenges in patient 
consent that blockchain  can solve. After patients consent to join a trial, their consent 
is stored on the blockchain, making it easy for researchers, regulators, and auditors 
to  see that patients agree to the trial. This  is to maintain that patients' rights are 
upheld during the trial [30].

In addition,  by providing patients with greater control over their data, blockchain 
is able to empower them. Patients often lose both control and visibility over the 
usage of  their data after submission in traditional clinical trials. Using the block-
chain, patients retain control of their data and can grant or restrict access  as they 
please. This is consistent with the 21st-century movement toward patient-centered 
care, which sees people taking a more active role in deciding how and in what way 
their health care  and health [31].

12.6 � BLOCKCHAIN-BASED SMART CONTRACTS FOR SECURE 
REMOTE PATIENT MONITORING IN HEALTHCARE

Remote monitoring systems and  digital tools are values being accommodated by 
the Healthcare 1.0 industries to improve management outcomes. Once only in the 
hands of healthcare professionals, remote patient monitoring (RPM) has become 
widespread in its ability  to monitor real-time investor health information outside 
the walls of the typical healthcare environment, increasing the efficiency of health 
delivery. Yet the rapid proliferation of Internet of Things (IoT) devices, especially 
wearable medical sensors, has created new challenges regarding  data security, 
privacy, and interoperability. These devices—often called the Internet of Medical 
Things (IoMT)—produce vast amounts of sensitive medical information that must 
be securely transmitted, stored, and analyzed.

FIGURE 12.5  Smart contracts in clinical trials
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IoMT systems also have privacy and security issues,  but the supporting technol-
ogy—blockchain—has emerged as a promising solution [3, 4]. Originally conceived 
as  a decentralized ledger for the exchange of cryptocurrencies, the technology 
behind blockchain has been implemented in various sectors, including healthcare. 
The important property of blockchain is keeping secure, unalterable records, which 
is suitable  for controlling protected health information (PHI). The objective of this 
chapter is to cover how the data transfer between the users and service providers 
could be securely processed, monitored, and privacy compliant when using block-
chain-based smart contracts in a  remote patient monitoring (RPM) system [32, 23].

Essentially, blockchain technology is a distributed ledger that records transac-
tions  securely and in an unbreakable way across thousands of nodes. In the health-
care field, this technology is useful to record and authenticate patient  data, ensuring 
data cannot be altered after it has been placed into the system. With a  decentralized 
system, blockchain has enabled more secure and intact health data with no need for 
a central authority or third party to verify transactions. Besides that, blockchain is a 
public ledger that enables patients and healthcare providers to monitor all the activity 
related to medical records,  resulting in greater public and professional accountabil-
ity for the healthcare system [33].

Blockchain systems can be  divided into three main types: public, private, and 
consortium. Public blockchains (such as the ones  underlying the Bitcoin cryptocur-
rency) are fully decentralized and permissionless. On the other side, private block-
chains are limited to one organization, and consortium blockchains are controlled 
by  crosswise approved members. In healthcare, consortium blockchains tend to be 
the most favored because they  provide more control of access and privacy while 
keeping the benefits of decentralization.

Another important element of blockchain  in healthcare is smart contracts. 
These are self-executing contracts with the terms of the agreement directly written 
into  lines of code. Through smart contract automation, processes can be automated; 
this includes activating  alerts or recording transactions when specified guidelines 
are met without any human intervention as shown in the Figure 12.6. For example, 
in the field of healthcare, smart contracts can verify that all patient data from IoMT 
devices are securely processed and sent  to the relevant healthcare professionals in 
real time [34, 35].

Remote  patient monitoring is the continuous health gathering of measurable data 
via wearable or implanted medical devices. These devices monitor vital signs such 
as blood pressure, heart rate, and glucose  levels, sending the information to medical 
professionals for analysis. Real-time health monitoring made possible by RPM sys-
tems has improved patient outcomes, but there are serious issues with data security, 
privacy, and dependability [36].

The addition of smart contracts to RPM  systems ensures the secure and efficient 
handling of patient data by healthcare providers. Smart contracts work on executing 
predetermined rules  if some conditions are fulfilled. A contract could be set up, for 
example, to sound an alarm when a patient’s heart  rate exceeds a preset threshold. 
As well as ensuring that event-specific  medical intervention occurs in real time, 
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these contracts also log each and every action taken onto the blockchain, creating an 
auditable and immutable record of the event [37, 38, 39].

In a consortium blockchain, the data written by the smart contracts is  only acces-
sible to authorized users (such as hospitals, medical professionals, and equipment 
manufacturers). The  controlled access allows multiple organizations to utilize the 
technology while still keeping their patients secure. Also, the smart contracts here  can 
be personalized according to each patient’s monitoring and medical needs [40].

Security and Privacy: One of the key benefits of  blockchain technology in RPM 
systems is the ability to add security and privacy. Traditional  systems using on-
cloud data storage and communication of health data are susceptible to hacking, 
data breaches, and helpful access. However, the  decentralized aspect of blockchain 
means it is extremely hard to manipulate. All data written  to blockchain is immu-
table, therefore health information will always remain accurate and up-to-date.

In addition, blockchain systems can help  anonymize patient data. In the proposed 
model, patients are represented by anonymous addresses on the  blockchain., with 
which it is impossible to directly associate the health information about them. Such 
a requirement is essential for complying with privacy regulations such as HIPAA 
which requires that personally identifiable health information  is protected from 
unauthorized demonstration.

Blockchain  has the potential to not just augment patient data security but also 
promote transparency in healthcare. Patients can access their medical records and 
track all activities related to their  data from the moment it is collected by an Internet 
of Medical Things (IoMT) device until it is analyzed and used in making medi-
cal decisions. Such transparency allows patients to be in charge of their healthcare 
and  instills trust between patients and their providers [41].

FIGURE 12.6  Smart contracts automating agreements and transactions in blockchain 
networks
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12.7 � CONCLUSION

This study examined the utilization of blockchain technology in addressing key 
challenges in healthcare, including transparency, interoperability, and data  secu-
rity. Ever-present problems such as data breaches, information fragmentation, and 
inefficiencies across supply chains, clinical trials, and other  areas call for creative 
approaches. Blockchain offers patients increased autonomy along with a secure, 
decentralized layer for  processing medical data. The headline findings reveal how 
blockchain could improve EHRs, ensure  transparency in clinical trials, reduce the 
risk of counterfeit products in the pharmaceutical supply chain, and enhance data 
security in remote patient monitoring systems. These applications demonstrate the 
way blockchain can directly cut costs and encourage trust while creating a more 
effective, patient-centered  healthcare ecosystem. However, additional study is 
needed to tackle some challenges including scalability,  regulatory obstacles, and 
integration with emerging tech. Nonetheless, there are still challenges such as scal-
ability, regulatory hurdles, and integration with emerging technologies  that are yet 
to be explored. Research in  the future must seek to elude those obstacles in order 
to streamline the utilization of Blockchain. The blockchain-centric approach can 
seamlessly skyrocket the healthcare systems toward a more secure, transparent, and 
patient-first approach that would help  us in forming a potentially equitable future.

12.8 � FUTURE DIRECTIONS

With blockchain technology evolving, there are several opportunities for further 
research  and development in education, especially in healthcare. One possible ave-
nue is the combination of blockchain technology with other emerging fields such as 
big  data analytics and artificial intelligence (AI). Integrating AI with blockchain 
allows healthcare providers to access more in-depth information on patients, such 
as their medical history  and genetic makeup, for personalized treatment and care 
options. AI also has the potential to automate key management  processes which will 
help manage a very high number of IoMT devices more efficiently.

Another area  of future research is the development of more efficient consensus 
algorithms for blockchain systems. Existing consensus methods, including Proof of 
Work  (PoW), are resource-intensive and sluggish in nature. For such systems, new 
algorithms are being  designed that would aid consensus more quickly and in a more 
energy-efficient manner for blockchain to be more applicable in real-time and opera-
tional applications such as RPM and practical Byzantine fault tolerance (PBFT).​ ​

REFERENCES

	 1.	 Singh, A. K., Anand, A., Lv, Z., Ko, H., and Mohan, A. A Survey on Healthcare Data: A 
Security Perspective. ACM Transactions on Multimidia Computing Communications 
and Applications, 17(2s), 1–26 (2021).

	 2.	 Sung, J., Choi, M., Johnson, E., and Lee, J. An Event Study of Data Breaches and 
Hospital IT Spending. Health Policy and Technology, 9(3), 372–378 (2020).



246 Digital Twin and Blockchain for Sustainable Healthcare 5.0

	 3.	 Torab-Miandoab, A., Samad-Soltani, T., Jodati, A. et al. Interoperability of 
Heterogeneous Health Information Systems: A Systematic Literature Review. BMC 
Medical Informatics and Decision Making, 23, 18 (2023).

	 4.	 Omar, I. A., Jayaraman, R., Salah, K. et al. Applications of Blockchain Technology 
in Clinical Trials: Review and Open Challenges. Arabian Journal for Science and 
Engineering, 46, 3001–3015 (2021).

	 5.	 Ali, O., Jaradat, A., Kulakli, A., and Abuhalimeh, A. A Comparative Study: Blockchain 
Technology Utilization Benefits, Challenges and Functionalities. IEEE Access, 9, 
12730–12749 (2021).

	 8.	 Basil, N. N., Ambe, S., Ekhator, C., and Fonkem, E. Health Records Database and 
Inherent Security Concerns: A Review of the Literature. Cureus, 14(10), e30168 (2022). 
https://doi​.org​/10​.7759​/cureus​.30168

	 9.	 Keshta, I., and Odeh, A. Security and Privacy of Electronic Health Records: Concerns 
and Challenges. Egyptian Informatics Journal, 22, 177–183 (2021).

	 10.	 Shahnaz, A., Qamar, U., and Khalid, A. Using Blockchain for Electronic Health 
Records. IEEE Access, 7, 147782–147795 (2019).

	 13.	 Jabbar, R., Fetais, N., Krichen, M., and Barkaoui, K. Blockchain technology for health-
care: Enhancing shared electronic health record interoperability and integrity. In 
2020 IEEE International Conference on Informatics, IoT, and Enabling Technologies 
(ICIoT), Doha, Qatar, 2020.

	 15.	 Sreenivasan, M., and Chacko, A. M. Chapter 2 - Interoperability issues in EHR systems: 
Research directions. In: Kun Chang Lee, Sanjiban Sekhar Roy, Pijush Samui, Vijay 
Kumar (Eds.), Data Analytics in Biomedical Engineering and Healthcare, Academic 
Press, 2021, pp. 13–28.

	 17.	 Zarour, M., Alenezi, M., Ansari, T. M., Pandey, A., Ahmad, M., Agrawal, A., … & 
Khan, R. A. Ensuring Data Integrity of Healthcare Information in the Era of Digital 
Health. Healthcare Technology Letters, 8(3), 66–77 (2021).

	 18.	 Rasel, M., Bommu, R., Shovon, R. B., and Islam, M.A. Ensuring Data Security in 
Interoperable EHR Systems: Exploring Blockchain Solutions for Healthcare Integration. 
International Journal of Advanced Engineering Technologies and Innovations, 1(1), 
212–232 (2023), accessed on Oct. 23, 2024.

	 12.	 Soares, B., Ferreira, A., and Mota Veiga, P. The Benefits and Challenges of Blockchain 
Technology and eHealth Implementation in Estonia - A Literature Review. Appl Med 
Inform, 45(4), 118–131 (2023).

	 24.	 Han, Y., Zhang, Y., and Vermund, S. H. Blockchain Technology for Electronic Health 
Records. International Journal of Environmental Research and Public Health, 19, 
15577 (2022).

	 25.	 Schmeelk, S., Kanabar, M., Peterson, K., and Pathak, J. Electronic Health Records 
and Blockchain Interoperability Requirements: A Scoping Review. JAMIA Open, 5(3), 
ooac068 (2022).

	 26.	 Savage, M., and Savage, L. Doctors Routinely Share Health Data Electronically Under 
HIPAA, and Sharing With Patients and Patients’ Third-Party Health Apps is Consistent: 
Interoperability and Privacy Analysis. Journal of Medical Internet Research, 22(9), 
e19818 (2020).

	 27.	 Shelke, P., Sable, N. P., Dedgaonkar, S., and Mirajkar, R. Applications of Blockchain: 
A Healthcare Use Case. In: Anter, A. M., Elhoseny, M., and Thakare, A. D. (Eds.), 
Nature-Inspired Methods for Smart Healthcare Systems and Medical Data. Cham: 
Springer (2024).

	 20.	 Bapatla, A. K., et al. PharmaChain: A Blockchain to Ensure Counterfeit-Free 
Pharmaceutical Supply Chain. IET Networks, 12(2), 53–76 (2023).

https://doi.org/10.7759/cureus.30168


247Role of Blockchain in Healthcare 5.0

	 32.	 Khan, D., Jung, L. T., and Hashmani, M. A. Systematic Literature Review of Challenges 
in Blockchain Scalability. Applied Sciences, 11(20), 9372 (2021).

	 11.	 Xi, P., Zhang, X., Wang, L., Liu, W., and Peng, S. A Review of Blockchain-Based 
Secure Sharing of Healthcare Data. Applied Sciences, 12(15), 7912 (2022).

	 6.	 Sultana, T., Almogren, A., Akbar, M., Zuair, M., Ullah, I., and Javaid, N. Data Sharing 
System Integrating Access Control Mechanism using Blockchain-Based Smart 
Contracts for IoT Devices. Applied Sciences, 10(2), 488 (2020).

	 7.	 Gaynor, M., Gillespie, K., Roe, A., Crannage, E., and Tuttle-Newhall, J. E. Blockchain 
Applications in the Pharmaceutical Industry. Blockchain in Healthcare Today, 7, 
10.30953/bhty.v7.298 (2024).

	 14.	 Esmaeilzadeh, P. Benefits and Concerns Associated With Blockchain-Based Health 
Information Exchange (HIE): a qualitative study from physicians' perspectives. BMC 
Medical Informatics and Decision Making, 22, 80 (2022).

	 16.	 Kumar, R., Wang, W., Kumar, J., Yang, T., Khan, A., Ali, W., and Ali, I. An Integration 
of Blockchain and AI for Secure Data Sharing and Detection of CT Images for the 
Hospitals. Computerized Medical Imaging and Graphics, 87, 101812 (2021).

	 19.	 Li, T., Wang, H., He, D., and Yu, J. Blockchain-Based Privacy-Preserving and Rewarding 
Private Data Sharing for IoT. IEEE Internet of Things Journal, 9(16), 15138–15149 
(2022).

	 21.	 Liu, J., Li, X., Ye, L., Zhang, H., Du, X., and Guizani, M. BPDS: A Blockchain Based 
Privacy-Preserving Data Sharing for Electronic Medical Records. In 2018 IEEE Global 
Communications Conference (GLOBECOM), Abu Dhabi, United Arab Emirates, 2018, 
pp. 1–6. https://doi​.org​/10​.1109​/GLOCOM​.2018​.8647713

	 22.	 Bhosale, K. S., Nenova, M., and Iliev, G. A study of Cyber Attacks: In the Healthcare 
Sector. In 2021 Sixth Junior Conference on Lighting (Lighting), Gabrovo, Bulgaria, 
2021, pp. 1–6. https://doi​.org​/10​.1109​/Lighting49406​.2021​.9598947

	 23.	 Kumar, A., Singh, A.K., Ahmad, I., Kumar Singh, P., Anushree, Verma, P.K., Alissa, 
K.A., Bajaj, M., Ur Rehman, A. and Tag-Eldin, E. A Novel Decentralized Blockchain 
Architecture for the Preservation of Privacy and Data Security against Cyberattacks in 
Healthcare. Sensors, 22(15), 5921 (2022).

	 33.	 Nwosu, A. U., Goyal, S. B., Bedi, P. Blockchain Transforming Cyber-Attacks: 
Healthcare Industry. In: Abraham, A., Sasaki, H., Rios, R., Gandhi, N., Singh, U., and 
Ma, K. (Eds.), Innovations in Bio-Inspired Computing and Applications. IBICA 2020. 
Advances in Intelligent Systems and Computing, Vol. 1372. Cham: Springer (2021).

	 34.	 Guimarães, T., Duarte, R., Cunha, J., Silva, P., and Santos, M. F. The Role of Blockchain 
Technology in Ensuring Security and Immutability of Open Data in Healthcare. In: 
Machado, J.M., et al. (Eds.), Blockchain and Applications, 5th International Congress. 
Blockchain 2023. Lecture Notes in Networks and Systems, Vol. 778. Cham: Springer 
(2023).

	 35.	 Kumar, R., and Tripathi, R. Secure Healthcare Framework Using Blockchain and 
Public Key Cryptography. In: Choo, K. K., Dehghantanha, A., and Parizi, R. (Eds.), 
Blockchain Cybersecurity, Trust and Privacy. Advances in Information Security, Vol. 
79. Cham: Springer (2020).

	 36.	 Apostolaros, M., Babaian, D., Corneli, A. et al. Legal, Regulatory, and Practical Issues 
to Consider When Adopting Decentralized Clinical Trials: Recommendations From 
the Clinical Trials Transformation Initiative. Therapeutic Innovation & Regulatory 
Science 54, 779–787 (2020).

	 37.	 Omar, I. A., Jayaraman, R., Salah, K. et al. Applications of Blockchain Technology 
in Clinical Trials: Review and Open Challenges. Arabian Journal for Science and 
Engineering 46, 3001–3015 (2021).

http://www.10.30953/bhty.v7.298
https://doi.org/10.1109/GLOCOM.2018.8647713
https://doi.org/10.1109/Lighting49406.2021.9598947


248 Digital Twin and Blockchain for Sustainable Healthcare 5.0

	 28.	 Omar, I. A., Jayaraman, R., Salah, K. et al. Ensuring Protocol Compliance and Data 
Transparency in Clinical Trials Using Blockchain Smart Contracts. BMC Medical 
Research Methodology 20, 224 (2020).

	 29.	 Hang, L., Kim, B., Kim, K., and Kim, D. A Permissioned Blockchain-Based Clinical 
Trial Service Platform to Improve Trial Data Transparency. BioMed Research 
International, 2021, 5554487 (2021).

	 30.	 de-Melo-Diogo, M., Tavares, J., and Nunes Luís, Â. Data Security in Clinical Trials 
Using Blockchain Technology. In I. Management Association (Ed.), Research 
Anthology on Convergence of Blockchain, Internet of Things, and Security (pp. 607–
625). IGI Global (2023).

	 31.	 Hang, L., Chen, C., Zhang, L., and Yang, J. Blockchain for Applications of Clinical 
Trials: Taxonomy, Challenges, and Future Directions. IET Communications, 16, 2371–
2393 (2022).

	 38.	 Badri, N., Nasraoui, L., Azouz Saïdane, L. A Comprehensive Review of Blockchain 
Integration in Remote Patient Monitoring for E-Health. International Journal of 
Network Management, 34(2), e2254 (2024).

	 39.	 Kazmi, H. S. Z., Nazeer, F., Mubarak, S., Hameed, S., Basharat, A., and Javaid, N. 
Trusted Remote Patient Monitoring Using Blockchain-Based Smart Contracts. In: 
Barolli, L., Hellinckx, P., Enokido, T. (Eds.), Advances on Broad-Band Wireless 
Computing, Communication and Applications. BWCCA 2019. Lecture Notes in 
Networks and Systems, Vol. 97. Cham: Springer (2020).

	 40.	 Zaabar, B., Cheikhrouhou, O., Ammi, M., Awad, A. I., and Abid, M. Secure and 
Privacy-Aware Blockchain-Based Remote Patient Monitoring System for Internet of 
Healthcare Things. In 2021 17th International Conference on Wireless and Mobile 
Computing, Networking and Communications (WiMob), Bologna, Italy, 2021, pp. 
200–205.

	 41.	 Hossain Faruk, M. J., Shahriar, H., Valero, M., Sneha, S., Ahamed, S. I., and Rahman, M. 
Towards Blockchain-Based Secure Data Management for Remote Patient Monitoring. 
In 2021 IEEE International Conference on Digital Health (ICDH), Chicago, IL, USA, 
2021, pp. 299–308. https://doi​.org​/10​.1109​/ICDH52753​.2021​.00054

https://doi.org/10.1109/ICDH52753.2021.00054


249

13

13

Security Challenges and 
Mitigating Strategies 
of Digital Twin in 
Healthcare 5.0
A Review

Deep Solanki

13.1 � INTRODUCTION

A digital twin (DT) is a virtual representation of a physical object, system, or pro-
cess. It is a virtual counterpart or virtual replica of an actual physical entity. The 
digital twin is fed with real-time data gathered from actual physical entities with the 
help of sensors, cameras, recorders, and other equipment to replicate the actions and 
behaviors of real objects with the aim of reducing the errors in physical entities and 
identifying the improvements. The concept of digital twins was first introduced in 
2003 as a part of a course on product lifecycle management [1]. In 2012, researchers 
at NASA identified the need for digital twins for certification, fleet management, and 
sustainment of aerospace vehicles and formalized the concept of digital twins [2]. By 
using the advancements in the Internet of Things (IoT), machine learning (ML), and 
artificial intelligence (AI), digital twins can significantly improve real-time monitor-
ing, optimizing resources, predictions, and decision-making in various sectors [3]. 
Digital twins are a critical part of Industry 4.0 as they offer remarkable efficiency 
and sustainability across various sectors as shown in Figure 13.1. Applications of 
digital twins are extensive as they include sectors such as manufacturing, where 
manufacturers can optimize production. In urban planning, a digital twin simulation 
can help in identifying unsustainable errors and flaws in planning. In healthcare, 
organs and medical equipment can be virtualized for better and personalized treat-
ment [4]. However, along with the numerous benefits of digital twins, many security 
risks are also attached, which must be addressed to prevent the misuse of digital 
twins and maximize the potential of this technology. Some of the security risks are 
highlighted in Figure and Table 13.2.

Technological advancements in the healthcare sector are significantly transforming 
the treatment process. The technology of digital twins is one of those developments 
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that can truly revolutionize personal treatment. A digital twin can virtually represent 
the state of organs or the behavior of medical devices on a patient which is integrated 
with computational models to simulate the conditions and predict the outcomes that 
enable better decision-making and improvised and personalized healthcare experi-
ence [5]. Data for digital twins can be extracted from a variety of sources such as 
wearable devices (consisting of health sensors to detect heart rate, blood pressure, 
sugar level, oxygen level, etc.), imaging devices (such as X-ray machines, CT scans, 
MRI scans, etc.), and previous electronic health records. We can use this data for 
patient-specific treatments, precise diagnosis, simulate surgical procedures, predict 
the course of particular medical treatment, and avoid potential side effects. For exam-
ple, researchers have developed cardiac digital twins to model heart behavior, allow-
ing precise diagnostics and therapy adjustments for different heart conditions [6]. Also 
as long-term chronic diseases increase globally, digital twins offer a proactive way to 
monitor, manage, and predict the health of patients [7]. Even though digital twins in 
healthcare have enormous benefits, there are various security challenges which has to 
be considered as any cyber attack on the digital twin can directly harm the health of a 
person and it can have grave consequences in sensitive sectors such as healthcare [8].

While the advantages of digital twins are desirable, the security challenges can-
not be ignored. Digital twins are based on sensitive real-life and real-time data that 
can be manipulated by a cyber attack. Unauthorized access, data breaches, and ran-
somware attacks on these systems can have life-threatening consequences, disrupt 
medical work, and compromise patient safety [9]. Confidential information related 
to a person or digital resources can be compromised even if databases are encrypted 

FIGURE 13.1  Benefits of digital twins in the healthcare sector [38]
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if authentication and authorization mechanisms are weak which can reveal private 
and sensitive data critical for patient safety [10]. Further, researchers in the paper [11] 
classified four layers in the digital twin domain that are vulnerable to cyber-attacks. 
Digital twins have serious security concerns as they can be vulnerable to software 
attacks such as, privilege escalation, rogue virtual resources, virtual resource tam-
pering, extraction of private information, man-in-the-niddle, and denial of service 
along with many other attacks [11].

In this chapter, we have focused on identifying methods and procedures in health-
care where digital twins can be used and identifying some of the major security 
risks associated with digital twin technology. We have also provided a table of rem-
edies consisting of prevention and mitigation strategies for such risks. Our aim is to 
critically examine the utilization of digital twins in healthcare and enhance security 
architectures for the safe usage of the technology.

13.2 � ORGANIZATION OF THE CHAPTER

In Section 13.1, we gave a brief introduction to digital twins, their utilization in 
the healthcare sector, and the security challenges associated with such systems. In 
Section 13.3, we have given the literature survey of the existing schemes for the dif-
ferent use cases of DTs and analyzed various security risks associated with DTs in 
the healthcare sector. In Section 13.4, we have analyzed different protection mecha-
nisms that exist to secure the DTs. Section 13.5 is the conclusion of our chapter and 
finally, in Section 13.6, we have included references.

13.3 � LITERATURE SURVEY

Digital twin technology in healthcare can revolutionize the health industry. The 
concept of digital twins was first envisaged in 2003 [1] and it was formalized by 
NASA for regulation and certification of its aeronautical fleet [2]. Ever since, various 

FIGURE 13.2  Security issues with digital twins
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industries have found the usefulness of digital twins in their respective domains such 
as oil and gas [12], smart grids [13, 14], production control [15], water treatment sys-
tems [16], manufacturing [17​​​–21], automotive [22​​–25], and healthcare [3​​​​–8, 26​​​​​–32] 
along with many other sectors.

In the healthcare sector, digital twins could become an essential part of daily 
health services [33] due to their ability to clone physical organs and medical equip-
ment. Different twin clones could be used to examine the test results of various 
medications and their effectiveness over a long period [5]. We can use this technol-
ogy to simulate surgeries and treatment outcomes, for example, cardiac digital twins 
can show the changes happening in the heart and preventive measures that can be 
taken and it can also simulate the effective medications and treatments before a 
physical twin is damaged [6]. Development of medicine requires years of trials on 
both animals and humans which has many ethical and health challenges. A digital 
twin can help us not only to quickly develop medicines and treatment procedures but 
also reduce other dilemmas [8].

Although the concept and development of digital twins are still in their infant 
phase, many researchers have worked toward the development of digital twins of 
human organs. Such digital replicas of individual patients can help us study the 
nature of these organs in more detail and find novel treatment procedures. In the 
paper [26], researchers have developed a digital twin of liver development and the 
discovery of drugs. In the paper [6], the authors have identified ways to develop and 
utilize digital twins for the purpose of cardiology. The authors of the paper [28] used 
sensors to gather data and used IoT and AI models to generate virtual representa-
tions of lungs. In the paper [29], researchers followed machine learning, artificial 
intelligence, and statistical analysis–based approaches to use digital twins and they 
were able to improvise the diagnosis the eye diseases. The authors of [30] worked 
on bone-based digital twins to gain knowledge on different states of bone tissues. 
The researchers in [31] have categorized the mechanisms to accurately model the 
digital twin of skeletal muscle and areas of improvement needed for precise virtual 
replication. In the paper [32], the digital twin of a brain is conceptualized to fill the 
gap between the human brain and artificial intelligence where they have used brain 
functions, brain dysfunctions, and external interventions to model their digital twin. 
Table 13.1 contains works made in the area of developing digital twin organs.

However, these advancements are not stand alone as there are a number of secu-
rity risks associated with the concept of digital twins especially in the healthcare 
sector. We have analyzed the security risks and their impact in Table 13.2. Along 
with security risks, various methods of prevention and mitigation are also described 
in Table 13.3 that can help in understanding mechanisms to defend against such 
threats.

13.4 � ANALYSIS

In healthcare, digital twins are highly vulnerable as they are dependent on real-time 
data from interconnected sensors and devices, and manipulation of resources could 
lead to harm to the health of a person. Some of the major risks associated with digital 
twin technology and their impact on healthcare are mentioned in Table 13.2,
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As described in Table 13.2, unauthorized access, data manipulation, privacy 
breaches, IoT vulnerability, man-in-the-middle attacks, and malware attacks are 
major threats and they can have severe impacts on health, monetary damages, sensi-
tive data leakage, service disruptions, and reputational damages along with other 
consequences.

Having an understanding of attack vectors is not enough as the development of 
countermeasures against such attacks is also important to secure our digital and 

TABLE 13.1
Works on Digital Twin Models of Organs
Paper Work Toward Digital Twin Organ

[26] Liver

[6, 27] Heart

[28] Lungs

[29] Eyes

[30] Bones

[31] Skeletal muscle

TABLE 13.2
Security Risks Associated with DTs in the Healthcare Sector
Paper Security Risks Explanation of Risk Impact on the Healthcare Sector

[4] Unauthorized access Attackers gain access to
- Identity theft sensitive patient data.
- Misuse of patient data leading to compromised patient safety

[11] Data manipulation Modification of medical
- Could lead to misdiagnosis data or outputs in digital
- Incorrect treatment plans twins
- Risk to patient safety

[34] Privacy breaches Unauthorized exposure of
- Leakage of confidential medical history patient or operational data.
- Social stigmatization

[35]
[36]
[37] 

IoT vulnerability
Man in the middle 
attack

Malware attacks

Exploit interconnected
- Faulty medical simulations devices to feed inaccurate
- Inefficient device performance data to sensors
- Delayed emergency responses Attackers intercept
- �Unauthorized modification of critical treatment data communication 

between
- Service disruption digital twin systems.
DTs are insecure to
- System shutdowns traditional malware like
- Loss of critical patient records ransomware, worms,
- Financial and reputational damage spyware, trojans, etc. 
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physical assets. We have identified the strategies for the prevention and mitigation of 
an attack on digital twins which are grouped in Table 13.3.

As described in Table 13.3, prevention and mitigation strategies are listed for 
major attacks, unauthorized access, data manipulation, privacy breaches, IoT vulner-
ability, man-in-the-middle attacks, and malware attacks mentioned in Table 13.2.

13.5 � PREVENTION STRATEGIES

Prevention strategies are those sets of steps and actions that we use to prevent attacks 
from happening. It describes a plan that can be utilized to stop different types of 
attacks from occurring. For each vulnerability mentioned in Table 13.2, we have 
identified certain preventive measures.

For each mentioned attack in Table 13.2, we have identified the preventive mecha-
nisms to secure our digital twin assets shown in Figure 13.3.

13.5.1 �U nauthorized Access

13.5.1.1 � Role-Based Access Control (RBAC)
We can implement role-based access control (RBAC) [38] which is a mechanism 
to secure the authorization process. Figure 13.4 shows the role based access control 
mechanism to prevent unauthorized access. It allocates role-based permissions to 
users which makes users utilize only those parts of data to which they are autho-
rized. Permissions are given based on the user’s role in the organization. So if the 

TABLE 13.3
Prevention and Mitigation Strategies in the Healthcare Sector
Security Risk Prevention Strategy Mitigation Strategy

Unauthorized access [4] - Role-based access controls 
(RBAC) [38]

- Multi-factor authentication 
(MFA) [39]

- Revoke and reset the credentials [40]

Data manipulation [11] - Encryption [41]
- Blockchain [42]

- Data Hashing [43]

Privacy breaches [34] - Encryption [41]
- Secure access control [44]

- Isolation and containment [45]

IoT vulnerability[35] - Segmentation of IoT network 
[46]

- Secure authentication 
mechanism [47]

- Implement Security Orchestration, 
Automation, and Response (SOAR) 
in DTs [48]

Man in the middle attack 
[36] 

- Implement IDS/IPS [49] and 
firewalls [50]

- Cryptography based solutions [51]

Malware attacks [37] - Vulnerability management [52] 
- Host hardening [53]

- Threat mitigation [54, 55]
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patient wants to access their data they can access it using their role as patient but they 
can not use any other data. Similarly, doctors can access the data of their particular 
patients only but they can not access the data of other patients of other doctors. In 
the same way, digital twin model engineers can access the technical details but they 
can’t access patient’s data. However, above mentioned is just an example in reality, 
who is authorized for which data depends on the policy of access control [56].

13.5.1.2 � Multi-Factor Authentication
Another way to prevent unauthorized access is to implement multi-factor authenti-
cation (MFA). MFA is a process to authenticate the user multiple times using mul-
tiple methods as shown in Figure 13.5 [39]. It is possible that the attacker might 
be able to bypass the normal user-id and password mechanism by exploiting some 

FIGURE 13.3  Prevention strategies for security risks in digital twins

FIGURE 13.4  Prevention strategy—role-based access control (RBAC) [56]
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vulnerability. Therefore, having another layer of authentication such as biometrics or 
email/phone one-time password (OTP) can stop the attacker from gaining access to 
digital twin resources even after bypassing the first layer of defense [57].

13.5.2 � Data manipulation

13.5.2.1 � Encryption
One of the most effective ways to prevent data manipulation is to encrypt the data with 
cryptographically secure algorithms. By encrypting the data, we are preventing the 
attackers from understanding and analyzing the data Figure 13.6 shows the symmet-
ric and asymmetric cryptographic schemes for preventing data manipulations [41]. 
This makes it impossible to extract any meaningful information and change it accord-
ing to the attackers’ wishes. We can use both symmetric key (uses the same key 
for encryption and decryption) and asymmetric key (uses two separate keys known 

FIGURE 13.5  Prevention strategy—multi-factor authentication [57]

FIGURE 13.6  Prevention strategy—encryption [58]
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as public key and private key for encryption and decryption) for securing our data 
based on the requirement [58]. Encrypting the data not only prevents data manipula-
tion but also prevents privacy violations and misuse of data.

13.5.2.2 � Blockchain
Blockchain is a newly emerging technology where we are using a distributed data-
base for storing our data. Every change that we commit in the database will be 
reflected in the shared ledger across various devices [42]. An authorized change in 
one device will be inconsistent with ledgers of other devices and we can identify the 
attempt of manipulation [59]. Figure 13.7 shows the secure data storage mechanism. 
Blockchain is secure and decentralized records of transactions (changes) and digital 
twins can utilize it to maintain the integrity of the databases across various platforms 
and prevent data manipulations.

13.5.3 �P rivacy breaches

13.5.3.1 � Encryption
As discussed in Section 13.3.2.1, encryption converts the data into an unreadable 
format. Without having a decryption key [41], it is nearly impossible to crack cryp-
tographically secure encryption algorithms. Hence, even if our database is revealed 
to an unauthorized entity, it can not extract sensitive information about patients, sen-
sors, system configurations, or even metadata.

13.5.3.2 � Secure Access Control
It involves creating a policy of access control along with a secure encryption model. 
It is similar to role-based access control (RBAC) where we limit the permissions to 
access data based on their role in the organization. Apart from RBAC, relationship-
based access control and attribute-based access control are other ways to secure 
access control as explained in given Figure 13.8.

FIGURE 13.7  Prevention strategy—blockchain [59]
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13.5.4 �I oT Vulnerability

13.5.4.1 � Network Segmentation
Segmentation of the network is about dividing the larger network space into smaller 
subnets. By doing so, we are able to separate the devices from each other into differ-
ent subnets that prevent the attacker from compromising the entire network of IoT 
even if a single device gets violated [46]. By segmenting our digital twin derived 
from a network of IoT sensors we reduce the attack scope of a cyber attack. Network 
segmentation enhances the security of the network but it could also put additional 
administrative burden [60]. Figure 13.9 demonstrates how network segmentation can 
be implemented to enhance the security of a medical campus.

FIGURE 13.8  Prevention strategy—secure access control [65]

FIGURE 13.9  Prevention strategy—network segmentation [60]
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13.5.4.2 � Secure Authentication Mechanisms
In IoT-based digital twins, data is fed to the virtual twin through devices and sen-
sors. Each device can have its own vulnerabilities and can pose serious threats to 
the overall network and patient health. Access to each device must be secured with 
a suitable authentication mechanism to prevent the attackers from exploiting vul-
nerabilities in IoT devices’ networks. Authors in the paper [47] have developed a 
privacy-preserving authentication mechanism for digital twins using decentralized 
identity. Depending upon the requirement, various mechanisms for authentication 
are categorized into three types as described in Figure 13.10 [61].

13.5.5 �M an-in-the-Middle Attacks

13.5.5.1 � IDS in Digital Twins
Intrusion detection systems are used to identify malicious activities happening in 
the system host or network. IDS for digital twins is a relatively new idea where 
we identify signatures-based and statistical anomaly-based models to identify intru-
sion in the resources supporting virtual replicas. Given Figure 13.11 shows how IDS 
interacts with various layers. Man-in-the-middle attacks usually target the network 
channels to intercept the communication. Signature-based IDS uses the existing sig-
natures of attacks to detect and prevent future intrusion while statistical anomaly-
based IDS marks the behavioral patterns in normal conditions to identify variations 
(anomalies) that occur during the attack [49].

13.5.6 �M alware Attacks

13.5.6.1 � Vulnerability Management
Malware refers to malicious software designed to harm digital resources. Malware is 
designed to exploit the existing vulnerabilities in the system. There are many types 

FIGURE 13.10  Prevention strategy—secure authentication mechanism [61]
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of malware such as viruses, worms, ransomware, spyware, trojans, etc. where each 
has different functionality and exploits different types of vulnerabilities existing in 
the system [52]. To prevent these malware attacks we can implement vulnerability 
management. Figure 13.12 shows vulnerability prevention strategy. To secure the 
digital twins, patch management has to be implemented to remove such vulnerabili-
ties and secure our system resources [62].

13.5.6.2 � System Hardening
It is a mechanism to limit the default permissions of the system. Figure 13.13 displays 
different methods that we can implement for system hardening. In the case of digital 
twins, we can limit the functionality of the virtual system by removing unnecessary 
features that can potentially be exploited by malware attacks [53]. It involves closing 
open ports, blocking unrequired protocols, enforcing password complexity and pass-
word updation at regular intervals, removing unnecessary libraries, giving limited 
capabilities to users, allowing only updated versions of software, etc.

13.6 � MITIGATION STRATEGIES

Mitigation strategies are those sets of steps and actions that we use to prevent attacks 
from happening. It describes a plan that can be utilized to stop different types of 

FIGURE 13.12  Prevention strategy—vulnerability management [62]

FIGURE 13.11  Prevention strategy—IDS in digital twin [66]
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attacks from occurring. For each vulnerability mentioned in Table 13.2, we have 
identified certain preventive measures.

Prevention strategies are useful to prevent attacks while mitigation strategies are 
used when an attack has happened in our system and now we have to quickly elimi-
nate the threat and minimize the damage. Below, we have discussed mitigation plans 
that can be used if our digital twin is compromised. Figure 13.14 provides categories 
of mitigation techniques that we can utilize to counter different attacks.

13.6.1 �U nauthorized Access

13.6.1.1 � Revoke and Reset the Credentials
If suspicious activities of unauthorized access are confirmed, we should immediately 
revoke the existing credentials of users and assign them a new set of credentials [40]. 
Figure 13.15 demonstrates how we can revoke and reset credentials with immedi-
ate effect in the case of unauthorized access. If unauthorized access is caused due to 

FIGURE 13.13  Prevention strategy—system hardening

FIGURE 13.14  Mitigation strategies for security risks in digital twins
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credential leakages then we’ll be able to mitigate the threat immediately. However, if 
another vulnerability is exploited for unauthorized access then we’ll need a different 
strategy.

13.6.2 � Data Manipulation

13.6.2.1 � Data Hashing
One of the best ways to identify the manipulation in data is by using irreversible 
hash functions such as SHA-256, MD-5, etc. to generate the hash value. Further, we 
can integrate blockchain to improve the integrity of medical data in digital twins 
[43]. Even a single bit of data integrity violation will result in a completely different 
value of hash using which we can detect the violation in the data integrity. In case 
of manipulation, we can use data backup to restore to the point where the data was 
not manipulated and integrity was maintained. As shown in the given Figure 13.16, 
a minor change in the password field leads to a completely different value of hash 
which we can compare and identify manipulation in data.

FIGURE 13.15  Mitigation strategy—revoke and reset the credentials [67]

FIGURE 13.16  Mitigation strategy—data hashing
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13.6.3 �P rivacy Breaches

13.6.3.1 � Isolation and Containment
Once a privacy breach occurs we can not fully reverse the effect as data is now avail-
able to attackers who might generate multiple copies of breached data. However, we 
can reduce the effect of breaches by taking certain actions to stop the further spread 
and misuse of data such as isolating the databases, resetting credentials, restricting 
digital twins from accessing further sensitive data, contacting legal authorities to 
punish the culprits, and reducing the spread of the breach [45]. An incident response 
plan should be prepared to initiate the damage control and removal of threats quickly.

13.6.4 �I oT Vulnerability

13.6.4.1 � Implement SOAR in DTs
SOAR is an acronym for security orchestration, automation, and response and it is 
used for managing digital tools and resources. SOAR is a combination of manual 
and automatic responses to cyber attacks used to counter continuously emerging 
cyber threats. Countermeasures are defined in the “playbook” for different attacks 
to reduce the time of response action and mitigate the attack quickly. IoT devices 
used for digital twins are made up of multiple endpoint devices and sensors with 
complicated networks. A framework to utilize SOAR in IoT devices for digital twins 
is designed in the paper [63]. Here, Figure 13.17 shows how these mechanisms can 
be utilized together to provide robust security posture.

13.6.5 �M an-in-the-Middle Attacks

13.6.5.1 � Cryptography-Based Solutions
Using digital certificates, digital signatures, hashing, steganography, protocols, and 
encryption mechanisms can mitigate the security issue of man-in-the-middle attacks 
as shown in Figure 13.18 [64]. Physical entities and their digital twins are connected 

FIGURE 13.17  Mitigation strategy—implement SOAR in DTs [63]
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through sensors and devices. Any communication changes in sensors attached to 
digital twins could result in unreliable and false digital twin outcomes. To mitigate 
the attack, we can deploy cryptographic algorithms to establish confidentiality and 
verify the integrity of the communicated data.

13.6.6 �M alware Attacks

13.6.6.1 � Threat Mitigation
Different types of malware can sabotage the digital twin infrastructure in various 
ways. Such as ransomware can encrypt all the functionalities of digital twins for 
ransom, wiper malware can delete all the files and critical data, spyware can steal 
sensitive patient and model information, rootkits can grant unauthorized access to 

FIGURE 13.18  Mitigation strategy—cryptographic solutions

FIGURE 13.19  Mitigation strategy—malware threat mitigation [55]
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attackers, and many more [54]. Malware can be best mitigated by patching the vul-
nerability itself. Static and dynamic analysis can help identify and analyze the exist-
ing threats and mitigate them [55]. We can use forensic malware analysis methods 
presented in Figure 13.19 to understand, analyze, remove and recover from malwares 
and their negative effects in the digital twin infrastructure.

13.7 � CONCLUSION

In conclusion, we can say that it is clear that digital twins have tremendous potential 
to revolutionize the healthcare domain. It can replicate the physical organs, medi-
cal devices, and treatment procedures in the virtual space which will improve our 
decision-making and reduce the errors in the actual physical domain. However, there 
are several security challenges as well that can cause serious harm to patients if not 
taken seriously. Some of the major and critical challenges are analyzed in detail in 
the analysis. We also analyzed their prevention and mitigation strategies in detail 
which can be a guide for further development of other preventive and mitigation 
measures and strategies. Digital twins are still a new technology whose security 
aspects have not yet been explored in depth. Many unidentified challenges could 
still exist which is a scope of future study. If we can achieve a secure environment 
for digital twins to thrive then it can change the face of medical treatment forever. 
There are still many vulnerable aspects to discover and resolve before we fully adopt 
the technology. We hope that our work was helpful to readers in understanding the 
security issues of digital twins in healthcare and inspired them to work further in 
this field. ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
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14.1 � INTRODUCTION

Digital transformation of the healthcare  industry has been on an accelerated pat-
tern since the COVID-19 pandemic led healthcare professionals across the world to 
adopt new ways of delivering care without exposing themselves and their patients 
to unnecessary risk of face-to-face visits. With this digital healthcare revolution 
comes  one of its emerging trends—the combination of blockchain technology and 
digital twin technology, which has the potential to completely revolutionize the sec-
tor and become the cornerstone of Healthcare 5.0.

Digital twins, which are virtual representations of physical assets, processes, or sys-
tems, have already demonstrated their worth in various industries, including manufac-
turing and infrastructure. In the healthcare setting, digital twins can be used to create 
personalized models of patients, allowing for more accurate diagnosis, treatment, and 
monitoring. New healthcare highlights patient-centered care, which requires secure 
communication among multiple participants. Ensuring the safe exchange of patient 
data is critical but can often be a time-consuming and complex process.

By automating the data-sharing mechanism, a patient digital twin can simplify 
how the involved actors in care delivery (not only the providers but also the  payers, 
administrators, government agencies, community-based organizations, etc.) interact 
with each other while accelerating the realization of preventive and predictive inter-
ventions all while protecting patient data [18]. Blockchain’s intrinsic properties of 
decentralization, immutability, and transparency make it a compelling technology 
for healthcare applications, particularly  in the areas of electronic medical record 
management, supply chain tracking, clinical trials, and patient data management. 
Serious errors in the  medical domain, including some that may do more harm than 
good, are reliably detectable, using data from blockchain-based software. This, in 
turn, can potentially improve the effectiveness, safety, and transparency  of medical 
data sharing in the healthcare system.

The study in [2] explains the Internet of Things (IoT)-based blockchain along 
with digital twins along with the concept and architecture of this solution. The author 
explains the significance of this solution, mentioning the data integrity, security, and 
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transparency. The use of digital twins with blockchain can also enhance interop-
erability within healthcare systems, enabling  patients and different providers to 
seamlessly exchange information. However, due to the complex nature of healthcare 
systems and the novelty of  these technologies, their effective deployment necessi-
tates careful planning and validation.

Pilot projects play a critical role in bridging the gap between theoretical promise 
and real-world implementation by  providing a controlled environment for testing 
and refining these technologies. Pilot projects demonstrate  the impact of blockchain 
and digital twin technologies on clinical outcomes and operational efficacy, thereby 
providing a basis for assessing their feasibility in specific healthcare environments. 
They also provide a low-risk environment  in which to identify potential issues and 
remedy them before wider roll-out. Because pilot projects hold the promise of facili-
tating stakeholder engagement and buy-in, they provide bureaucrats an opportunity 
to evaluate the impact of blockchain on data management and physicians a chance to 
see firsthand how digital  twins improve patient care.

Pilots are needed to test  interoperability and integration with existing medical 
equipment, electronic health records (EHRs), and other digital systems. They also 
ensure compliance with strict legal requirements, such as the GDPR in  Europe or 
the HIPAA (Health Insurance Portability and Accountability Act of 1996) in the 
United States. The feasibility of the pilot programs is another key element such as 
planning resources and  scalability. Learnings and best practices from successful 
pilot projects, including documentation on technology integration, workflow modi-
fications, stakeholder training, and  impact measurement, can be applied for future 
implementation. Additionally, they promote an innovative culture that regularly 
explores and tests new concepts and technology [1, 4].

14.2 � ARCHITECTURE OF DIGITAL TWIN AND 
BLOCKCHAIN-BASED HEALTHCARE SYSTEM

With the healthcare industry turning toward blockchain and digital twin technol-
ogy, a smooth and secure workflow  is ensured. First, patients’ data such as medi-
cal records, diagnostic information, and real-time sensor data need to be securely 
stored in a blockchain  network. This blockchain-enabled data-storage mechanism 
will enable transparency and trust in the healthcare  system through data integrity 
and transparency of the data tracing process. This blockchain data is then used in 
conjunction with other relevant information to create a digital twin, a digital repre-
sentation  of the patient. By acting as a thorough model of the patient’s current state 
of health, this digital twin enables medical professionals to model, examine, and 
anticipate possible problems. [3]cancer

Healthcare providers can access the digital twin  of the patient and interact with 
it to guide personalized treatment protocols and make adjustments. The underlying 
blockchain technology ensures that every interaction and change with the digital 
twin is recorded and immutable, enhancing accountability and  providing a secure 
audit trail. Figure 14.1 is an architectural  diagram for the healthcare blockchain-
based digital twin showing interactions between different components.
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14.3 � PILOT PROJECTS OF DIGITAL TWINS AND 
BLOCKCHAIN FUSION FOR HEALTHCARE 5.0

Many pilot engagements in  recent years have been related to blockchain and digi-
tal twin convergence in healthcare. These  pilot projects explore ways in which this 
combination can be used to address the opportunities and challenges posed by the 
new Healthcare 5.0 paradigm. One of these pilot  projects focused on a transparent 
and secure way of tracing pharmaceutical products in the supply chain using block-
chain technology and digital twins [7].

This was a pilot project  to boost the integrity and admissibility of the pharma-
ceutical supply chain and ultimately help patients by leveraging digital twins’ real-
time monitoring and control features along with blockchain’s heightened security 
and transparency [5, 7, 8]. A separate pilot study examined the potential of block-
chain and digital twins  for decentralized management of healthcare data, enabling 
individuals to own and control their personal data and facilitate the exchange of data 
between healthcare providers in a secure manner.

Patients will gain greater control over their health information, which may encour-
age accountability and transparency in the healthcare system [5​–7]. By enabling 
the seamless exchange of information between different healthcare providers and 
patients, the integration of blockchain technology and digital twins can also enhance 
the interoperability of healthcare systems.

14.3.1 �P roject (No. 2018AAA067): Chronic Disease 
Management via Digital Twin and Blockchain

Chronic disease management (CDM) is one of the most significant challenges in 
global healthcare systems. Traditional methods of managing diseases such as 

FIGURE 14.1  Architectural diagram of the blockchain-based digital twin for healthcare
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diabetes, hypertension, and cardiovascular illnesses require constant monitoring, 
timely interventions, and data management. However, with advancements in digital 
technologies, innovative approaches, for example, digital twins, virtual replicas of 
physical systems, enabling real-time analysis and simulations, enhancing decision-
making and operational efficiency, and blockchain for security and transparency 
[9] have emerged to address these challenges. One such transformative initiative 
is taken by the National Natural Science Foundation of China (No. 81974355 and 
No. 82172525), the National Intelligence Medical Clinical Research Center (No. 
2020021105012440), and the Hubei Province Technology Innovation Major Special 
Project (No. 2018AAA067) project [10], which leverages digital twin and blockchain 
technologies to revolutionize chronic disease management. A digital twin is a virtual 
representation of a physical system, in this case, a human body. For chronic disease 
management, a digital twin can replicate a patient’s biological processes, continu-
ously collecting real-time data from wearable devices, sensors, and medical records. 
The digital twin then uses AI and machine learning algorithms to simulate how the 
patient’s condition might evolve, predict potential complications, and suggest per-
sonalized treatment plans.

The project harnesses the potential of digital twins to improve the management 
of chronic conditions by simulating disease progression, digital twins can forecast 
the likely future outcomes of a patient’s condition, allowing for preventive measures 
before symptoms worsen.

Based on real-time vital sign monitoring and other pertinent health data, each 
patient’s digital twin can assist medical professionals in developing a customized 
treatment plan. Because their health data is continuously monitored remotely, 
patients do not need to attend clinics on a regular basis. This improves patient out-
comes while lessening the strain on healthcare systems. The effectiveness of treat-
ment can be assessed instantly. In order to maximize patient care, changes can be 
taken right once if a treatment plan is not producing the expected outcomes.

Making sure that data flows securely and transparently is one of the major issues 
in managing chronic diseases. This is addressed by blockchain technology, which 
offers a decentralized, impenetrable record that guarantees data confidentiality, 
transparency, and integrity. Because blockchain technology is decentralized, patient 
data is safe, unchangeable, and impossible for unauthorized parties to alter. When 
handling private health data, this is essential. Blockchain makes it possible for vari-
ous insurance companies, healthcare providers, and other stakeholders to efficiently 
and securely access patient data. The smooth exchange of information improves 
patient care coordination. Blockchain gives individuals greater control over who can 
access their health information and when. People are now empowered to actively 
manage their conditions thanks to the shift toward patient-centered data manage-
ment. An overview of the information processing is shown in Figure 14.2.

The authors in [10] conducted a case study focusing on chronic diseases, for 
example, cardiovascular diseases, diabetes, and pulmonary diseases. The patient 
uses wearable devices [14] to monitor and gather health-related data continuously. 
These devices, equipped with smart technology and embedded intelligence, serve as 
a bridge between the physical and digital aspects of healthcare. By leveraging edge 
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and fog computing, blockchain technology, and cloud-based digital twin mod-
els, healthcare providers can not only monitor patients in real time but also predict 
potential health risks and devise personalized treatment plans.

14.3.1.1 � Wearable Devices: A Source of Smart Data
Wearable devices, such as smartwatches, fitness trackers, and health monitoring 
sensors, have become integral tools in modern healthcare. Numerous physiological 
data, including heart rate, body temperature, blood oxygen levels, sleep patterns, and 
physical activity, can be monitored by the sensors built into these devices. These 
wearables are unique because of their inherent intelligence, which enables them to 
analyze information locally, react to changes, and adjust to the wearer’s surroundings.

The data generated from wearable devices is rich in detail. It offers constant, up-
to-date data on a patient’s condition, enabling prompt actions as needed. An impor-
tant development is the move to continuous monitoring from periodic data gathering, 
which is usually observed in conventional healthcare settings. Wearable technology 
gathers data continuously, providing medical professionals with information about 
a patient’s changing health that was previously impossible to obtain through routine 
examinations.

14.3.1.2 � Edge and Fog Computing: Optimizing Analytics
Effective data processing is needed in light of the huge amount of data generated 
by wearable technology. Fog computing and edge computing come in handy in this 

FIGURE 14.2  Flow of information in digital twin and blockchain-based healthcare system 
[10]
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case. Real-time analysis and faster decision-making are enabled by these paradigms 
of computing, which bring data processing nearer to the source.

•	 Edge computing is a method in which data is processed directly on the 
wearable device or on a local node in the vicinity (such as a smartphone or a 
specialized gateway). This is especially useful for low-latency applications 
that must analyze data immediately. To guarantee that critical health events 
are dealt with in real time, a wearable device, for example, can immediately 
ring an alarm if it recognizes an abnormal heartbeat.

•	 Fog computing introduces an intermediary layer between the edge devices 
and the cloud, fog computing builds upon the concept of edge computing. 
Distributed data processing facilitated by this layer lightens the load of the 
cloud and improves productivity. Fog computing is often used when more 
complex analytics that cannot be processed on the edge are needed or when 
there are limitations on the computational capability of the edge devices. 
This model directs data through local network infrastructure instead of pro-
cessing it on the wearable device directly.

Both edge and fog computing improve the responsiveness of healthcare systems by 
reducing the latency with data transmission to central cloud servers. Healthcare pro-
viders can decide whether analytics be done in the fog layer or at the edge depending 
on the data being harvested and the resource requirements. Although more complex 
tasks, such as pattern detection in long-term data, may be done in the fog or even 
shipped to the cloud, less complex tasks, such as monitoring a patient’s heart rate, 
may be conducted on the edge.

14.3.1.3 � Medical Blockchain: Secure Data Storage
Maintaining data privacy and security is a top priority while dealing with medical 
data. Sensitive health information is being gathered continuously by wearable tech-
nology, so protecting this data from tampering and unauthorized access is essential. 
A decentralized, immutable ledger for storing patient data is offered by a medical 
blockchain. An open and secure history of a patient’s medical record is guaranteed 
by the fact that the blockchain cannot be altered or deleted once data has been input. 
Since blockchain technology is distributed, data is not stored in a single location, 
which minimizes the possibility of hacking or data breaches.

Blockchain technology enables ensuring that patient data is traceable and unpen-
etrable when it comes to wearable technologies. Healthcare professionals and other 
approved individuals can access the secure record formed when wearable devices 
send information to a blockchain. This maintains the integrity of the patient’s medi-
cal records and ensures accountability. Healthcare providers are certain that the 
original data is secure even in the case that cloud servers get hacked by saving it 
on the blockchain before uploading it to the cloud. Also, smart contracts enabled by 
blockchain can make certain healthcare procedures automated, such as notifying 
physicians if a patient’s vital signs stray outside a safe range.



275Digital Twin and Blockchain for Healthcare 5.0

14.3.1.4 � Digital Twin, Diagnosis, Management Models on Cloud
The information is transferred to the cloud for processing and analysis once it has 
been stored securely on the blockchain. Cloud is the optimal platform for digital twin 
model building because it is necessary for the handling of vast amounts of informa-
tion that require lots of processing capabilities. A digital twin is a virtual image 
of an actual person, in this instance a patient. Healthcare providers can simulate a 
patient’s health, predict potential outcomes, and enhance treatment protocols by cre-
ating a digital twin of the patient. The patient’s medical history, lifestyle habits, and 
environmental conditions are some of the other relevant medical information that the 
digital twin integrates with the information from the wearable devices. The cloud 
facilitates easier creation of management models, diagnostic modes, and twin mod-
els, which are which are essential for personalized medicine. These models enable 
health professionals to:

•	 Simulate different treatment options to see how a patient might respond.
•	 Diagnose potential health issues by comparing the patient’s current data 

with historical patterns.
•	 Manage chronic diseases by continuously monitoring the digital twin and 

adjusting treatment plans in real time.

For example, if a patient with diabetes wears a continuous glucose monitor, the data 
from the device is sent to the cloud, where the digital twin can simulate the patient’s 
metabolic responses to different foods, medications, and lifestyle changes. Based 
on these simulations, healthcare providers can recommend personalized treatment 
plans tailored specifically to the patient's unique needs.

14.3.1.5 � Personalized Treatment Plans
Digital twins are expected to  create personalized treatment plans as the end goal. 
Rather than follow generalized treatment protocols, doctors can customize interven-
tions tailored to  a detailed understanding of the patient’s health, as modeled by their 
digital twin. Medical professionals  can:

•	 Adjust medications based on real-time data.
•	 Recommend lifestyle changes that are backed by predictive analytics.
•	 Monitor patients remotely, allowing for early detection of potential 

complications.

The combination of real-time data from wearable devices, advanced analytics via 
cloud-based digital twins, and secure data storage through blockchain creates a 
powerful system for managing chronic diseases and improving patient outcomes. 
Personalized treatment plans can be adjusted dynamically based on the latest data, 
ensuring that each patient receives the best possible care tailored to their specific 
health conditions.
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14.3.1.6 � Findings of the Case Study
Making full use of scattered real-time multidimensional data requires the estab-
lishment of structured and intelligent multidisciplinary integration as well as the 
iteration and innovation of machine learning and AI for the high-performance calcu-
lation of data [11], yet there are challenges in handling different formats:

•	 Integrating data streams (e.g., heart rate and glucose levels) collected at 
different timescales presents difficulties in synchronization and alignment 
for analysis.

•	 Determining gait abnormalities from movement data is computationally 
complex and requires advanced analytics.

•	 Environmental data may need to be integrated with physiological and 
behavioral data to make sense of certain conditions (e.g., increased heart 
rate due to hot weather). Establishing these relationships is complex, espe-
cially when trying to assess the combined impact of environmental factors 
on health.

•	 Finding correlations between different types of data, such as how physical 
activity affects glucose levels or how environmental temperature impacts 
heart rate, requires sophisticated analytics. These relationships are often 
nonlinear and context-dependent, adding further complexity to the integra-
tion process.

•	 In addition to sensor-based data, many wearable platforms allow patients to 
enter data manually. Self-reported data can be inconsistent and subjective. 
Patients may not log data accurately or may provide data at irregular inter-
vals, making it difficult to integrate with objective sensor-based data. The 
data may be incomplete or missing, which can lead to gaps in the analysis 
and complicate efforts to build a comprehensive health profile [12].

14.3.2 �P roject BreathEasy: Digital Twins of Lungs to 
Improve COVID-19 Patient Outcomes

The onset of the COVID-19 pandemic placed unprecedented stress on healthcare 
systems worldwide, with respiratory complications, particularly those requiring 
ventilator support, being at the forefront of patient management challenges. Project 
BreathEasy was born out of the need to improve outcomes for patients with severe 
respiratory issues caused by COVID-19. This innovative project, led by OnScale, 
revolves around the use of digital twin technology to model patient lungs and opti-
mize the use of ventilators.

By simulating various ventilation strategies for each patient, the project aims to 
personalize treatment regimens, minimize the potential harm associated with put-
ting patients on ventilators, and ultimately save more lives [13].

Digital twins are virtual replicas of real-life objects or systems, updated to reflect 
data in real time, to accurately represent their physical counterparts. In health-
care, this concept is extended to create digital replicas of organs, tissues, or entire 
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physiological systems. Project BreathEasy aims to construct highly detailed,  patient-
specific digital models of lungs. Using patient-specific data—for  example, medical 
imaging, lung capacity, and disease severity—the project constructs simulations 
that are capable of predicting how various treatments will affect individual patients, 
especially mechanical ventilation.

Advanced  fluid dynamics simulations are used to generate the digital twin mod-
els. Such data-driven models enable a dynamic and real-time representation of air-
flow and gas exchange in the lungs of ICU patients, which could also help clinicians 
decide  on appropriate ventilator settings. Conventional strategies in the manage-
ment of ventilator mechanics are based on broad guidelines that do  not necessar-
ily account for the individual-specific respiratory mechanics and result in impeding 
rather than facilitating optimal care. This  more personalized strategy is only enabled 
by the digital twin approach.

14.3.2.1 � The Critical Role of Ventilators in COVID-19 Care
For patients whose lungs cannot operate well on their own, mechanical ventila-
tors are life-saving devices. However, inappropriate or extended ventilator usage 
can result in ventilator-induced lung damage (VILI), which makes recovery even 
more difficult for patients, especially those with acute respiratory distress syndrome 
(ARDS), a serious and frequent COVID-19 consequence.

Ventilators function by forcing oxygen into the lungs and assisting patients in 
releasing carbon dioxide; however, depending on the patient’s state, settings such 
as the air delivery pressure and volume must be carefully adjusted. Unfortunately, 
a one-size-fits-all approach to ventilator settings might result in difficulties like 
inflammation in the sensitive lung tissues or over-inflation of the lungs. Project 
BreathEasy can help with this by testing different ventilation techniques on digital 
twins before they are actually used on patients. Figure 14.3 explains the importance 
of the BreathEasy Project.

FIGURE 14.3  BreathEasy Project [13]
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The first step in Project BreathEasy’s methodology is collecting comprehensive 
physiological data from COVID-19 patients, especially those with serious lung prob-
lems. This information comes from clinical measures such as ventilator settings, 
oxygen saturation levels, and lung compliance as well as medical imaging methods 
such as CT scans and X-rays. The information is entered into OnScale’s simula-
tion platform, which models the patient’s lung function using sophisticated fluid and 
airflow dynamics. After creating the digital twin, medical professionals can use the 
virtual model to simulate various ventilator settings and forecast the patient’s lung 
response. They can see the consequences of real-time variations in inspiratory flow 
rates, positive end-expiratory pressure (PEEP), and tidal volume thanks to the digital 
twin. In this way, it assists physicians in adjusting ventilator settings to achieve opti-
mal oxygenation while minimizing the risk of lung injury.

This approach has several advantages:

•	 Personalized Care: Each digital twin is unique to the patient, ensuring that 
ventilator settings are tailored to their specific physiological needs.

•	 Reduced Risk of Injury: By simulating the impact of different settings, the 
risk of over-ventilation and VILI (ventilator-induced lung injury) is reduced.

•	 Real-Time Adaptability: As patient conditions change, so too can the 
digital twin. If a patient’s lung compliance improves or worsens, the twin 
updates, and clinicians can adjust ventilation strategies accordingly.

14.3.2.2 � The Technology Behind BreathEasy
At the core of Project BreathEasy is OnScale’s cloud-based simulation technol-
ogy, which is capable of handling the complex computational demands of creating 
and updating digital twins. OnScale uses finite element analysis (FEA) and com-
putational fluid dynamics (CFD) to simulate lung behavior under different condi-
tions. The company’s platform is built to scale, allowing it to process thousands of 
simulations quickly and efficiently.

The use of cloud computing is critical, as it provides the computational power 
needed to run these detailed simulations in real time. Additionally, the project lever-
ages machine learning algorithms to continuously improve the accuracy of the 
digital twin models based on new data. As more patient data is processed, the sys-
tem becomes better at predicting outcomes, further enhancing its utility in clinical 
decision-making.

14.3.2.3 � Findings of the Case Study
•	 The digital twin models allowed for customized ventilator settings based on 

the unique respiratory mechanics of each COVID-19 patient. This resulted 
in more effective oxygenation and minimized the risk of ventilator-induced 
lung injury (VILI).

•	 By simulating various ventilation strategies, clinicians were able to fine-
tune settings that helped reduce the overall duration patients spent on ven-
tilators, improving recovery rates.
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•	 The personalized treatment approach significantly reduced mortality 
among severe COVID-19 patients with acute respiratory distress syndrome 
(ARDS), a common and fatal complication of the virus.

•	 Since Project BreathEasy deals with highly sensitive medical data, block-
chain could be used to securely manage the real-time data being collected 
from patients. Using blockchain’s decentralized ledger, each transaction of 
data (such as updates to the digital twin model) could be recorded and veri-
fied, ensuring that only authorized parties (healthcare providers, patients, 
or relevant stakeholders) have access to the data. This would prevent unau-
thorized access or tampering, which is critical in healthcare.

14.3.3 �F rederick National Laboratory for Cancer Research: 
Digital Twin–Based Pilot Projects in Cancer Care

Digital twin technology is increasingly being applied in healthcare, and cancer care 
is a promising area where it can significantly improve patient outcomes [15, 19]. 
The core idea behind using digital twins in cancer care is to create virtual models 
of a patient’s biological systems, enabling clinicians to simulate various treatment 
strategies and predict outcomes before administering them in real life. The Frederick 
National Laboratory for cancer research has given a grant to five research groups 
to develop a prototype of a digital twin–based cancer care system. Each group is 
working on different cancer to record the parameters and how the digital twin of 
the patient cancer tumors reacting to the treatment plan. For example, a digital twin 
of a breast cancer patient can be created using data from biopsies, imaging scans, 
and genetic profiles. The twin can then be used to predict how the cancer cells will 
respond to different drugs or therapies, allowing for highly individualized treatment 
plans that minimize side effects and improve efficacy as highlighted in Table 14.1.

Project 1: Simulating One Million Pancreatic Cancer Patient Digital 
Twins to Plan Precision Medicine Treatment Strategies and Improve 
Long-Term Survival—Lead Institution—Georgetown University
The goal of the project was to create methodologies that link data from pancre-
atic cancer patients to computational simulations of tumor evolution. Specifically, it 
aimed to integrate three aspects:

	 1.	Progression: The natural course and development of pancreatic cancer in 
patients.

	 2.	Therapeutic Interventions: The treatments administered to patients, such 
as chemotherapy or surgery.

	 3.	Outcomes: The results of these treatments, such as survival rates or tumor 
reduction.

These patient data were intended to be compared or connected to simulation results 
generated by a mathematical or computational model of subclonal tumor evolution. 
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Subclonal tumor evolution refers to the genetic diversity within a tumor, where dif-
ferent subgroups of cells (subclones) evolve and respond differently to treatments.

By bridging real-world patient data and simulated tumor models, the project seeks 
to better understand the dynamics of pancreatic cancer, optimize treatment strate-
gies, and predict outcomes based on various therapeutic interventions. The scientists 
are continuously working on improving the outcomes of the project as the exact 
approximation of such difficult systems is very difficult.

TABLE 14.1
Pilot Projects in Cancer Care Worldwide [15]

Project Title Project Aim Principal Investigator

Simulating One Million 
Pancreatic Cancer 
Patient Digital Twins to 
Plan Precision 
Medicine Treatment 
Strategies and Improve 
Long-term Survival

Simulate one million pancreatic cancer 
patient digital twins (CPDT) in a models 
repository by parameterizing input from real 
patient trajectories for drug sensitivity and 
resistance [16, 17]

Matthew McCoy, Ph.D.
Assistant Professor, 
Innovation Center for 
Biomedical Informatics, 
Georgetown University

An Adaptive Digital 
Twin Approach for 
Monitoring Treatment 
Response and 
Resistance

Advance the hypothesis that optimal 
pathways for a specific cancer patient can be 
selected by exploring the treatment pathway 
space through a dynamical, multiscale 
digital twin derived by harnessing patient’s 
own data and leveraging data from similar 
patients in the population.

Olivier Gevaert, Ph.D.
Assistant Professor in 
Medicine, Stanford 
University

Dynamic Multiscale 
Digital Twin for a Lung 
Cancer Patient

Build the first prototype of an individualized 
digital twin of non-small cell lung cancer 
for identifying the optimal treatment 
pathway and adaptive treatment monitoring, 
leveraging the population information and 
new test results.

Qi Wang, Ph.D.
Professor of 
Mathematics, University 
of South Carolina

Prototyping a Self-
learning Digital Twin 
Platform for 
Personalized Treatment 
in Melanoma Patients

Rapidly prototype a 3D multiscale model of 
melanoma metastases that interact with the 
host immune system with or without 
treatment (autologous vaccine 
immunotherapy)—and verify that it 
recapitulates a broad variety of clinically 
relevant patient trajectories.

Paul Macklin, Ph.D.
Associate Professor of 
Intelligent Systems 
Engineering, Indiana 
University

My Virtual Cancer Combine mechanistic, machine learning, and 
stochastic modeling approaches to create a 
DT platform that utilizes biological, 
biomedical, and EHR data sets. Will focus 
on one common cancer—breast cancer—
and one rare cancer—uveal melanoma— to 
evaluate the performance of the DT for both 
common and rare cancers.

Leili Shahriyari, Ph.D.
Assistant Professor, 
Mathematics and 
Computer Science, 
University of 
Massachusetts Amherst
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Project 2: Self-Learning Platforms for Personalized Treatment 
of Melanoma—Lead Institution—Indiana University
This project represents the foundational phase of an ambitious initiative to create 
clinically actionable computational patient digital twins (CPDTs) for immuno-
therapy planning in patients with metastatic melanoma. The key elements are as 
follows:

	 1.	Multiscale Tumor-Immune Interaction Models: The team developed 
advanced models that simulate interactions between tumors and the 
immune system across multiple scales, focusing specifically on melanoma 
metastases in the lungs.

	 2.	Use of Canine Data: Canine models were incorporated to accelerate the 
refinement of these multiscale simulations, leveraging similarities in tumor 
progression between canines and humans.

	 3.	High-Performance Computing (HPC): HPC resources were utilized to 
explore the models comprehensively, ensuring that they accurately replicate 
critical clinical scenarios, including:
•	 Spontaneous tumor regression.
•	 Tumor growth arrest at subclinical sizes.
•	 Progression to detectable clinical sizes.

	 4.	Artificial Intelligence (AI) Integration: AI techniques were employed 
to analyze simulated patient trajectories, extract meaningful patterns, and 
develop adaptable CPDT templates. These templates are essential for tailor-
ing the models to the unique characteristics of individual patients.

This project aims to bridge biological complexity and computational modeling, lay-
ing the groundwork for personalized and predictive tools that can guide immuno-
therapy decisions in metastatic melanoma care.

Project 3: An Adaptive Digital Twin Approach for Monitoring Treatment 
Response and Resistance—Lead Institution—Stanford University
This project focuses on creating an adaptive computational patient digital twin 
(CPDT) for lung cancer treatment by integrating various data types (e.g., demo-
graphic, imaging, pathology, and genomics). The CPDT uses baseline and real-time 
data to predict treatment responses, monitor resistance mechanisms, and adjust ther-
apies dynamically. Key features include:

•	 Predictive Modeling: Utilizes AI to forecast therapy outcomes, enabling 
treatment changes if predictions fail.

•	 Maintenance Phase: Tracks resistance mechanisms, toxicity, and effec-
tiveness for further optimization.

•	 Modular Approach: Initial modules are being developed for essential data 
types, with retrospective datasets used to train and test the model.

•	 Deep Learning Integration: Combines multi-modal data into a unified 
adaptive model.
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This CPDT aims to guide treatment decisions, monitor responses, and dynamically 
adapt strategies for lung cancer management. The project’s future work involves 
developing a multiscale model of lung cancer lesions by integrating individual mod-
ules (e.g., imaging, pathology, and genomics) through a late fusion strategy. This 
model aims to predict tumor size under two treatment modalities: anti-EGFR treat-
ment and immunotherapy.

Project 4: A Patient-Specific Multiscale Digital Twin for the 
Exploration of Optimal Treatment Pathways for Non-Small Cell 
Lung Cancer—Lead Institution—University of South Carolina
This project aims to create a cancer patient digital twin (CPDT) for non-small cell 
lung cancer (NSCLC) patients. A CPDT is a virtual model that represents an indi-
vidual patient, built using their medical data and information from similar patients. 
Its purpose is to help optimize cancer treatment by:

	 1.	Personalized Care: Tailoring treatments specifically for the patient by 
analyzing their unique medical history and comparing it with population 
data.

	 2.	Dynamic Treatment Exploration: Simulating different treatment options 
in real time to find the best pathway for managing the patient’s condition.

	 3.	State Tracking: The CPDT acts as a digital mirror, recording the patient’s 
past state, tracking their current health, and predicting possible future 
outcomes.

The project has made significant strides in developing a digital twin (DT) for non-
small cell lung cancer (NSCLC). The team has compiled patient data from both 
the Yale–New Haven Health System cohort and publicly available databases, lay-
ing a solid foundation for model development. Progress has been achieved on the 
physiological module within the multiscale digital twin, which is crucial for simu-
lating patient-specific conditions. Deep learning techniques, including long short-
term memory (LSTM) networks and neural dynamical systems, are being utilized 
to conduct similarity analyses among patients, enabling personalized insights. 
Additionally, initial work on modeling protein network dynamics has commenced, 
aiming to understand the cellular mechanisms driving cancer progression. These 
advancements collectively contribute to creating a robust framework for precision 
medicine in NSCLC treatment.

Project 5: Virtual Cancer Digital Twin Approaches Lead 
Institution—University of Massachusetts, Amherst
The creation of a cancer patient digital twin (CPDT) aims to predict the unique 
evolution of each patient’s cancer, given that cancers respond differently to treat-
ments due to their distinct characteristics. By leveraging computational modeling, 
the CPDT helps predict how cancer will progress in each individual, guiding cli-
nicians to detect aggressive tumors early, perform timely surveillance, and select 
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the most effective treatments. This personalized approach combines mechanistic 
models, machine learning, and stochastic modeling to create the “My Virtual 
Cancer” platform. The platform updates dynamically based on the patient's data, 
continuously refining predictions about the disease’s evolution and its impact on 
other organs, especially in the context of targeted therapies.

The CPDT incorporates quantitative systems pharmacology (QSP), a com-
putational method that integrates biochemistry, biophysics, and pharmacokinetic–
pharmacodynamic (PK–PD) models to simulate the entire body’s response to cancer 
treatments. One challenge of QSP is parameter estimation, as the data used to cali-
brate models often come from various sources rather than a single curated data-
set. The team is addressing this by using patient-specific data to personalize the 
CPDT, ensuring its predictions are tailored and more reliable for individual treat-
ment planning.

The team conducted an analysis of 1,218 primary breast tumors from the 
TCGA (the cancer genome atlas) project and 1,904 tumors from the METABRIC 
(molecular taxonomy of breast cancer international consortium) datasets. They 
employed a digital cytometry method on gene expression profiles of these tumors 
to characterize their immune profiles and estimate variables for a mathematical 
model. This led to the development of a data-driven ordinary differential equa-
tion (ODE) model for human breast tumors, identifying five distinct immune pat-
terns and examining the dynamics of each.

14.3.3.1 � Key Findings from the Projects
•	 The projects demonstrate how biological and clinical knowledge, machine 

learning, and mechanistic modeling can combine to create modular, 
reusable CPDT frameworks.

•	 Advanced techniques such as AI-driven analysis and large-scale model 
exploration are essential for addressing challenges in model calibration 
and feature extraction. [20]

•	 The CPDT field is transitioning from theoretical concepts to clinical real-
ity, with promising results emerging from pilot projects.

14.4 � CONCLUSION

The pilot projects on digital twin (DT) and blockchain technologies are advancing 
healthcare innovation by combining virtual patient replicas and secure data manage-
ment. These digital models rely on AI and machine learning to refine predictions as 
new data emerges, making them more adaptive to individual patient needs. However, 
the success of these projects is contingent on the availability of high-quality, longi-
tudinal data.

Blockchain technology plays a crucial role by ensuring secure, tamper-proof data 
sharing across various stakeholders in healthcare, facilitating real-time collaboration 
without compromising patient privacy. Despite the potential, challenges such as inte-
grating diverse data sources and regulatory compliance remain. These pilot projects 
emphasize the importance of interdisciplinary collaboration, with efforts such as the 
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envisioning computational innovations in cancer challenges (ECICC) commu-
nity fostering partnerships across academia, healthcare, and industry.

In the future, these efforts will likely lead to more disease-specific, data-driven 
digital twins, which will enhance personalized treatment strategies. As AI, machine 
learning, and blockchain technologies evolve, they will be critical in overcoming 
current limitations, and shaping the future of precision medicine. These technolo-
gies offer a promising path forward in transforming healthcare by making treatment 
plans more precise and data sharing more secure.​
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