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Abstract

Recent advancements in the healthcare sector have reached a pivotal juncture, catalysed
by the emergence of Digital Twin (DT) technologies. These innovations facilitate the
development of virtual replicas that accurately simulate real-world conditions, thereby
transforming traditional approaches to medical analysis, diagnostics, and treatment plan-
ning. Although widely successful in manufacturing, the adoption of Digital Twins in
healthcare is relatively limited, particularly regarding their impact on clinical efficiency
and patient outcomes. This study addresses three primary research questions: (1) How
does Digital Twin technology improve individualised patient treatments and care quality?
(2) What is the role of Digital Twin technology in accurately predicting patient responses
to medical interventions? (3) What are the significant challenges of integrating Digital
Twin technology into healthcare? Synthesising findings from 70 peer-reviewed articles,
this review identifies critical knowledge gaps and provides practical recommendations
for healthcare stakeholders to effectively navigate these challenges. This research pro-
poses a conceptual framework illustrating the lifecycle of Digital Twin implementation
in healthcare and outlines essential strategies for successful adoption. It emphasises the
importance of robust infrastructure, clear regulatory guidance, and ethical practices to fully
leverage the advantages of DT technologies. Nevertheless, this review acknowledges its
limitations, including reliance on secondary data and the absence of empirical validation.
Future research should focus on practical applications, diverse healthcare contexts, and
broader stakeholder perspectives to comprehensively assess real-world impacts.

Keywords: Digital Twin; healthcare; personalised treatment; virtual models; technology
advancements; generative Al; digital impacts; patient treatment outcomes and applications;
IoT in healthcare

1. Introduction
1.1. Background

The healthcare sector, a vital component of the global economy, is rapidly evolving,
yet it continues to face significant challenges, including capacity limitations, rising demand,
constrained resources, and the pressing need for more advanced healthcare systems [1].
The present analysis of existing sources would optimise demand variations, assisting
with patient movement, bed and room deployments, and staff management [1]. The
global rise in the ageing population has also increased the occurrence of chronic illnesses,
highlighting the necessity for advanced continuing treatment solutions [2]. Thus, the
implementation of promising innovative technologies in healthcare frameworks could
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enable more effective healthcare communication and integration. Digital Twin technologies
are computer-generated virtual models of physical systems that offer synchronised and
simulated monitoring and replica functions for practical counterparts in digital contexts [3].
These comprise four core sections, namely, the physical system, stimulated demonstration,
a data transformation to DTs from physical objects, and vice versa [4]. The latest sensor and
computational innovations have enabled the real-time collection of data and investigation,
thereby increasing DTs” empirical applications [5]. By combining digital technologies and
physical objects, DT technologies can replicate complicated empirical situations and deliver
significant details regarding system efficacy and upcoming circumstances.

The advanced technologies improve disease diagnostics, estimations, and manage-
ment across diverse areas, including the medical industry, where they support tailored
healthcare therapies. According to [6], the Digital Twin concept was derived from aerospace
and manufacturing areas, but has newly extended into medical care, presenting advanced
opportunities to optimise patient treatments and care. By integrating machine learn-
ing (ML), sensors, artificial intelligence (Al), data analytics, and Internet of Things (IoT),
these Digital Twins have the capability to transform healthcare settings through complete
virtual models, predictive simulations, and optimised illness detection and control man-
agement [4]. Digital twin technologies are used in numerous clinical areas, including
cardiology, in which they replicate organ operations to enhance medical trials, drug sup-
plies, and targeted treatments [7]. This technology also performs a key role in the critical
care area, permitting medical providers to combine massive multidimensional data for
optimised personalised care and decision-making [8]. Additionally, the application of DTs
for chronic illness management, such as diabetes, is gaining more dominance, though its
integration in the health sector remains limited compared to other areas [9].

The DT technology adoption in healthcare highlights a revolutionary shift in patient
treatment and healthcare management systems. It gives considerable benefits for functional
competence in healthcare structures through facilitating simultaneous views and adaptive
controls, like patient movements and staffing [1]. The potential advantage of DTs extends
beyond enhancing functional effectiveness to transform tailored medicines, as indicated
by their implementation in different clinical areas, as demonstrated by [1]. However,
several challenges continue to persist. Combining DT technology with existing medical
systems poses significant concerns and challenges, including ethical concerns regarding
data confidentiality and confirming that these innovative technologies offer substantial
benefits for healthcare structures and patients [6]. As technology progresses rapidly, it is
important to perform further studies to completely understand the possible and practical
functions of DTs in the healthcare sector. Figure 1 presents a literature-derived visualisation
of the Digital Twin healthcare workflow, as investigated across recent studies. It outlines
stages from data acquisition and smart monitoring to Al-powered analytics and surgical
intervention, illustrating how DTs personalise treatment, enhance diagnostics, and support
informed decision-making through real-time virtual representations.
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Figure 1. Visual summary of Digital Twin technologies implemented in healthcare. Patient journey
from data collection to Al-augmented surgical intervention.
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1.2. Research Motivation (Gaps)

Digital Twins offer the promise of personalised healthcare through predictive mod-
elling, real-time patient monitoring, and simulation of treatment pathways. By integrating
data from wearables, electronic health records, IoT devices, Al, and machine learning, DTs
can mirror physiological states and simulate disease progression [10-12]. These capabili-
ties are particularly relevant in complex care scenarios such as oncology, cardiology, and
chronic disease management [7,13,14]. Despite this promise, the actual adoption of DTs in
clinical practice remains nascent, and their practical implications for patient outcomes are
not yet well understood. Several recent reviews have examined Digital Twin technologies
in healthcare, but most focus on technical architectures, domain-specific applications, or
speculative benefits [15]. What remains underexplored is a comprehensive synthesis that
evaluates how DTs are actually being used to impact clinical outcomes, decision-making,
and personalised care across multiple healthcare domains [3,16]. Furthermore, while prior
studies acknowledge the challenges of integration, such as data privacy, ethical concerns,
and interoperability, there is little synthesis of how these challenges are currently being
navigated in practice.

This review addresses this gap by analysing 70 peer-reviewed articles published
between 2019 and 2024. It aims to examine the empirical applications of Digital Twins
in healthcare, highlight recurring challenges, and propose a conceptual framework for
DT implementation. In doing so, we differentiate this review by shifting the focus from
speculative potential to grounded insights drawn from diverse clinical domains. The
review thus positions itself as both a consolidation of current practical applications and
a roadmap for future integration of DTs into real-world healthcare systems. This study
addresses three primary research questions:

1.  How does Digital Twin technology improve individualised patient treatments and
care quality?

2. What s the role of Digital Twin technology in accurately predicting patient responses
to medical interventions?

3. What are the significant challenges of integrating Digital Twin technology into healthcare?

This study is significant both theoretically and practically. It provides a comprehensive
synthesis of how Digital Twins are currently applied across healthcare domains, moving
beyond speculative discussions to focus on real-world impacts. By identifying empirical
applications, recurring challenges, and integration risks, this study offers valuable insights
for researchers, healthcare practitioners, and managers who seek to adopt DT technologies
effectively. The findings also lay a foundation for future research and implementation
strategies in personalised medicine and intelligent health systems.

2. Methodology
2.1. Study Design

This study begins by discussing the research methodology used, which is an important
component for conducting research studies, thoroughly analysing the adoption of Digital
Twins in the healthcare sector, with a significant focus on their capacity to innovate patient
treatment decisions and outcomes. This study also examines the suitability of the applied
study methodology along with its keywords, search strategy, and inclusion and exclusion
criteria for the research [17]. Finally, this section highlights the study’s screening and
selection approaches that were applied to identify final study articles and investigates the
important relevant ethical concerns of this study.
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2.2. Integrative Review Method

This study adopts an integrative review approach to synthesise a wide range of liter-
ature across diverse yet related topics, providing comprehensive insights into the role of
Digital Twins in clinical care [18]. This methodology allows for the integration of findings
from studies with varied designs, distinguishing it from systematic reviews, narrative
overviews, and meta-analyses [18]. The objective is to collate and analyse research from
multiple domains that address similar themes through different theoretical frameworks,
methodologies, and perspectives [19]. This approach enables the identification of gaps, re-
curring challenges, and overlooked opportunities that may not be evident within narrower
review designs. The strength of the integrative review method lies in its ability to synthesise
diverse insights from various research domains, offering a comprehensive understanding
of Digital Twin technologies in healthcare. By drawing on findings from multiple sources
and perspectives, this approach supports the identification of gaps, emerging themes, and
future research directions [18,19]. It also ensures analytical neutrality by not privileging
any single research design, thereby providing a balanced and inclusive synthesis relevant
to both theory and practice.

2.3. Key Terms

The literature argues that key terms are significant in successfully searching databases
and discovering appropriate studies, as the research terms determined by researchers
substantially impact the strength of the findings [18]. To perform extensive research on DTs
in the healthcare industry, significant terms were accurately determined for this research
assessment. The key research terms comprised: Digital Twin, Personalised treatment,
Healthcare, Technology advancements, Patient treatment outcomes, Virtual models, Im-
pacts, and Applications. These keywords were chosen because they represent the core
perceptions of DT technologies in the clinical field. For example, “Patient treatment out-
comes” and “Personalised treatments” underscore the focus on tailored DT execution,
whereas terms such as “Technology improvements” and “Impacts” reflect the improve-
ments and effects of Digital Twins’ implementation in healthcare contexts. The inclusion of
these key terms ensured that the search was both comprehensive and focused, allowing for
a robust collection of studies relevant to the research questions.

2.4. Search Strategy

A search strategy methodically gathers data from various sources and substantially
controls an analysis’s attribute summaries by validating significant findings that are con-
tained within it [20].

The following search strategy was pursued for this research.

e  Resources and databases: This study primarily utilised ProQuest due to its wide cov-
erage of peer-reviewed journals across healthcare, technology, and interdisciplinary
fields relevant to Digital Twin applications. PubMed, Scopus, Web of Science, and Pro-
Quest’s advanced filtering features also supported focused searches aligned with the
study’s inclusion criteria. To complement this, Google Scholar was used to broaden the
search and capture additional literature, particularly emerging studies, grey literature,
and articles that may not be indexed in discipline-specific databases. The combined
use of these platforms ensured both depth and breadth in identifying relevant and
diverse sources across the Digital Twin and healthcare literature.

o  Using “key terms”: Affiliated with study concentrations, the key terms applied were
“Digital Twin”, “Technology improvements”, “Healthcare”, “Impact”, “Customised
treatment”, “Virtual models”, “Patient treatment”, and “Applications”. These were
chosen to screen Digital Twin technology’s potential and its implementation in health-
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care circumstances, mainly focusing on patients’ treatment outcomes and innovative
applications of the technologies.

e Boolean finding operators: These strings were applied to construct the finding se-
quences and advance the search area as required. The key Boolean search operator
used was (“Digital Twins” AND “Healthcare” AND “Patient”).

e Inclusion criteria: Once the early results, articles” headings, sub-headings, and ab-
stracts were systematically assessed for pertinence to the research topic, the adoption of
Digital Twin models in healthcare contexts, individualised patient care and treatment
approaches, and measurable results were included in the inclusion criteria. Studies
that were conducted for non-medically related conditions and lacked information
about practical treatment outcomes were excluded.

e  Manual citation validation: To supplement database searches, backward reference
searching (also known as manual citation checking) was conducted. This involved
reviewing the reference lists of key articles to identify additional relevant studies
that were not retrieved through the initial search queries. This method helped un-
cover frequently cited foundational works and ensured a more comprehensive and
representative literature base.

e  Search modifications and duplications: This search approach was constantly sophisti-
cated during the analysis. The search phrases were altered based on initial outcomes,
ensuring a detailed and concentrated set of articles appropriate to the research aims.

Thus, this organised finding approach simplified the retrieval of relevant studies,
offering a robust basis for the integrative analysis of DTs in medical care.

2.5. Eligibility Criteria (Inclusion and Exclusion)

Forming eligibility conditions is significant for choosing to add or remove studies
based on verified, legitimate boundaries. So, these norms must be implemented in a search
procedure to minimise preferences [21]. The criteria selected for this study are summarised
in Table 1.

Table 1. The inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

Non-peer-reviewed sources such as opinion

Peer-reviewed journal articles pieces, editorials, and conference abstracts
without full papers
Published between 2019 and 2024 Articles published before 2019

Articles focused on Digital Twins in
non-healthcare domains, such as Digital
Twins in manufacturing, aerospace, etc.

Focus on the adoption or application of
Digital Twins in healthcare settings

Discusses clinical relevance, patient care,
implementation, or ethical/technical
aspects of DT in healthcare

Written in English Articles published in other languages
Abstract-only records or

inaccessible publications

Articles lacking methodological
transparency or practical relevance

Available as full text

2.6. Screening and Selection

To ensure methodological rigour, the screening process followed established integra-
tive review practices [22]. After removing duplicates, articles were screened through title
and abstract reviews, followed by full-text evaluations to assess alignment with the re-
search objectives. Only studies directly addressing the clinical application, implementation
challenges, or ethical dimensions of Digital Twin technologies in healthcare were retained
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for analysis. Figure 2, a PRISMA flow diagram, illustrates the methods utilised to identify
and organise the suitable articles.

[ Identification of studies via databases }
Records removed before
screening:

) ‘ Not peer-reviewed records
Records identified from removed (n=30)

v

Databases (n = 200) Records not in the last five
years (n=26)

Records not written in

Identification

English (n=3)
A4 Records excluded
Reason 1: Not related to
Records screened »| healthcare (n=16)
(n=141) Reason 2: Focusing on
technologies not related to DT
(n=9)
A4
Reports sought for retrieval Reports not retrieved
2 (n=116) > (n=12)
§ v
Reports assessed for eligibility Reports excluded:
(n=104) —_— Reason 1: Appropriateness

to the study’s focus was
medium (n = 12)

Reason 2: Absence of
detailed approach (n = 9)
Reason 3: Unstructured
presentation (n = 13)

v

Studies included in review
(n=70)

Included

Figure 2. PRISMA flowchart.

2.7. Data Analysis Techniques

This study primarily adopted both content and thematic analyses to analyse the data
from the selected articles [23]. Content analysis is a deductive, quantitative technique used
to measure messages in an objective and reliable manner. In contrast, thematic analysis
involves an emergent and interactive process of interpretation of a set of messages, with
some thematic structure as the typical outcome. Nevertheless, the application of these two
approaches is often viewed as complementary and provides the best outcome of integrative
literature review methods [23].

3. Literature Review
3.1. Conceptualisation and Terms

The aim of this review was to determine the comprehension of generic key concepts
about Digital Twin technology and its adoption in customised patient treatments and
personalisation. Key terminologies used in this study are defined in Appendix A to support
conceptual clarity and highlight the key terms applied. These definitions significantly con-
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tribute to recognising and explaining the key terminology and advance the understanding
of the research’s key objectives and findings.

3.2. Study Overview

The influence of Digital Twin (DT) technologies in optimising clinical outcomes, par-
ticularly in personalised care, is gaining growing attention in the literature. While many
existing reviews focus on DT applications in industrial contexts, studies specifically ad-
dressing healthcare remain comparatively limited. This gap highlights the importance
of analysing the role and impact of DTs in medical environments. The research in [6]
constitutes one of the prime studies in the healthcare sector, offering a detailed evaluation
of DT4H. It crucially underlines the key ability of Digital Twin models to transform health-
care decisions and patient outcomes through developed treatment plans and customised
medicines. Additionally, this study discusses the DT adoption challenges, such as ethical
issues and data integration, stimulating vital debates regarding cooperation among diverse
subjects [6]. This advancing technique advocates new advancements and aids participants
in collaborating to address challenges.

Another study conducted by [24] analyses Digital Twin models” development in the
metaverse, concentrating on breast cancer disease and care. Using ML tools like Random
Forests, Gradient Boosting, Linear Regression, and Decision Trees, the study [23] seeks to
produce concurrent, consistent DT replicas that greatly optimise customised treatments.
It also shows a key development in breast cancer care-related reviews by indicating how
these technologies could reform the disease diagnostic practices and medical plans. ML's
incorporation into DTs provides a solid structure for enhancing correctness in identifying
and healing breast cancer disease, ensuring that individuals obtain accurate, timely, and
tailored measures. The potential to replicate illness sequence facilitates practitioners and
medical service providers to provide more appropriate healing strategies and enhance
continuous monitoring, resulting in optimised patient outcomes [24].

A separate study [14] substantially increases the comprehension of DTs’ transfor-
mation of breast cancer disease treatment through improving predictive and customised
drugs. Through examining the adoption of DT models’ benefits and limitations in health
processes, it details a complete structure which assists practitioners, patients, and health
service providers [14]. The study underscores the great capacity of DT technology in
individualising cancer cure arrangements. Further, by implementing stimulated patient
models, medical experts can personalise care for each patient’s condition and responses,
enhancing successful outcomes. The addition of practical evidence significantly proves
that these models can support thorough healthcare conclusions, leading to successful and
timely interventions for individuals with breast cancer. All in all, this study demonstrates
an important step towards fully implementing DT models in clinical trials, demonstrating
a greater revolution in the sector [14].

3.3. Theories and Theoretical Models in Previous Research

As we analyse DT adoption in healthcare practices, various hypothetical models and
structures have arisen to support their understanding and execution. In this section, this
article expands on significant theories like system theory, the simulation concept, cyber-
network system theory, the forecast analytical concept, the concept of collaboration between
computers and humans, and decision-making system theory regarding the capability of
DTs to improve prediction of patient responses and customised care and address significant
DT integration challenges in healthcare strategies and practices.

System theory: This is the root of various frameworks for DT implementation in clinical
practices, supporting a holistic perspective that pools data stimulations, knowledge centres,
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and analytics. This theory also points out the significance of the unified collaboration
among physical and stimulated systems. Through applying system theory, academics and
medical practitioners can gain a stronger comprehension of how the diverse mechanisms
of DT models, like actual data sets, Internet of Things sensors, and enhanced analytics, are
connected to establish dynamic and approachable healthcare eco-friendly structures [6].
This detailed approach supports validating that all elements function together effectively,
resulting in optimised patient results [6,8,11,24].

Simulation concept: This theory plays a key part in healthcare operations using DT
technologies by facilitating the replication of actual situations in a simulated context, which
allows experts to predict effects, find suitable advancements in remedy procedures, and
trial several mediations without compromising patient data and safety [24]. By apply-
ing replications, clinical specialists can initiate appropriate decisions regarding patients’
treatment, leading to optimised care success. The prominence of models across healthcare
underlines how DT models can inspire and assist medical professionals to analyse various
medical options in regulated circumstances [6,8,11,24].

Cyber-network system theory: The cyber-network system concept is substantially
suitable for DT integration, as it explains the associations between real-world objectives
and their virtual copies [11]. These DTs are significant examples of CPSs, where actual data,
such as patient models and clinical devices, are persistently revealed in virtual replicas.
This collaboration enables medical experts to participate in data-driven and appropriate
decision-making, improving individual patient care and medical supply [6]. Through
a clear picture of CPS principles, stakeholders such as patients and experts can obtain
better insights into the difficulties involved in creating and managing eco-friendly DT
systems [6,8,11,24].

Forecast analytical concept: This analytical theory indicates the significance of Al
and ML applications in evaluating data and projecting medical treatment results. By
following these innovative technologies, healthcare service providers can predict patient
reactions, customise involvement for individual tailored requirements, and optimise overall
patient treatment competency [8]. The forecasting opportunities provided through this
concept are key for advancing patient treatment procedures and enhancing healthcare
decisions [6,8,11,24].

Computer-human collaboration concept: Human and computer system connected
theories emphasise the importance of user affiliation in DT technologies by performing
analyses to understand how clinical specialists and patients collaborate with these advanced
systems [23]. The efficiency of this concept is key to progressing insightful interfaces
that allow a simple approach to DT technology models, guaranteeing that patients and
healthcare providers can significantly apply these models for informed decisions. Through
concentrating on the principles of these theories, researchers can improve the accessibility
and usage of DT models, eventually resulting in healthier employment and improved
healthcare practices [6,8,11,24].

Decision-making system theory: This delivers a basis for a theoretical approach
for integrating Digital Twins into the decision-making stage in healthcare. This concept
also focuses on how projective details and actual responses can be utilised to support
medical practices and optimise patient care outcomes [6]. By adopting these DT models
into current decision-making systems, experts can improve their potential to provide
customised treatment, ensuring that findings are personalised and data-driven according
to each patient’s requirements. Thus, this implementation mirrors substantial innovations
in healthcare structures, as it permits medical service providers and experts to make precise
and suitable treatment selections [6,8,11,24].
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To understand how Digital Twin technologies are applied in healthcare, it is essential
to examine the theoretical foundations that underpin their development and integration.
Figure 3 visually summarises these key models, and Table 2 provides supporting evidence
by linking each concept to specific studies reviewed in this paper. These foundational
theories, such as system theory, simulation modelling, cyber-physical networking, and
forecast analytics, serve not only as explanatory tools but also as practical frameworks
guiding implementation strategies in clinical environments.
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decision-making
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treatment obj ects and Treatments
experimentations \ -
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and physical objects
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Figure 3. Conceptual foundations of Digital Twin technology in healthcare. Supporting sources for

each model are detailed in Table 2.

Table 2. Theoretical foundations supporting Digital Twin implementation in healthcare.

Typical DT-in-Healthcare How is it Used in the
Model/Concept Use Supported Reference Cited Work
. . Both papers describe DT
Intsignr :;;I;garr(legl—t}llm;i?ta, Katsoulakis et al., 2024 [6]; platforms as systems of
System Theory ¢ Py Laubenbacher et al., systems that continuously

entities into one cohesive
“patient-twin” system

Risk-free experimentation

Simulation Concept and virtual trials

2022 [10]

Rudnicka et al., 2024 [7];
Avanzato et al., 2024 [13]

blend clinical and cyber
data streams
Cardiac DT and lung DT
frameworks run thousands
of simulated treatment
scenarios before real-world
application
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Table 2. Cont.
Typical DT-in-Healthcare How is it Used in the
Model/Concept Use Supported Reference Cited Work
Both describe DTs as

Cyber-Network System
Theory (CPS)

Forecast Analytical
Concept

Human-Computer
Collaboration Concept

Decision-Making
System Theory

Tight, real-time coupling of
IoT devices with their
digital replicas

AI/ML models that predict
disease progression or
therapy response

Clinician + DT co-decision
workflows, XR
visualisation for operators

Real-time, data-driven
clinical decision support
layers atop the DT

Dang et al., 2023 [8];
Mohapatra and Bose,
2020 [11]

Chu et al., 2023 [9]; Vallée
2023 [12]

Konopik et al., 2023 [14];
Wickramasinghe et al.,
2023 [16]

Dang et al., 2023 [8]; Turab
and Jamil, 2023 [15]

cyber—physical systems
where bedside devices feed
live data to the twin for
ICU decision support
Diabetes DTs and
system-level DTs rely on
ML forecasts to adjust
insulin or resource
allocation proactively
Both papers study how
clinicians interact with DT
dashboards and XR
overlays to fine-tune cancer
and workflow decisions
Stroke DT Delphi rules and
metaverse-enabled DTs
highlight algorithmic
triage and automated alerts

for rapid action

4. Findings
4.1. Conceptual Insights

Several studies have analysed various theoretical frameworks to assess the role of
Digital Twins (DTs) in optimising the healthcare industry. Systems theory plays a major
role in showcasing how DT models combine several elements like real-time analytics,
data simulations, and actual objects to increase patient care outcomes [8]. Furthermore,
predictive analytics theory is widely implemented to analyse and highlight the capability
of DT technologies in predicting patients’ responses to treatment, thereby facilitating
more customised clinical interventions [11]. In addition, the literature has indicated that
cyber-network theories have also been utilised to demonstrate DTs” dynamic association
with physical objects and their virtual counterparts, increasing the potential to observe
patients” medical conditions simultaneously [6]. Furthermore, studies have illustrated
the substantial model concept that underlines how DT systems facilitate unhazardous
experiments regarding healthcare involvement, resulting in more suitable medical healing
practices. Moreover, decision-making systems utilisation is also noticeable, exhibiting the
use of these models for instantaneous decision-making in healthcare settings [25]. Lastly,
studies have found that human and computer connected theories have been used in studies
to ensure that these DT systems are reachable and user-friendly for medical consultants,
offering continuous collaboration with the technologies [6]. Thus, these incorporated
methods provide significant insights into DTs’ capabilities in tailored care and tackling
vital limitations in their integration.

4.2. Ethical and Organisational Challenges to DT Adoption

The evaluated articles collectively highlight the pioneering potential of these enhanced
DT systems in healthcare, aiming at tailored patient treatment and care, enhanced disease
diagnostic accuracy, and improved results. Throughout several research articles, Digital
Twin structures are demonstrated to be crucial in combining the latest technologies such as
ML, Al, data analytics, and IoT, facilitating real-time observation and forecasting potentials.
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Further, many studies have explained how these models, combined with Extended Reality
(XR) and Al could possibly optimise accuracy in areas like oncology and cardiology. Ac-
cordingly, these articles discuss the potential benefits of DT models in virtualising patients’
health statuses, predicting clinical results, and enhancing customised care procedures. As
an example, DTs applied in heart simulations improve disease detection and customised
therapy, while they also assist predictive clinical treatment in breast cancer treatment,
despite facing ethical and regulatory considerations.

The reviewed literature identifies a wide range of risks associated with Digital Twin
implementation in clinical settings. These include high-stakes issues such as data breaches,
patient privacy violations, algorithmic bias, and the potential over-reliance on automated
decision-making. However, such risks are often discussed in isolation. To provide a more
structured synthesis, Table 3 summarises fifteen recurring risk categories, their likelihood,
potential impact, mitigation strategies, and responsible roles. This risk matrix enables a
more nuanced understanding of DTS implementation barriers and how they intersect with
ethical, technical, and organisational dimensions. The colour coding (green = low, orange =
medium, red = high, dark red = critical) visually highlights the likelihood and impact of
each risk, helping prioritise mitigation efforts.

Table 3. Risk identification for Digital Twins in healthcare.

Supporting Risk - Mitigation Responsible
Reference Description Likelihood Impact Strategy Party
Enforce strict
[26] Data privacy data encryption IT Security
breach and access Officer
control
Incompatibility Use middleware Systems
[11] with legacy Medium or APIs for Integration
systems integration Manager
Regular data
[6] }’atlent da}ta aud'lts a.md Data Analyst
inaccuracies validation
protocols
Lack of clinician Conduct regular HR & Clinical
[27] training on DT Medium Medium .. 8! .
Use training sessions Trainer
Ethical concerns Establish an .
[28] regarding othics review Compliance &
Al-based - Ethics Officer
. . . committee
decision-making
Seek phased
[29] ' High cost qf Medium rollogt and aPply Fmance &
implementation for innovation Project Manager
grants
Regulatory Regular legal
[30] non—comphance Low aud.1t5, Legal Advisor
(e.g., privacy compliance
laws) documentation
Awareness
Resistance from campaigns and Change
[31] L Medium Medium Management
staff or clinicians stakeholder Lead

involvement
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Regarding answering RQ1: How does Digital Twin technology improve individu-
alised patient treatments and care quality?, several studies have demonstrated how DT
technology revolutionises customised medical care by advancing diagnostic precision,
forecasting patient outcomes, and utilising optimised systems [6,39—-42]. Meticulousness in
detecting and tailoring patient treatment underlines Digital Twins’ potential to produce
individualised clinical practices by simulating the specific conditions of each patient. In
addition, the predictive analytic concept for patient care shows how these DTs project ther-
apy reactions, permitting specialists to make informed decisions. By leveraging XR and Al
tools for improved treatment, it aims to combine these two technologies into Digital Twins
to provide immersive models and a detailed understanding, further fostering customised
treatment and aftercare planning.

4.3. Personalised Medicine and Treatment

The implementation of accurate detection and personalised therapy in the clinical field
has gained substantial momentum, with the innovation of DTs. These systems improve
diagnostic accuracy and facilitate the individualised medical strategies through virtualising
patient models’ reactions to diverse interventions in specific situations. The authors of [6]
discuss the effectiveness of DTs in simulating illness progress, hence optimising medical
outputs. The study in [43] illustrates the significance of accuracy in characterising indi-
viduals through thorough healthcare and molecular information, which is closely related
to the personalised care focus. Further, regarding musculoskeletal structure, the authors
of [41] explain that DTs can evaluate actual biomechanical properties for detection and
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therapy that support and guide customised clinical practices. This enables a deep compre-
hension of each patient and their needs and aids personalised involvements that improve
treatment outcomes. As demonstrated in Figure 4, the DT systems for the complete muscu-
loskeletal health system are capable of tailored disease detection and care. As proposed in
this research, Figure 4, adapted from [41], illustrates a four-stage Digital Twin healthcare
framework. It begins with the physical space, where patient data are collected via imaging,
morphology, and wearable devices. The connection layer enables real-time data flow to the
digital space, which performs modelling, analysis, and visualisation.

Figure 4. Major system components of Digital Twin implementation in healthcare.

Figure 4 visualises the interconnected structure of Digital Twin systems in healthcare
by mapping the interactions between the physical and digital spaces. It shows how real-time
data from the human body (e.g., morphology, musculoskeletal system, medical imaging,
and wearable devices) are collected, transmitted, and processed through an interaction
platform into the digital space for analysis, prediction, and clinical visualisation. This
model provides a systemic view of how DTs operate across patient monitoring, diagnosis,
and personalised treatment, reinforcing the integrative nature discussed throughout this
review. In summary, the research study examines the revolutionary capabilities of these
DTs in developing accurate disease detection and customised care, resulting in improved
patient care outcomes and enhanced medical processes.

4.4. Predictive Analytics for Patient Care

This subsection addresses RQ2: What is the role of DTs technology in Accurately
Predicting Patient Responses to Medical Intervention? The execution of predictive analysis
for patient care output in DT applications in healthcare settings underlines the significant
transformative impacts of DT technologies on patient treatment and medical results. The
authors of [39] highlight DTs” ability to advance evidence-based medical drugs by pro-
ducing replica control clusters in medical experiments, which permits more appropriate
estimations of responses from patients for treatments. By applying this sub-theme, Digital
Twins can evaluate unified patients” conditions and possibilities, diminishing physical
control requirements and offering a customised method to health administrations [39]. Ad-
ditionally, ref. [39] centres on the use of sensor-based Digital Twins in smart environments,
which influence AI, ML, and IoT technologies to advance individual patient monitoring
and real-time clinical assessments. By integrating wearable tools/devices with DTs, these
simulations offer predictive details that allow appropriate interventions, aiding proactive
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medical support in top-rated hospitals and homes [40]. Additionally, the combination
of DTs enables individualised medical recommendations and targeted care, focusing on
overall health improvement for patients and effective medical management.

In [44], the study focuses on Personal Digital Twin (PDT) technology to optimise
treatment by applying pioneering predictive assessments to identify diseases, preventive
approaches, and treatments for each patient. PDT technology is created to provide a mirror
of the patient’s specific physical characteristics and existing and previous health updates,
facilitating enhanced, customised treatment suggestions and planning. Furthermore, by
adopting pioneering technologies such as blockchain tools and Al, Personal Digital Twins
provide accessible information that enables health experts to forecast patient outcomes and
personalise interventions, as discussed in [44]. Instances such as COVID-19 pandemic care,
personalised care for cancer patients, and osteoporosis prevention highlight the potential
of PDT models to reduce medical risks and improve long-term patient outcomes through
analytical estimates. This cited article focuses on facilitating the adoption of innovative,
advanced, and patient-specific healthcare practices and systems, transforming the health-
care sector by integrating enhanced technologies and personalised treatment care [44].
Hence, the collective findings of these articles underscore how projective assessments, com-
bined with DTs, could transform the clinical industry, steering customised and successful
treatment practices.

4.5. Extended Reality and Artificial Intelligence for Advanced Treatments

The integration of Extended Reality (XR) and artificial intelligence (AI) with Digital
Twin (DT) technologies is transforming the healthcare landscape. For example, Rudnicka
et al. [7] highlighted how Health Digital Twins (HDTs) significantly enhance healthcare
delivery by improving diagnostic precision and treatment accuracy. These advancements
reflect the evolution of Al capabilities—particularly in visual differentiation—which is
critical for enabling personalised therapeutic interventions. Similarly, Turab and Jamil [15]
explored how DTs contribute to enriched simulated environments, allowing clinicians to
replicate complex medical scenarios and optimise training and patient-specific treatment
strategies. The concept of “virtual twins,” which digitally replicates an individual’s biologi-
cal profile, is further advancing tailored care pathways. Dang et al. [8] support this direction
by demonstrating how intelligent medical systems leverage IoT and Al for real-time data
analysis while maintaining privacy through decentralised learning approaches. To illustrate
this, Figure 5 visualises the role of Al-enhanced health infrastructure, as described by [8],
showcasing its integration across various clinical contexts.

As described by [13], the lung DT framework uses Internet of Things (IoT) sensors to
recognise chest X-rays with 96.8% accuracy. This also permits real-time observation and
empirical analyses, aiding in customised individual treatment procedures and detailed
assessments. Additionally, these articles collectively explain the revolutionary probability
of adopting XR and Al tools across the clinical sector, optimising informed healthcare
decisions, patient commitments, and training. These articles further demonstrate the
significance of tackling data security issues, ethical challenges, and the necessity for broad,
prime data in enhancing prominent artificial intelligence systems. Lastly, the interaction of
DTs, Al and XR connects the ability of innovative patient care and treatment outputs and
streamlined medical settings.

Table 4 shows the vital results for each article by offering a general idea, research
methodologies, and significant insights.
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Figure 5. Illustrative use cases and applications of Digital Twins in healthcare contexts.

Table 4. Summary of empirical findings on Digital Twin applications in healthcare studies
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Table 4. Cont.

Study Focus Area Methodology Key Findings
Assesses the ability of PDT models in
Personal Digital Twin optimising personalised treatment,
[44] (PDT) utilisation Literature review analysing limitations in data privacy and
in healthcare administrative processes across the
tailored clinical practices
Quantitative and Discusses the health system using Al and
[8] Smart medical frameworks  qualitative methodologies  its capability to assist tailored patient care,
using artificial intelligence using the DELPHI highlighting DTs key role in smart and
Consensus technique innovative healthcare settings

In this regard, there are many issues deemed to be investigated under RQ3: What
are the significant challenges of integrating DTs technology into Healthcare? These are
critical ethical issues in the integration of Digital Twin models in the clinical sector. The
analysis of security concerns and data concealment concentrates on the weaknesses of
managing confidential patient details in digital systems, covering the importance of robust
practices to safeguard data reliability. Investigations of technical and legal issues regarding
DT adoptions are conducted in accordance with medical regulations and the high-tech
practices needed for successful execution. The legal and ethical complexities of Al-related
decisions stress the ethical problems linked to the involvement of Al in healthcare decision-
making, encouraging the requirement for accountable Al processes to safeguard patient
data, well-being, and trust.

4.6. Data Privacy and Safety Issues

Risks to data security and the privacy of DTs used in the healthcare industry emphasise
vital elements for securing sensitive and confidential information of patients and main-
taining confidence in digital tools in healthcare practices. Research conducted in [6,39,40]
underscores the importance of data and security issues in the application of DTs in medical
fields, mainly in personalised healing processes. Additionally, a key moral issue involves
the protection of patient autonomy and informed consent. Additionally, ref. [43] highlights
the need for stringent regulations for the extensive, real-time data collected by HDT systems
in elderly care, where sensitive data must be securely stored and maintained. According
to [46], continuing to regulate control over the retrieval and application of their DT system
data is vital for individuals with diseases, covering the significance of patient independence
in pioneering digital clinical care. In countries such as New Zealand, the Data Privacy Act
2020 serves as a significant legal and regulatory framework for safeguarding the individual
data of patients, such as medical details, across the digital healthcare structures [30]. This
act strengthens individual privacy and confidentiality by ensuring that service providers
securely store, utilise, and share patient data with accuracy and transparency. Addition-
ally, this act holds data administrators and users accountable, mandating that medical
service providers using Digital Twins create robust safeguards for confidential information.
Moreover, this suitably supports the concerns raised in [46,47], indicating the need for rig-
orous access management and ethical commitments from health organisations to safeguard
patient data and privacy.

Further, another key problem is the irregular and unequal approach to securing in-
novative healthcare systems. As studied by [47], the increasing expenses of healthcare
technology impede accessibility, raising moral concerns about providing equitable treat-
ment for vulnerable individuals. Although data precision is a problem, as [48] discusses,
confidential issues can also weaken informational dependability, influencing treatment
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outcomes. Moreover, ref. [47] advises that the requirement to gather details from several
resources for DTs establishes secrecy risks. Even though this cluster is significant for virtual
precision, it adds illegal access threads. Eventually, substantial technical limitations hinder
the protection of these advanced systems. In addition, refs. [6] and [47] analyse the elevated
requirements on computational resources for simultaneous data in DTs, highlighting the
need for robust safety measures to stop violations.

4.7. Legislation and Technological Limitations

The technological and legislative issues related to DTs” adoption in the medical field
display vital challenges that need to be tackled to unlock their potential. As demonstrated
by [42], the streamlined information gathering deprivation is a key limitation to innovative
healthcare adoption with DT models, highlighting that the data obtained from several
wearable measures restricts detailed analysis and application of medical information. This
concern is addressed by [47], according to which the continuous high-level collection of
distinct data is important in preventing partialities and maintaining the healthcare appro-
priateness of DT replicas. In [49], it is revealed that device consistency and obtainability are
significant issues, as they further emphasise the necessity for user-friendly and reasonably
priced sensors suitable for providing precise clinical details. Also, without innovative
technologies, the considerable data obtained might go unutilised. Drummond, and Coulet
(2022) [49] also pointed out this issue by highlighting that linked medical tools for children
require adoption with specific applicability aspects to guarantee their efficacy and efficiency
while providing solutions for challenges related to age.

Moreover, interoperability persists as a vital technical issue; specifically, exclusive
systems pose problems for effective data allocation through stages and complicate the
integration of various mobile clinical apps [50]. According to [46], the key to solid systems
for technical administration of the large range of data sets created using DTs is to highlight
that existing technical systems could inadequately assist simultaneous data transfers.
The authors of [46] analysed the autonomy of patients in their research, explaining that
patients should maintain control over their information to foster confidence in pioneering
medical results. Furthermore, ref. [48] emphasises the need for legitimate regulations that
validate given agreements, particularly for vulnerable populations such as children and
teenagers, who may be harmed by data-gathering approaches. Overall, the research articles
showcase that although DT technologies represent significant advancements for innovating
healthcare structures and practices, getting to grips with technical, legal, and regulatory
limitations is vital. Moreover, constant innovations in data control, ethical regulations, and
device structures will play a significant part in supporting efficient DT implementation in
healthcare settings, leading to improved patient treatment outcomes.

4.8. Ethical Considerations of Artificial Intelligence-Related Decisions

Concentrating on the ethical issues of Al-related findings in the implementation of
DTs in clinical settings highlights the significant need for robust ethical frameworks to
mitigate the risks associated with confidential patient information. Also, according to [51],
the difficulty of human nature and the adaptability of patient medical statuses argue for
the consistent creation of Al simulations. The authors also express that, despite DTs com-
bined with Al serving as a key potential for optimising customised medicinal drugs, moral
issues regarding patient data safety, privacy, and consent should be vitally analysed to
avoid discrimination and ensure unbiased results [51]. In addition, ref. [43] investigates
the concerns created by the Electronic Health Records (EHRs) guidelines and narrowed
quality, which could impact the learning of Al processes. Although [43] acknowledges that
medical experimental data are generally of high quality, the authors emphasise that they
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often lack adequate explanations, raising significant concerns about the generalizability of
artificial intelligence estimates. Hence, this highlights the ethical need for effective data
control procedures that safeguard patient data while enhancing the reliability of these
Al infrastructures. Furthermore, ref. [49] recommends a systematic ethical procedure that
is designed to methodically recognise and address ethical problems across various data
control stages in DT advancements. This approach serves as a vital tool for software de-
velopers, aiding in proactive assessments of potential ethical limitations associated with
working challenges and barriers, such as informed consent and data protection. Drum-
mond & Coulet (2022) [49] also emphasised the need for additional, practical-based studies
to thoroughly address specific ethical issues related to DTs, underscoring the requirement
for a comprehensive understanding of the ethical foundations of these technologies. These
findings collectively highlight the importance of detailed plans and approaches that inte-
grate stakeholder views and facilitate progress in navigating the ethical considerations of
Al-based conclusions in the medical field. By creating a context for ethical considerations,
stakeholders can validate DTs’ integrations with patient-specific morals, ultimately optimis-
ing treatment and care quality while addressing predicted ethical issues. Moreover, regular
analyses of ethical concerns would be crucial for building confidence and facilitating the
secure integration of DTs with Al tools in healthcare settings.

4.9. Methodological Approaches in a Targeted Subset of Articles on Digital Twin Applications

In analysing the research methods applied across a targeted subset of 45 peer-reviewed
articles, selected for thematic analysis and their direct focus on Digital Twin applications
in healthcare between 2019 and 2024, we identified a range of methodologies used, from
qualitative to quantitative to conceptual. The qualitative approaches include in-depth
interviews using semi-structured questionnaires and focus groups, although the former
was more commonly used than the latter [6,14,52,53]. The key strengths of the qualitative
method include its flexibility and ability to explore participants’ responses in depth, al-
though it frequently restricts compatibility, as the sample sizes of the articles were relatively
small. Sampling frames for the qualitative studies included purposive, judgement, and
convenience sampling. Most of these studies analysed data using content and thematic
analysis. In contrast, several others adopted quantitative [8,11,23] with sampling frames
ranging from convenience to random sampling. One study used G* power version 3.1.9.7
to estimate the sample size. Quantitative data were analysed using statistical tools such as
Structural Equation Modelling (SEM) through AMOS and LISTREL. Other frequently used
methodologies included integrative literature reviews, systematic literature reviews, and
scoping reviews [1,9,19,21], most of which were conceptual in nature. A summary of use
cases of Digital Twins in healthcare is presented in Table 5.

Table 5. Summary of investigated use cases of Digital Twins in healthcare.
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Medical Field Use Case Integrated Function Impact Challenges Reference
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4.10. Research Gaps in the Literature

Even though DT models are credited for their transforming ability in clinical contexts,
the current studies in the literature commonly report technical updates and the theoretical
potential of Digital Twins. However, empirical real-world instances to strengthen these
models” healthcare success in patient treatments are lacking [6,10]. Also, due to insufficient
insights into the practical effects, this theoretical assumption can minimise the practical
data of DTs” adoption into operational healthcare practices and results [11,12]. Additionally,
many current studies tend to focus on specific clinical applications, such as oncology and
cardiology, while offering comparatively less attention to other domains where Digital Twin
technology could be equally impactful. This narrower focus may limit broader insights into
the adaptability and usability of DT models across diverse patient populations with varying
needs [6,13,44]. To address this, further longitudinal research is recommended, especially
into underrepresented areas such as mental health, to better illustrate the comprehensive
potential of DTs in personalised care delivery.

5. Theoretical and Practical Contributions

This study offers theoretical insights and practical implications for advancing research
and implementation of Digital Twin technologies in healthcare contexts.

5.1. Theoretical Contribution

This research aims to provide extensive insights into DT utilisations in healthcare
areas from a theoretical angle. Through investigating DTs” competence in improving
customised treatments and appropriateness, the study underscores the current hypothetical
structures of medical instructions, customised therapies, and medicinal drugs. Additionally,
it offers a substantial contribution to the enhancement of the literature frame by examining
digital system integration in healthcare contexts. These theoretical frameworks aid in
the development and innovation of new digital models for integrating these technologies
into healthcare practices, thereby improving key understanding for both researchers and
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healthcare stakeholders, such as practitioners and management [9]. Although the current
studies repeatedly concentrate on the hypothetical benefits and technical developments
of DT models, there is a vital gap in the detailed evaluation of their impact on treatment
results [10-12].

This study advances theoretical understanding of Digital Twin (DT) models within
the medical field by addressing a key gap in the existing literature, namely, the limited
exploration of how DTs influence clinical outcomes [6,10,28,52]. While many articles high-
light technological developments, few provide an in-depth analysis of their implications
for personalised treatment and diagnostic accuracy. By synthesising findings from 70
peer-reviewed articles, our review identifies critical research gaps and evaluates how DTs
contribute to precision medicine. To support this analysis, we draw upon theoretical
perspectives such as system theory, simulation-based modelling, and predictive analytics
frameworks [55]. These perspectives help clarify the functional role of DTs in healthcare
as integrative tools that link patient data, simulations, and decision-making processes.
For instance, system theory conceptualises healthcare delivery as a dynamic interplay of
components, with DTs acting as mediators between real-time patient data and clinical inter-
ventions [55-57]. Through this theoretical framing, the study not only bridges empirical
findings with conceptual models but also offers a foundation for future research on the
strategic implementation of DTs in personalised care. In doing so, it contributes to a more
coherent and actionable understanding of how DTs can enhance therapeutic outcomes and
inform the design of intelligent healthcare systems [7].

To address the complexity of implementing Digital Twin (DT) technologies in health-
care, this study proposes a four-step conceptual framework (see Figure 6) that integrates
the technical, clinical, and ethical dimensions required for successful adoption. Each step
is visually represented to align with stakeholder roles and implementation phases and is
grounded in findings from the literature.
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Figure 6. Conceptual framework for Digital Twin implementation in the healthcare industry.

The foundational stage (or stakeholder engagement) focuses on preparing the or-
ganisational and human elements for DT adoption. It involves gaining commitment
from healthcare professionals, IT staff, patients, and policymakers. Key activities include
awareness campaigns, training initiatives, ethical dialogue, and addressing resistance to
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change. This step reflects the importance of cultural readiness and value alignment in
technology-enabled healthcare environments.

Once stakeholder support is established, the DT modelling step centres on the technical
deployment of Digital Twin models, which enable real-time patient monitoring, predictive
analytics, and personalised simulation. It incorporates Al-driven modelling, multi-modal
data input, and dynamic feedback loops. Use cases include virtual clinical trials, ICU
simulations, and patient-specific treatment planning.

Clinical workflow integration must be embedded into clinical processes and electronic
health record systems. This phase emphasises interoperability, clinician usability, data flow
integration, and the alignment of DT functions with existing clinical pathways. It ensures
that DTs support, rather than disrupt, standard care delivery practices.

The final step ensures that DT systems operate within robust governance frame-
works that safeguard patient rights, data privacy, and model fairness. This phase includes
ethical oversight, regulatory compliance, continuous model evaluation, and transparent
outcome reporting. It also involves incorporating feedback to refine models and support
continuous improvement.

Together, these four steps provide a holistic, actionable roadmap for deploying Digital
Twins in healthcare, addressing not just technical feasibility but also organisational, clinical,
and ethical imperatives.

5.2. Practical Contribution

Practically, this study demonstrates a significant understanding of Digital Twins’ in-
tegration in healthcare systems. It further describes the important effects on healthcare
practices, technology producers, and policy creators. By assessing the competencies of these
technologies in patients’ clinical outcomes, medical specialists and practitioners can gain
better insight into how these DT models can impact patient treatment advancements [9].
It also practically evaluates the ability of DTs in projecting and examining patients’ reac-
tions and conditions with digital devices, such as wearables, to incorporate well-timed
and suitable interventions by minimising obstacles and optimising an individual’s health
conditions [5]. On the other hand, this research analyses the practical issues that occur
during Digital Twins” adoption, such as scalability, ethical problems, and data compatibility,
supplying stakeholders with the information required to effectively tackle these limita-
tions [6]. Additionally, by exploring how Digital Twin models can support individualised
patient care approaches and inform medical decisions for policymakers, this study provides
actionable, real-world insights to effectively develop treatment processes within healthcare
structures. These insights are key to establishing healthcare strategies that provide efficient
Digital Twin simulation integration, eventually resulting in advancements in patient treat-
ment and care outcomes. Overall, the understanding from this literature analysis focuses
on assisting DT application in the health field, advancing healing outcomes and optimising
clinical frameworks.

The analysis of Digital Twins in medical practices displays substantial support towards
methodological, theoretical, and real-world empirical settings [12,58]. By investigating
existing studies and assessing the DTs” impact on patients’ treatment results, this research
study aims to address current research gaps by providing an in-depth understanding that
can provide vital support for future studies in the healthcare industry. Understanding
the actual impacts of DT models on patient therapeutic outcomes is crucial for assisting
stakeholders in the efficient implementation and integration of these innovative technolo-
gies across healthcare processes [1]. Hence, our analyses highlight key adoption issues
and challenges, such as data compatibility, ethical concerns, and scalability in relation to
patient confidentiality and consent, as discussed by [15]. Numerous investigations have
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significantly overlooked the empirical concerns faced by medical institutions, creating a
substantial gap between theoretical advantages and their practical applications [3,16]. Fur-
thermore, by recognising the challenges and recommending suitable solutions, we offer key
insights to healthcare policymakers and doctors to navigate the challenges of adopting DTs.
Thus, our study explains the key requirements for established interoperability and provides
guidelines to facilitate the easier implementation of these DT models into existing medical
processes. Additionally, by analysing DTs” improvement in decision-making and aiding
the enhancement of customised patient treatment strategies, our study provides substantial
practical suggestions that can lead to optimised patient therapy outcomes [8]. Hence, these
critical details eventually focus on minimising research gaps between healthcare practices
and theories, thereby bolstering the advantages of DTs to improve healthcare structures
and treatments [59-61].

5.3. Limitations and Future Studies

Our study has several limitations that provide opportunities for future research. Firstly,
the methodological approach relies on currently available articles, which poses fundamental
limitations due to its significant dependence on secondary data reviews. An extensive
literature review on DTs focuses on theoretical approaches and trial models [61], instead of
actual applications, restricting practical demonstrations that might aid in understanding
the real-world effects of using DTs on patient results [62]. Another significant limitation
is the reduced concentration of many available articles on certain applications of Digital
Twin models, as in [63,64]. This focused study scope vitally diminishes deep insight into
DTs’ execution within diverse health areas and patients with specific requirements [26,65].
By heavily depending on this literature content, our research may accidentally ignore
how Digital Twins function effectively across a wide range of healthcare systems, possibly
distorting the understanding of DTs technology’s adaptability and flexibility in medical
contexts [7,26].

Contextually, DTs” adoption in current clinical processes is challenged due to ethical
problems, interoperability, and scalability issues [66]. Several healthcare institutions often
face challenges with digitalised systems that were not designed to support DTs, making the
adoption of DTs difficult and expensive [67]. Furthermore, our study inadequately analyses
the structural and financial limitations that could significantly limit the implementation
of DTs, particularly in health settings with limited resources [68,69]. In addition, the
legal guidelines, such as the Data Privacy Act 2020 [30], significantly emphasise the need
for stringent restrictions; however, the research may not have fully explored how this
regulatory act affects the scalability and practicability of DTs on a global scale. Due to
these challenges and limitations, our study findings may have been impacted, possibly
portraying DT models as seamlessly consolidative and efficient, rather than indicating how
they function in real-world practical circumstances [38,70].

To address the limitations in our research, future studies on Digital Twin technologies
in clinical settings may focus on various critical factors. Primarily, practical studies are
significant because they stretch beyond theoretical approaches to analyse the healthcare
efficacy and actual influence of DT models on patient results. Long-term assessments that
continuously monitor patient results over extended periods could be critical in analysing
the sustained competency of DTs, particularly in managing chronic conditions such as heart
disease. These future analyses could comprise randomised controlled trials or associated
research to generate robust facts on the estimated precision and flexibility of these DT
models in diverse medical conditions, thus increasing the credibility of the study results.
In addition, increasing the scope of the study of DTs to include several healthcare experts
and patient populations would be valuable [71]. Also, our study analyses DT execution in
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diminished areas, such as mental issues, thus delivering details about how DT technologies
can be fruitfully tailored for diverse patient clusters. This would also aim to address the
unique requirements of patients, offering in-depth insights into how Digital Twins perform
across various medical scenarios and identifying any necessary adjustments for accurate
patient outcomes.

To acquire a deep understanding of DTs and their impacts, integrating a mixed research
approach that includes both qualitative and quantitative data analysis would provide a
detailed insight from a methodological viewpoint. Additionally, qualitative data analysis,
including broad focus groups, randomised experiments, and interviews with patients, pol-
icy creators, and healthcare specialists, could provide vital insights into the opportunities,
limitations, cross-cultural, and ethical considerations associated with DT models. This
method would provide quantitative outcomes by highlighting the views and contextual
aspects of healthcare stakeholders that impact the integration of DTs in the health sector.
Furthermore, ethically, upcoming studies should aim to enhance regularised guidelines
for the adoption of DT technologies, including patient consent, data privacy, and security.
Reflecting the confidentiality and sensitivity of medical information, analysing encryption
techniques, data strategies, and tightened data-sharing protocols could assist in tackling
security and privacy issues and foster public trust in DTs. Lastly, technical innovations in
Digital Twins, Al, and ML present advanced study opportunities. Future research on this
topic could analyse how these pioneering technologies optimise the predictive potential of
DTs, involving DT adaptation for customised care in real time. Investigating DT integration
with developing technologies like virtual reality tools for appropriate learning could create
new opportunities for enhancing healthcare practices. By focusing on these study topics,
future assessments could provide in-depth and empirical insights into Digital Twin models
in healthcare practices, facilitating protection, ethical application, and effectiveness.

6. Conclusions

This research critically evaluates how Digital Twin technologies can enhance the accu-
racy and personalisation of patient treatment and care. Through producing virtual models,
Digital Twins significantly facilitate predictive evaluations and customised therapies to
anticipate patient reactions to treatment, optimising medical outcomes and facilitating
informed involvement, although key challenges, such as technological, data privacy, protec-
tion, and ethical issues, must be critically navigated to ensure successful implementation.
The study findings outline the ability of Digital Twin technology to advance the healthcare
industry by improving patient outcomes through proactive clinical approaches and deci-
sions. Furthermore, future research must focus on addressing limitations to adoptions by
implementing robust healthcare policies, practical applications, and interdisciplinary as-
sessments, as well as establishing the incorporation of Digital Twins in healthcare practices
to achieve the full benefits of personalised care and medicines.
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Appendix A

Table Al. Supplementary definitions.

Term Definition References

A Digital Twin technology is a virtual model of a real human being
that assists healthcare experts to identify and obtain significant
Digital Twin insights, optimise medical treatments and practices, and provide [25,39]
customised individual care and treatment by adopting multiple
data sources.

A system designed for diagnosing, treating, anticipating, and
Healthcare controlling patient’s medical conditions, concentrated on enhancing [8,40]
well-being and supporting high-quality healthcare practices.

Personalised Treatment

Healthcare method which customises the clinical involvements based
on each patient’s particular conditions, needs, and characteristics,
leveraging innovative technologies like artificial intelligence and

Digital Twins to optimise medical care effectiveness.

[41,44]

Technology Advancements

The adoption and enhancements of advanced technologies to
increase results and effectiveness in clinical and health sciences,
confronting problems such as system interoperability
and cybersecurity.

[36,42]

Patient Treatment Outcome

The clinical consequences and impacts for patients, mainly

considering disease progress and its efficiency of involvements. [45,56]

Digital replicas that operate as alike counterparts to real physical
objects, mirroring their exact attributes and behaviours. These virtual
Virtual Models stimulations are coupled to real-time active data, allowing for virtual [39,54]
realities and evaluation to optimise comprehension and informed
decisions in diverse implementations in healthcare.

Digital Twins’ considerable impacts on various areas, specifically in
the healthcare sector, in terms of transmuting practices, increasing
understanding, and fostering innovative adoptions in response to the
benefits and challenges created through digitalisation practices.

Impacts [37,57]

Digital Twins’ practical utilisations in research studies and healthcare
Applications contexts for virtualising and copying biological procedures and [59,60]
patients” health situations.
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