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Abstract

- Massimiliano Gervasi? - Mario Angelelli3 - Angelo Corallo*

Digital Twin (DT) technology monitors, simulates, optimizes, models, and predicts the behavior of physical entities. Healthcare
is a significant domain where a DT can be functional for multiple purposes. However, these diverse uses of DTs need a clear
understanding of both general and specific aspects that can affect their adoption and integration. This paper is a meta-review
that leads to the development of a conceptual framework designed to support the high-level evaluation of DTs in healthcare.
Using the PRISMA methodology, the meta-review synthesizes insights from 20 selected reviews out of 1,075 studies. Based
on this comprehensive analysis, we extract the functional, technological, and operational aspects that characterize DTs in
healthcare. Additionally, we examine the structural (e.g., hierarchical) relationships among these aspects to address the various
complexity scales in digital health. The resulting framework can promote the effective design and implementation of DTs,

offering a structured approach for their assessment.
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1 Introduction

Digital Twins (DTs) are used to simulate a variety of physical
entities, with increasing levels of complexity, from consumer
objects (Tao et al., 2019) to transport systems (Kusi¢ et al.,
2023), cities (Lehtola et al., 2022), ecosystems (Jianfeng
et al., 2022), up to the human body (Dai et al., 2022). Physical
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entities can belong to various domains such as construction,
education, business, transport, energy and electronics, human
healthcare, sports, and networks and communications (Sun
et al., 2022; Cellina et al., 2023).

Compared to others, the healthcare domain has an inherent
uncertainty that makes medical practice and the develop-
ment of accompanying technologies more challenging (Sun
et al., 2023). At the global economic level, it is one of the
fastest-growing sectors (Boyes & Watson, 2022; Gazerani,
2023; Segovia & Garcia-Alfaro, 2022), even though health-
care facilities represent complex systems whose management
is subject to multiple types of constraints (Boyes & Watson,
2022; Gazerani, 2023). Therefore, DT-based strategies can
provide a promising contribution to improving the efficiency
of healthcare. Evidence suggests that the growing adoption
of various information technologies can revolutionize health-
care systems (Kamel Boulos & Zhang, 2021). This evolution
should be contextualized in the gradual transition of the medi-
cal industry from traditional to digital and then to information
medicine, resulting in the current notion of smart medicine
(Sun et al., 2023). A selection of the most performing char-
acteristics is prompting a rapid evolution both in technical
aspects and in care paradigms and processes (Barricelli et
al., 2019; Tao et al., 2022a).
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A lack of comprehensive definitions for DTs, both gen-
eral and specific to the healthcare domain, is detected in the
literature (Liu et al., 2022). Consequently, there is a need to
define DT aspects to support design and analysis in the medi-
cal field (Coorey et al., 2022). Furthermore, several reference
architectures exist, and, as a consequence, the need for their
harmonization and standardization arises (Botin-Sanabria et
al., 2022; Rossmann & Hertweck, 2022). This requirement
has practical implications since the effectiveness of a medi-
cal DT implementation is influenced by the same constraints
that affect the healthcare domain. They refer to privacy issues
in managing personal data, different purposes that a DT can
relate to (from diagnosis to monitoring, pre-, intra-, and post-
operative support, up to medical training), and interaction and
scale complexity in digital representations of human bodies
and health status.

Driven by the need to define healthcare DTs and their key
aspects, this work adopts a rigorous methodology to extract
and analyze the main dimensions whose identification can
support the proper design and implementation of a healthcare
DT. The term dimension refers to a specific functionality,
component, or aspect of the DT that should be addressed
along with other dimensions to obtain a consistent view of
the digital system. The concept of dimension is broad, and
different dimensions encompass technological, functional,
and operational aspects, among others. The adoption of a
dimensional framework provides a means to introduce a
dynamic and flexible approach that can be adapted to various
contexts and specific needs, allowing for increasing gran-
ularity (through hierarchical structures) (Tao et al., 2022a)
or modifying the dimensional framework when this proves
inadequate or impractical (Angelelli et al., 2024).

In particular, this paper has two specific objectives: (1)
characterize a DT in the healthcare domain, and (2) identify
its dimensions to support design and analysis. We extract
information for this investigation through a systematic lit-
erature meta-review, focusing on reviews in the scientific
literature that examine at least one DT belonging to the
healthcare domain.

The paper is organized as follows: in Section 2, we
overview the background regarding DT definitions, first from
a general perspective and then focusing on the healthcare
domain. Section 3 formalizes the research questions and the
adopted research methodology, describes its main phases,
and compares it with other meta-reviews on DTs in the state-
of-the-art. The results of the systematic meta-review and their
analysis are reported in Section 4. Based on these findings,
the proposal of a multi-dimensional framework is detailed in
Section 5. The entire work is discussed in Section 6, followed
by conclusions and research directions for future works
(Section 7).
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2 Theoretical Background
2.1 Digital Twin Definitions

The DT represents one of the most important advances in
technology-related domains in the past 20 years (Barricelli et
al., 2019; Grieves, 2022). The term Digital Tivin was coined
in 2010 by John Vickers of NASA (Grieves, 2022; Piascik
et al., 2012) and it was first adopted in 2011 to digitally
reproduce the structural behavior of an aircraft (Tuegel et al.,
2011; Rathore et al., 2021). The concept of DT was already
introduced by Michael Grieves of the University of Michigan
in 2002 (Grieves, 2022). He asserted that:

The digital twin is a set of virtual information constructs
that completely describe a potential or actual physical
artifact from the micro atomic level to the macro geo-
metric level. At its best, all the information that can
be obtained from inspection of a physical product can
be obtained from its digital twin (Grieves & Vickers,
2017; Inamura, 2023).

Subsequently, Grieves (2014) defined digital twinning as a
combination of the following three primary components: the
Physical Twin (PT), the Digital Twin, and the Digital Thread
(Grieves, 2014, 2022; Rathore et al., 2021). The Physical
twin is a physical object that can be a product or a prod-
uct lifecycle (Sharma et al., 2022), a system (Jianfeng et al.,
2022), a model, or any other component, such as a robot
(Inamura, 2023), car (Bednarz et al., 2024), electric turbine
(Mahmoud et al., 2024), human being (Voigt et al., 2021),
or hospital (Elkefi & Asan, 2022). Currently, it exists or will
exist in the physical world. The Digital Twin is a virtual or
digital counterpart that exists in the virtual or digital world
(Grieves, 2019). It is also referred to as Virtual Mirror or Vir-
tual Replica (Barricelli et al., 2019). Usually, DT modeling
is mainly referred to as the physical entity, the virtual entity
(Inamura, 2023), and the communication between virtual and
physical space in terms of data and respective enabling sen-
sors (Sharma et al., 2022; Jiang et al., 2021). Therefore, DTs
are virtual replicas of physical objects or systems (Cellina
et al., 2023), where the virtual replicas are algorithms that
replicate the behavior of the corresponding physical coun-
terparts and generate the same output under the same given
input values (Rathore et al., 2021).

The Digital Thread is a data flow cycle that feeds data
from a PT to its DT and returns information and processes
from the DT to the PT (Grieves, 2014; Rathore et al., 2021;
Singh & Willcox, 2021; Grieves, 2022). It represents a key
feature of DT, which is the creation of dynamic bidirectional
mapping (Kamel Boulos & Zhang, 2021). In fact, the term
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Digital Thread is sometimes interpreted as synonymous with
DT (see, e.g., Barricelli et al. 2019 and references therein).
Other times it is seen as a framework that enables a con-
nected data flow without explicitly referring, as seen above,
to the bidirectionality of that flow (Barricelli et al.,2019). The
concept of Digital Thread can also be extended to integrate
different models into a single representation that is always
available and up-to-date (Siedlak et al., 2018). The Digi-
tal Thread makes it possible to have the right information
in the right place at the right time, even from heteroge-
neous sources. However, it lacks the potential inherent in
the DT in terms of monitoring, maintaining, and optimizing
the physical system (Barricelli et al., 2019), which motivates
our interpretation of Digital Thread in our framework as one
of the three components of the DT.

The lifecycles of the physical and digital twins do not have
to coincide. The only requirement is that a twin’s counterpart
exists at some point in the twin’s lifecycle (Grieves, 2000,
2014). This means a DT can exist before its physical coun-
terpart is created and after the physical counterpart is gone
(Grieves, 2022).

The definition of DT and the components reported above
(Grieves, 2014; Grieves & Vickers, 2017) are not the only
ones present in the literature, which causes confusion as to
what a DT is Coorey et al. (2022); Grieves (2022); Liu et al.
(2022). In fact, it is sometimes called Digital Avatars (Garner
et al., 2016), Digital Masters (Biahmou et al., 2016), Dig-
ital Shadows/Snapshot (Kamel Boulos & Zhang, 2021), or
Digital Model (Kritzinger et al., 2018; Inamura, 2023; Botin-
Sanabria et al., 2022; Yao et al., 2023). A Digital Shadow
lacks real-time communication between the virtual space and
the real world, which is a characteristic of a DT. A Digital
Model is completely devoid of real-time communications
between physical and virtual space (Kritzinger et al., 2018;
Inamura, 2023; Botin-Sanabria et al., 2022; Kamel Boulos
& Zhang, 2021). A Digital Avatar is a combination of rules
and data related to a particular user and her/his environment
(Bertoa et al., 2020), while a Digital Master is a set of linked
datarecords in a self-contained document that is used, in par-
ticular, in the industrial field (Biahmou et al., 2016; Hoffman
& Joan-Arinyo, 1998). The DT is also described as a repos-
itory of information about the physical object represented.
Information is populated into the DT and consumed by it.
The digital DT could be queried by its users to use informa-
tion (Grieves, 2022).

In 2022, the concept of the Intelligent Digital Twin (IDT)
emerged. Unlike the traditional DT, the IDT can only be
active and online, and goal-seeking is shared between it and
its human users. The IDT is anticipatory; that is, it constantly
performs simulations of its counterpart (Grieves, 2022). IDT
has several definitions in the literature. For example, the view

of the IDT exclusively as a data-driven entity (Gazerani,
2023; Lim et al., 2020) is opposite to the idea of the DT,
which also has mechanistic and statistical modeling (Bjel-
land et al., 2022; Corral-Acero et al., 2020).

2.2 DT in Healthcare Domain

Nowadays, DTs applied in healthcare are a popular research
trend, but successful implementations are rarely found (Tao
et al., 2022a). In literature, the applications of DTs in health-
care are in an early stage (Armeni et al., 2022; Gazerani,
2023). DTs can be used in several areas of healthcare, such as
precision medicine (Sun et al., 2023), personalized medicine
(Cellina et al., 2023; Gazerani, 2023), clinical trial design,
hospital facility management (Cheng et al., 2022; Gazerani,
2023), and medical education (Gazerani, 2023; Nagaraj et al.,
2023), as well as medical devices or pharmaceutical devel-
opment (Armeni et al., 2022; Gazerani, 2023). Precision
medicine has the following two general objectives: providing
therapies tailored to each patient and maximizing the effec-
tiveness and efficiency of healthcare facilities (Bjelland et
al., 2022; Corral-Acero et al., 2020). DTs allow the analy-
sis of big data through Artificial Intelligence (AI) techniques
and, therefore, prove functional to the first objective, i.e., the
phenotyping of patients. This means visualizing the different
stages of a disease for a specific patient and supporting thera-
peutic strategies in a personalized way (Bjelland et al., 2022;
Lauzeral et al., 2019; Voigt et al., 2021). Healthcare organi-
zations and facilities, such as hospitals, can also have their
corresponding Digital Twin of Organizations (DTOs). DTOs
are useful to plan, manage, coordinate, monitor, and opti-
mize patient care interventions from a population and societal
perspective, but also from a resource and cost perspective
(Armeni et al., 2022; Barricelli et al., 2019; Kamel Bou-
los & Zhang, 2021). For example, in extreme cases, such
as pandemics, DTOs can simulate different possible condi-
tions and their corresponding potential solutions in virtual
environments before implementing them in physical space
(Armeni etal., 2022). In addition, a DT allows surgical proce-
dures to be planned for a specific patient and their execution
to be tested (Fuller et al., 2020) with the aim of optimiz-
ing it and managing better the post-operative phase (Aubert
et al., 2021). A DT, in the healthcare domain, also has the
following principal parts described in Section 2.1: PT, DT,
and Digital Thread (Rathore et al., 2021). In this context,
the PT can be represented not only by a healthcare organiza-
tion (Kamel Boulos & Zhang, 2021) but also, for example,
by a disease, such as multiple sclerosis (Falkowski et al.,
2023), a particular organ (Chu et al., 2023), a system or an
apparatus (Laubenbacher et al., 2022), or a patient (Karakra
et al., 2019). The Digital Thread refers to the communication

@ Springer



10

Information Systems Frontiers (2025) 27:7-32

between PTs and DTs of health data collected from medi-
cal and wearable devices or external factors, simulation data
from digital models, and historical health data contained in
the electronic health records (EHRs) of healthcare institu-
tions (Armeni et al., 2022; Liu et al., 2019). Therefore, a
digital thread is a time data pipeline of a DT (Kamel Boulos
& Zhang, 2021).

The definition of DT, even in the healthcare field, is not
totally equable (Liu et al., 2022), as it depends on the PT
represented. For example, the term DT is used by Aubert
et al. (2021) to indicate a finite element model of a patient-
specific tibia, while in Hernigou et al. (2021), it describes
the identification of a customized axis of motion of the tibio-
tarsal joint.

The definition is also declined in terms of the functionali-
ties and services offered. For example, Lauzeral et al. (2019)
report that: “The Digital Twin merges complex biophysical
modeling and advanced real-time simulation techniques with
data assimilation and analysis for decision support” (also see
Bjelland et al. 2022). It is also said that the concept of DT in
healthcare extends the definition derived from the industrial
world (Tao et al., 2018). We move from a DT that represents
industrial physical systems in silico, guaranteeing the real-
time connection between PT and DT, but used to optimize
and control processes, to a DT seen as a virtual tool that
dynamically integrates clinical data acquired from a specific
individual with mechanistic and statistical models (Corral-
Acero et al., 2020).

However, in comparison with the industrial world, some
definitions show the difficulty for healthcare to establish and
guarantee continuous and real-time communication between
the physical part and the virtual counterpart and vice versa.
Indeed, a DT is defined as a “near-real-time digital image
of a physical human being” (Bjelland et al., 2022). In addi-
tion to the healthcare definition, there is also the definition
of Human Digital Twin. The Human DT is defined as “the
replica of a human being from the physical world in the
digital world” Lin et al. (2022). With a data-oriented view,
one of the definitions given to the Health Digital Twins is
“a new model of analyzing multi-factorial patient data to
improve patient outcomes and population health.” A health
DT is sometimes defined as a “virtual representation of the
patient” (Venkatesh et al., 2022). In this paper, we define
a Healthcare DT consisting of the three main components
defined above, but also with dimensions derived from the
study and analysis of the reviews (see Section 5). In the cur-
rent healthcare domain, the PT often exists before its digital
counterpart; however, it is not excluded that future advances
in healthcare DTs could better adhere to the definition in
Section 2.1 (Grieves, 2000, 2022), where it is only required
that the physical and digital twins coexist at some points of
their lifecycles.

@ Springer

3 Research Methodology

The research work is conducted in the form of a meta-review.
The term meta means that the review landscape is examined
(Schryen & Sperling, 2023). A meta-review is also called

EEINT3

“umbrella review,

EEINT

overview of systematic reviews,” “‘sys-
tematic review of systematic reviews,” or “tertiary study”
(Thomson et al., 2010). It can be described as a type of study
that integrates evidence from multiple (qualitative or quanti-
tative) reviews into a single accessible and usable document
(Becker & Oxman, 2008). A meta-review provides a con-
cise but comprehensive synopsis of reviews on a specific
topic, deftly addressing the perennial challenge of balancing
in-depth coverage with focused specificity (Grant & Booth,
2009). This study also adopts the systematic literature review
(SLR) methodology with the aim of conducting a systematic
assessment of reviews on DTs. Itis defined as a “a systematic,
explicit and reproducible method for identifying, evaluating
and synthesizing the existing body of completed and recorded
work produced by researchers, scholars, and practitioners”
(Fink, 2019). A significant and robust overview of the gen-
eral characteristics of reviews is provided in Tables 1 and 2.
They provide a synthetic perspective of the analyzed reviews,
including the query (or search terms) used, the consulted
DBs, the keywords, the type of review, and the number of
papers analyzed in each review. The division into two tables
serves to quickly provide an idea about the content. Table 1
encloses all papers that analyze only DTs from the medical
domain, while Table 2 includes cross-domain reviews.

3.1 State of the Art

A systematic and rigorous approach is also adopted in the
study of previous works. Several queries are made in the
Scopus (www.scopus.com) and Web of Science (WOS - www.
webofknowledge.com) databases, the same ones used for the
extraction of the papers analyzed in the present work. The
keyword used is “Digital Twin,” followed by “Meta-review,”
“Meta-survey,” or “Review of reviews.”

The query returns only 3 meta-reviews already present in
the scientific literature. Two of them (Kuehner et al., 2021;
Carvalho & da Silva, 2021) were published in 2021, and
one in 2022 (Rossmann & Hertweck, 2022). Our study dif-
fers from these works in several aspects. First, none of the
works are oriented to the healthcare domain, as they focus on
the application of DTs to smart cities (Carvalho & da Silva,
2021), logistics and manufacturing fields (Kuehner et al.,
2021), or the definition of a general-purpose architecture
that is useful for the development of DTs, but not for their
analysis (Rossmann & Hertweck, 2022). Then, our study
encompasses more recent studies (up to 2023) to take into
account new reviews that explore emerging aspects in the
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evolving context of healthcare DTs. Finally, our work fills the
gap related to the integration of different dimension types, as
previous works mainly address specific aspects (e.g., func-
tionalities) or concentrate on bibliometric characteristics of
the reviews (Kuehner et al., 2021) in favor of a comprehen-
sive management perspective. This last point adheres with
the aforementioned goal of the present work, which is the
combination of technological, operational, functional, and
analytical aspects of DTs in healthcare.

3.2 Objective and Research Question

The research question guiding the development of this work
is:

What are sufficient and necessary dimensions for the
analysis of a DT belonging to the healthcare domain
and to support its design?

The concept of dimension, as outlined in Section 1, serves
to identify a scalable and dynamic framework. In more detail,
a dimension can be seen as an element that supports the
description of the identified application (Enders & Hol3bach,
2019). By contributing to its description, it consequently
enables its analysis and provides support for the design phase
(Wu et al., 2021).

In the literature, various works have proposed and utilized
dimensional frameworks, such as the five-dimensional model
by Wu et al. (2021), which includes the physical entity (PE),
the virtual entity (VE), the services’ module (Ss), the digi-
tal twin data module (DD), and the connection module (CN).
Another example is given by the six dimensions of DT Appli-
cations in Enders and HoB3bach (2019), which comprise the
industrial sector, purpose, physical reference object, com-
pleteness, creation time, and connection. Additionally, the
“Dimensions of a Digital Twin model” by Tao et al. (2022a)
includes: physical entity, virtual model, connection, data, and
service.

Despite these valuable contributions, the current state
of the literature does not provide a comprehensive view.
Reviews typically focus either on the technological dimen-
sions or the functional dimensions of DTs (Shen et al., 2024).
The present work aims to be as comprehensive as possible
by focusing on the technological, functional, and operational
aspects of DTs in the healthcare domain. Additionally, it
highlights that existing frameworks in the literature are rarely
tailored to the specific domain under consideration. With
these premises, we can specify the approaches carried out
in this meta-review to address this work’s objectives and
the research question: (i) providing a systematic analysis of
reviews (referred to as a meta-review) on Digital Twins (DTs)
with a primary focus on the healthcare domain; (ii) identify-
ing dimensions of DTs that can serve as a clear, complete, and

comprehensive framework to support a rigorous approach to
the design and analysis of DTs in the healthcare domain. This
framework is aimed at both academia and industry.

3.3 Search Process

This meta-review adopts the SLR approach by Bell et al.
(2022) as a starting point to characterize the dimensions of a
DT in the healthcare domain. This choice guarantees that the
work follows a solid methodology with a systematic selec-
tion and analysis of the articles (Snyder, 2019). Furthermore,
the SRL process is reproducible, transparent, and includes
a sample with all relevant and appropriate studies (Hansen
et al., 2022).

The process follows the widely used PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses)
methodology for literature retrieval and screening (Jing et al.,
2023; Kumar et al., 2022). The four phases of the procedure
that we followed in agreement with the PRISMA require-
ments are presented in Fig. 1. The search process is detailed
in the following sub-phases: (i) searching criteria; (ii) paper
selection; (iii) paper assessment.

3.3.1 Searching Criteria

The papers’ search is carried out through two major scientific
databases: Scopus and WoS.

The query performed on Scopus searches exclusively for
the term “Digital Twin” in the fields Title, Keywords and
Abstract. Filters limiting the document type to Review and the
language to English are applied. The search query performed
on Scopus is provided below:

Query: TITLE-ABS-KEY (“Digital Twin” ) AND (
LIMIT-TO ( DOCTYPE , “re” ) ) AND ( LIMIT-TO (
LANGUAGE , “English” ) ).

In WoS, the same term is used to search within the topic
fields of each paper. Topic ensures that the term is searched
within the fields: Searches Title, Abstract, Author Keywords,
and Keywords Plus. Below is the query used to search on
WoS:

Query: TS=(“Digital Twin”) AND DT==(“REVIEW”)
AND LA==(“ENGLISH").

The search was performed in October 2023. To not exclude
potentially useful results, we preferred to use a more inclu-
sive approach at the query level and then proceed to manual
screening. For this purpose, the query does not contain any
terms or filters related to the healthcare domain or the publi-
cation year, envisaging the selection of reviews with at least
one DT related to the healthcare domain.
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Fig.1 PRISMA flow diagram of the paper selection process

3.3.2 Paper Selection

From the query of the databases described above, 606 results
were obtained from Scopus and 469 from WoS. A total
of 1,075 papers was found in the literature. In this result,
duplicates were excluded using a Python script made by
the authors. 178 papers were fully screened, and only 20
were included in this meta-review. The screening process
is summarized in the PRISMA flowchart shown in Fig. 1.

@ Springer

Below, we specify the inclusion and exclusion criteria used
to select the papers considered relevant:

e Explicit statement to be a review on DTs;
e Analysis of at least one DT related to the Healthcare
domain.
The results of this selection are reported in Tables 1 and 2.

The screening based on title allowed the exclusion of
papers explicitly focused on technologies other than DTs,
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or those not explicitly belonging to the healthcare domain.
Specifically, starting with 178 articles obtained through
selection by title, 108 were excluded because they do not ana-
lyze any DTs in healthcare, and 50 were excluded because
they do not meet the criterion of being review articles or
dedicated only a specific paragraph to literature review.

3.3.3 Paper Assessment

The selected papers were divided into two groups: (1) reviews
studying DTs belonging exclusively to the healthcare domain
(k = 10); (2) reviews studying DTs belonging to differ-
ent domains (k = 10). Each group of reviews was initially
analyzed using Tables 1 and 2. Both of them collect the fol-
lowing information: Reference, Year of publication, Query or
Research Terms used, queried Database, Keywords, and Type
of review conducted. They differ only in one field, i.e., the last
column in Table 1, which shows only the DTs in the health-
care domain. Values in this field refer to the number of DTs
analyzed; on the other hand, in Table 2 we report the num-
ber of DTs belonging to the healthcare domain over the total
number of DTs analyzed in the considered review. After this
analysis, the main characteristics of the DTs analyzed by each
review are identified. These features are grouped into a set of
Healthcare DT dimensions introduced in Table 3. In the third
column (Mapping) of Table 3, there are the bibliographic
references of the proposed dimension. The dimensions were
extracted from both systematic and non-systematic reviews,
encompassing the entire set of 20 articles considered in this
work.

4 Findings

In this section, we present the detailed results of the analysis
of the 20 selected papers. This section is followed by an
analysis and discussion of the dimensions that have been
extracted with reference to the characteristics of a DT.

Regarding the descriptive statistics (frequencies) reported
in Tables 1 and 2, in some reviews, the authors do not indicate
the number of DTs analyzed. This information is calculated
from the analysis conducted on the respective reviews and
reported in the SLR analysis phase (Cellina et al., 2023; Chu
etal., 2023; Gazerani, 2023; Armeni et al., 2022; Voigt et al.,
2021 in Table 1; Falkowski et al., 2023; Yao et al., 2023;
Inamura, 2023 in Table 2). The number of analyzed articles is
determined by counting only those discussed in the reviews,
excluding those mentioned without detailed analysis.

In the healthcare domain, only two systematic reviews
are identified: the rapid literature review by Elkefi and Asan
(2022), which focuses on managing healthcare systems, and
the SLR by Bjelland et al. (2022), which focuses on DTs for
knee arthrosis. The work by Bjelland et al. (2022) analyzes

6 DTs, carrying out an in-depth analysis of the necessary
enabling technologies for the realization of a DT to sup-
port arthroscopic surgery. Examination of this review shows
that the healthcare field needs detailed analysis focusing on
specific domains. This is also evident from the absence of
general-purpose SLRs in healthcare. However, the absence
of such studies in the healthcare context limits the definition
of a standard for Healthcare DTs, as well as the specification
and the analysis of their characteristics. This confirms the
gap already identified and reported in our research question.

Although not systematic, the other reviews analyzed high-
light several significant points. In Sun et al. (2023), an
analysis of DTs is conducted, ranging from 2011 to 2022,
both in the boundary of the research (DBs reported in
Table 1), and directed at prototypes/products of DTs that
have been identified on the websites of the proprietary com-
panies. The analysis of the characteristics of the DTs in Sun
et al. (2023) is business-oriented; in fact, in different clini-
cal applications, such as “Cardiovascular disease, Surgery,
Pharmacy, Orthopedics, COVID-19 and Other Fields,” the
authors analyze each DT according to their respective func-
tionalities and characterize them according to the purposes
and uses for which the DTs are intended. In Coorey et al.
(2022), similarly to Sun et al. (2023), six specific websites are
consulted in addition to certain databases for patent search-
ing (Table 1). The websites are indicated in the “Other data
sources” section of Coorey et al. (2022). When conducting a
systematic review of DTs, this brings attention to the possibil-
ity of using, in addition to classic search engines, third-party
sources to identify DTs and features that would otherwise
make the analysis incomplete.

Among the reviews of DTs not only in the healthcare field,
we also find several SLRs. The SLR of Rathore et al. (2021)
includes research papers, patents, and web reports, analyzing
sensors, analysis techniques (Al-Machine Learning), but also
the standards to which DTs must or should comply, and the
criteria for validation and success of a DT. It is emphasized
that the number of DTs in the healthcare domain identified
in this SLR is small compared to those in other domains. The
SLR of Tao et al. (2022a) does not focus only on DTs in
the healthcare domain. The analysis investigates DTs from
multiple perspectives, from aspects of modeling to those of
enabling technologies. Of particular interest is the contribu-
tion by Barricelli et al. (2019), which focuses on the various
definitions of DTs in the literature and in which domains
they are developed. It also focuses on the main characteris-
tics that should be present in a DT, highlighting the difficulty
in having all-inclusive models. It becomes evident that most
of the DTs in the literature are focused specifically on certain
aspects. It is also worth remarking the insight into the lifecy-
cles of DTs, which can be of two types: (1) DTs defined in
the design phase of its PT, which does not yet exist; in this
case, the DT and its twin live together in continuous com-
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Table 3 A multi-dimensional framework for the healthcare digital twin

DIMENSION

DESCRIPTION

REFERENCE

Domain

Physical Twin

Team

Sensors

Data

Modeling

Functions

User interaction

Hierarchy

Status and Maturity

Field of application in which the PT
exists or will exist.

A PT is the entity that is replicated
by a DT. It can be a Unit, a System,
or a System-of-Systems (SoS).

All users, experts in the application
domain, and required skills needed
for the development and validation
of the DT.

The set of sensors and edge devices
for collecting information from dif-
ferent sub-components of the phys-
ical asset.

All data collected by various IoT
components and software, stored,
historicized, manipulated, and pre-
analyzed. They are necessary for the
operation of the DT according to its
functions and purposes.

Architectural, technological model-
ing, and analytical aspects enabling
DT functionality.

The ability of a DT to respond to
specific needs, making certain ser-
vices available to users (e.g., sim-
ulation, monitoring, optimization,
testing, erc.).

The set of techniques and technolo-
gies that make interaction witha DT
possible and, thus, allow access to
its functions.

Hierarchical levels of DTs, from the
unit level up to Systems-of-Systems
(SoS).

Status characterizes DTs from the-
oretical models to business DTs.
Maturity refers to each status and
measures its performance.

Domain (Botin-Sanabria et al., 2022; Coorey et al.,
2022; Correia et al., 2023; Sharma et al., 2022; Sun et
al., 2023), (Gazerani, 2023)*

Applications (Barricelli et al., 2019; Botin-Sanabria
et al., 2022; Rathore et al., 2021; Yao et al., 2023)
Field (Tao et al., 2022a)

Physical Twin (Botin-Sanabria et al., 2022; Elkefi &
Asan, 2022; Gazerani, 2023; Sharma et al., 2022)

Target of DT (Armeni et al., 2022; Inamura, 2023),
(Kamel Boulos & Zhang, 2021)*, (Voigt et al., 2021)*

Team (Sun et al., 2023)

Technology (Sharma et al., 2022) (Armeni et al.,
2022)*, (Inamura, 2023)*, (Barricelli et al., 2019)*
Sensors (Botin-Sanabria et al., 2022)
Communication (Barricelli et al., 2019; Botin-
Sanabria et al., 2022), (Kamel Boulos & Zhang,
2021)*

Data Sources (Armeni et al., 2022)*

Raw Data (Sharma et al., 2022; Correia et al., 2023;
Falkowski et al., 2023) (Voigt et al., 2021)*

Data Collection (Sharma et al., 2022; Correia et al.,
2023), (Chu et al., 2023)*, (Voigt et al., 2021)*, (Bjel-
land et al., 2022)*, (Yao et al., 2023)*

Data Storage (Armeni et al., 2022)*, (Coorey et al.,
2022)*, (Bjelland et al., 2022)*, (Inamura, 2023)*

Al, BDA, ML (Sharma et al., 2022; Rathore et al.,
2021; Botin-Sanabria et al., 2022) (Armeni et al.,
2022)*, (Barricelli et al., 2019)*, (Kamel Boulos &
Zhang, 2021)*, (Chu et al., 2023)*

Model and Modeling (Van Willigen et al., 2022; Bjel-
land et al., 2022; Coorey et al., 2022; Tao et al., 2022a;
Sharma et al., 2022; Barricelli et al., 2019), (Bjelland
et al., 2022)*, (Voigt et al., 2021)*, (Coorey et al.,
2022)*, (Yao et al., 2023)*, (Barricelli et al., 2019)*,
(Van Willigen et al., 2022)*

Computing (Botin-Sanabria et al., 2022; Correiaetal.,
2023; Armeni et al., 2022; Yao et al., 2023)

Functions (Armeni et al., 2022; Barricelli et al., 2019;
Botin-Sanabria et al., 2022; Cellina et al., 2023;
Coorey et al., 2022; Correia et al., 2023; Elkefi &
Asan, 2022; Falkowski et al., 2023; Gazerani, 2023;
Sun et al., 2023; Tao et al., 2022a; Voigt et al., 2021;
Yao et al., 2023) (Bjelland et al., 2022)*, (Rathore et
al., 2021)*

Feedback (Bjelland et al., 2022), (Chu et al., 2023)*,
(Inamura, 2023)*, (Voigt et al., 2021)*

Technology (Armeni et al., 2022)*, (Bjelland et al.,
2022)*

Hierarchy (Chu et al., 2023; Tao et al., 2022a; Yao et
al., 2023), (Kamel Boulos & Zhang, 2021)*

Status (Botin-Sanabria et al., 2022; Coorey et al.,
2022), (Kamel Boulos & Zhang, 2021)*, (Sharma et
al., 2022)*

Evaluation Index (Yao et al., 2023)
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Table 3 continued

DIMENSION DESCRIPTION

REFERENCE

Model limitations as a function
of modeling design choices and
impacting DT functionality and user
interaction.

Limitations

Limitations, Challanges and Future Trend (Armeni et
al., 2022; Barricelli et al., 2019; Bjelland et al., 2022;
Botin-Sanabria et al., 2022; Coorey et al., 2022; Cor-
reia et al., 2023; Chu et al., 2023; Inamura, 2023;
Kamel Boulos & Zhang, 2021; Rathore et al., 2021;
Sharmaetal.,2022; Voigtetal., 2021; Yaoetal.,2023)

The symbol “*” indicates the dimensions that have been described in the reviews. Dimensions without the symbol are used to analyze papers in the
reviews. The descriptions reported in the table are the result of the author’s elaboration and are not intended as precise quotations from the original

sources

munication and interaction. (2) DTs created when the PT has
already been operational for some time; in this case, the DT
must be connected to the PT, and the two continue their lives
in perfect interaction (Barricelli et al., 2019).

In Table 2, there is only one 0 in the #n. DT column. In fact,
the review of the corresponding record does not identify any
model in the literature that meets the requirements deemed
necessary for a DT of a fetus in a Perinatal Life Support Sys-
tem (Van Willigen et al., 2022). At the same time, however,
it defines the technical and functional requirements for the
DT of a fetus. For the sake of completeness, they have been
reported in Table 3.

5 A Multi-dimensional Framework
for the Healthcare Digital Twin

In this section, we present 11 dimensions identified from the
analysis and detailed in Table 3. Table 4 shows the frequency
of each dimension in the analyzed articles. Table 4 is divided
into two parts. The upper section includes reviews focused
exclusively on the healthcare domain, while the lower sec-
tion features those that are cross-domain. It is evident that
all the chosen dimensions have already been used within
the specific domain. They are related to each other, and all
of them are functional to the design and analysis of DTs.
Figure 2 represents the relationships and interactions among
the dimensions, also aligning with the conceptualization of
a DT made by Grieves (2014).

Figure 2 provides a diagrammatic representation of our
multi-dimensional framework. This view specifies the inte-
grative approach that moved our research, starting from the
scientific literature. In particular, the three primary compo-
nents of Grieves (2014) are highlighted in the boxes with
double-line borders: the Physical Twin, the Digital Twin, and
the Digital Thread. Our interpretation of the Digital Thread
as a flow of data between the physical and virtual entities
can be linked to Ackoff’s model (Ackoff, 1989). Indeed,
the information extracted from data collected by sensors in
its raw form, after gathering and processing, is transformed

into knowledge and wisdom, supporting actions that directly
interact with the physical entity. In this context, the digi-
tal thread can be interpreted as an application of the big data
value chain related to digital twins. This facilitates the associ-
ation with aspects related, for example, to the adoption of data
architectures tailored to the objectives and functionalities of
DTs. Furthermore, it allows for representing the uncertainty
factors that characterize the data flow, its cyclicity, and the
value generation process from data (Gervasi et al., 2023a,b)
that can be directly utilized by the physical entity.

For the sake of methodological completeness, it is worth
noting that we exclude from the proposed multi-dimensional
model aspects or attributes of bibliometric nature, such as
Year (Sun et al., 2023; Coorey et al., 2022; Correia et
al., 2023), Reference (Company, Journal)/Scientific Venue,
Institution Type (Armeni et al., 2022; Correia et al., 2023),
Description (Armeni et al., 2022; Barricelli et al., 2019);
Authors, First author Country/Country (Coorey et al., 2022;
Correia et al., 2023), First author affiliations, Article type
(Coorey etal., 2022), Research concept (Coorey et al., 2022),
Key findings (Elkefi & Asan, 2022). Furthermore, we also
exclude from the model dimension the Digital Asset (Barri-
celli et al., 2019; Sharma et al., 2022) (also called Virtual,
mirror, replica) as in fact corresponding to the same DT
(Sharma et al., 2022).

At this point, we analyze the dimensions proposed in the
multi-framework in detail. First, each dimension is intro-
duced in its general purpose and, then, contextualized in the
healthcare domain.

5.1 Domain - Physical Twin - Team

The Domain, PT, and Team dimensions are necessary to iden-
tify the perimeter of the DT in terms of model requirements,
reference area, and interacting agents. The Physical Twin
dimension represents the physical entity, and it has already
been defined and made explicit in the introductory sections.

The Domain dimension of a DT refers to application areas
or fields (Botin-Sanabria et al., 2022; Tao et al., 2022a).
The Domain can contain information about the hierarchical
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Fig.2 DT architecture, relationships, and interactions among the 11 dimensions highlighted in bold

nature, if it is specified that the Domain is a sub-domain of
a more complex system (Sharma et al., 2022; Correia et al.,
2023) or a System-of-Systems (SoS). Finally, the Domain
may be referred to as a specific use case, and thus, indi-
rectly focused on the functionality of the DT (Barricelli et al.,
2019; Botin-Sanabria et al., 2022; Rathore et al., 2021; Yao
et al., 2023; Sharma et al., 2022). Indeed, in the healthcare
domain, we identify both generic domains, such as Health-
care Domain or Medical Domain (Coorey et al., 2022; Sun
etal., 2023; Gazerani, 2023), and focused on specific clinical
application (Sun et al., 2023), such as cardiovascular disease
(Coorey et al., 2022), or smart cities and healthcare (Coorey
et al., 2022).

The Team dimension refers to the group of experts with
multiple (specific or transversal) skills (Sun et al., 2022; Bar-
ricelli etal., 2019), who participate in the design, prototyping,
implementation, and maintenance phases of the DT. This
dimension is only considered in one review among those
analyzed (Table 4). However, we consider it important to
propose this dimension also in the light of a social, technical,
and collaborative DT design (Zhu et al., 2011).

5.2 Data and Sensors

The Data dimension represents the fundamental layer
between the Physical Space System and the Virtual Space
System, as shown in relation to data management, by the
“Five-components DT architecture” of Correia et al. (2023),
in which data is captured, transformed, and utilized.

In the medical field, the work of Gazerani (2023) refers
to the DT both as a Data Generator (e.g., “the simula-
tion of patients’ conditions and therapeutic responses and
multi-scale modeling from cells to the whole body”) and as
a Data Source to be combined with other data sources in
order to extract more knowledge through Al and ML tech-
niques. For these reasons, in DTs, the classic big data value
chain (Kriksciuniene et al., 2015; Curry, 2016; Gervasi et al.,
2023b, a) should be revised to accommodate the need for the
constant interaction between physical and virtual spaces.

In Table 3, the Data dimension is decomposed into four
sub-dimensions that emerged from the analysis: (1) Data
Sources, (2) Raw Data, (3) Data Collection, and (4) Data
Storage. Clearly, each of these aspects can be considered
within the broader perimeter data management, analyzed by
the SLR in Correia et al. (2023), as can be seen from the
corresponding search query used by the authors and shown
in Table 2.

The data should be associated with the respective acquisi-
tion techniques, and, thus, with the respective ETL (Extract,
Transform, Load) and data quality processes (Correia et al.,
2023). Data collection is a key aspect of DTs to be inves-
tigated. The techniques for acquiring and integrating the
multi-sources of a DT should guarantee the heterogeneity
of the data (Chu et al., 2023). In addition, closely related
to data collection and transmission technology, there are the
aspects of virtual and physical model updates (Yao et al.,
2023). They depend on the synchronization property of the
model, the presence of static or continuously updated data
(Sharma et al., 2022; Kamel Boulos & Zhang, 2021) asso-
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ciated with a high-dimensional data-decoding (Barricelli et
al., 2019). We exclude from this dimension the data analy-
sis modeling, such as machine or deep learning techniques,
which are included in the Modeling dimension (Section 5.3).

The Sensors dimension relates to the respective sensors
used in the DTs and allows the acquisition and transition of
the data between the PT and the DT. This dimension is funda-
mental to both the design of the model and its functionality.
Indeed, the sensors contribute to enabling the DT online or
offline (Botin-Sanabria et al., 2022), calibrating the update
rate (Kamel Boulos & Zhang, 2021; Barricelli et al., 2019),
and achieving continuous communication between the digi-
tal and physical parts (Grieves, 2022). It is remarkable that
in the healthcare domain, online DTs are almost completely
absent (Table 4), even at the theoretical status, and this seems
to be related to the lack of such enabling sensors (Bjelland
et al., 2022).

5.3 Modeling

As can be seen in Coorey et al. (2022), the Modeling dimen-
sion, has a dual nature: the first is linked to design and
architectural aspects leading to the modeling of the physi-
cal object; the second is related to the enabling aspects, the
properties, and the desired functionalities of the model, such
as technological aspects (Yao et al., 2023; Sharma et al.,
2022; Barricelli et al., 2019; Bjelland et al., 2022), compu-
tational aspects (Botin-Sanabria et al., 2022; Correia et al.,
2023; Armeni et al., 2022; Yao et al., 2023), and Al and
ML techniques (Sharma et al., 2022; Rathore et al., 2021;
Botin-Sanabria et al., 2022; Tao et al., 2022a; Bjelland et al.,
2022). As can be seen in Table 4, these aspects are directly or
indirectly addressed in every review analyzed in this work.

In this dimension, when a DT is analyzed, it is fundamen-
tal to survey all the architectural and design choices and the
methods and techniques of analysis used in it. The complexity
in defining a model and, thus, implementing a DT is evident,
given the numerous design, architectural, and technologi-
cal aspects that must be considered. The modus operandi
for defining DT prototypes can be based on different design
stages that must be coherent and comply with a set of proto-
cols and best practices. An example can be found in Tao et al.
(2022a), where authors list the following steps: (1) identifica-
tion of the physical object and its modeling for the definition
of the virtual object; (2) definition of the connection and
real-time data exchange between the physical object and its
virtual copy; (3) testing and validation; (4) definition of the
functionalities and respective feedback modes of the outputs
(Liu et al., 2019; Armeni et al., 2022).

The procedure just described is not suitable to be applied to
the design and development of any DT. Indeed, the procedure
starts from the assumption that the physical object to be mod-
eled already exists and, therefore, the virtual object is created
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accordingly. As we have already seen in Section 1, the vir-
tual entity could exist before the physical one (Grieves, 2000,
2022). The testing and validation phase (3) is fundamental in
the design of a DT, as it tests and validates its functionality. In
the literature, we find several references (Armeni et al., 2022;
Sharma et al., 2022; Tao et al., 2022a). The validation and
assessment of a DT’s modeling requirements can be carried
out through the identification of specific metrics, evaluation
methods, analysis techniques (machine or deep learning), or
human feedback (Sharma et al., 2022; Botin-Sanabria et al.,
2022). An example is evaluating a successful digital twin
phase in Rathore et al. (2021).

Finally, this dimension includes all the techniques belong-
ing to Big Data Analytics (BDA). They allow the transforma-
tion of simple data (raw data) into information and knowledge
and the interaction between the physical and the virtual enti-
ties (Sharma et al., 2022; Rathore et al., 2021; Botin-Sanabria
etal., 2022). The analyzed reviews make reference to specific
techniques, such as data fusion algorithms (Barricelli et al.,
2019), embedded machine learning (Kamel Boulos & Zhang,
2021), and federated learning (Gazerani, 2023; Sharma et al.,
2022).

5.4 Functions and User Interaction

From the results in Table 4, the dimension Functions seems
to be the most used in the analyzed studies (18 out of 20
papers). Functions can be directly identified in the form of
functional requirements or procedures (Voigt et al., 2021).
Table 5 organizes the main functionalities mentioned above
in terms of applications to healthcare DTs retrieved from the
analyzed papers.

Depending on the modeling aspects, the Functions dimen-
sion reflects the purpose for which the DT is designed and
should be as consistent as possible with the PT (Barricelli
et al., 2019). Currently, DTs in the healthcare field have a
reduced set of functions; indeed, they are not yet able to sim-
ulate the system to be represented in real-time, and they rely
on, e.g., offline simulations (Bjelland et al., 2022). A DT that
reproduces a certain condition of a patient (Gazerani, 2023)
should allow not only the simulation of a surgical opera-
tion (Bjelland et al., 2022; Pellegrino et al., 2023a), but also
the prediction of responses to certain therapeutic treatments
(Gazerani, 2023), as well as the evolution of his/her health
status (Voigt et al., 2021). Clinical decision support offered
by DTs is becoming a priority for precision medicine (Correia
et al., 2023; Armeni et al., 2022) and not limited to moni-
toring a patient or a disease (Rathore et al., 2021; Inamura,
2023; Van Willigen et al., 2022).

The functions of a DT are closely related to how users will
be able to employ them and, thus, to the User Interaction
dimension. While the functions can be seen as the output
generators of a DT, visualization and interaction systems
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Table 5 Functions of DTS in the

. Function
analyzed reviews

Reference

Simulation

Testing
Prediction

Decision support system

Monitoring

Optimization

Visualization

Diagnosis

Botin-Sanabria et al. (2022); Barricelli et al. (2019)
Voigt et al. (2021); Yao et al. (2023)

Chu et al. (2023); Bjelland et al. (2022)

Rathore et al. (2021); Tao et al. (2022a)

Correia et al. (2023); Gazerani (2023)

Inamura (2023)

Barricelli et al. (2019)

Barricelli et al. (2019); Voigt et al. (2021)
Tao et al. (2022a); Yao et al. (2023)
Correia et al. (2023); Rathore et al. (2021)
Inamura (2023)

Voigt et al. (2021); Correia et al. (2023)
Chu et al. (2023); Van Willigen et al. (2022)
Armeni et al. (2022); Cellina et al. (2023)

Rathore et al. (2021); Tao et al. (2022a)
Yao et al. (2023); Correia et al. (2023)
Inamura (2023); Van Willigen et al. (2022)
Voigt et al. (2021)

Rathore et al. (2021); Tao et al. (2022a)

Yao et al. (2023); Correia et al. (2023)

Van Willigen et al. (2022); Armeni et al. (2022)
Barricelli et al. (2019)

Tao et al. (2022a); Voigt et al. (2021)

Correia et al. (2023); Rathore et al. (2021)
Voigt et al. (2021)

enhance their usability (Gazerani, 2023). When conducting a
DT analysis, it is necessary to identify how information and
interaction with the model can be accessed intuitively, even
by non-technical end-users (Coorey et al., 2022; Barricelli
et al., 2019). Information from the DT can be experienced
through advanced technologies such as multi-dimensional
holographic projections, 3D avatars, and eXtended Reality
(XR) technologies (Sharma et al., 2022; Coorey et al., 2022).
XR technologies offer immersive experiences that trans-
form the sense of space and enhance interactions through
interfaces, such as hand-tracking (Pellegrino et al., 2023b).
Perceived benefits from such interfaces derive from a user-
centered design and implementation (De Luca et al., 2023).

We conclude this section by noting that user interaction
is constantly evolving, proposing new interacting models
between humans, Virtual Reality (VR), and robotic devices,
and laying the foundations for a new generation of DTs (Ina-
mura, 2023).

5.5 Hierarchy

In the literature, DT systems are classified using a hierar-
chical structure consisting of the following a 3-level: (1)
unit-level, (2) system-level, and (3) System-of-Systems-level
(Yao et al., 2023; Yang et al., 2021). This structure is shown
on the left in Fig. 4. In the healthcare domain, the complex-
ity of the interactions and dependencies between different

systems, apparatuses, organs, tissues, efc. has led to the rise
of specific DTs and sub-DTs at these different hierarchical
levels (Hirschvogel et al., 2019), but even at the molecular,
cellular, and sub-cellular levels. The motivations leading to
such DTs are manifold, from pharmacological experimen-
tation (Kamel Boulos & Zhang, 2021; Chu et al., 2023)
to modeling, for example, polymer melts (Baaden, 2022).
According to Tao et al. (2022a), the DTs in the health-
care sphere and their hierarchical structures can be classified
into the following two categories: (1) DTs oriented towards
healthcare organizational systems and medical resources
(Kamel Boulos & Zhang, 2021); (2) human-oriented DTs.

(1) DT medical resource-oriented hierarchy: this category
includes DTOs (Kamel Boulos & Zhang, 2021; Armeni et al.,
2022; Barricellietal., 2019). The associated DTs can map the
whole SoS into the equipment level. For example, referring to
the magnetic resonance machine as the level of SoS, it could
correspond to radiofrequency (RF) at the system level, while
we have the DTs of the functional units of RF at the unit
level, e.g., RF coil, RF generator, etc. (Tao et al., 2022a).
Other levels could be added to the previous ones, such as
the DT of an operation room (Patrone et al., 2020), a ward
(Erol et al., 2020), an emergency room (Liu et al., 2023), or
a hospital system (Armeni et al., 2022).

These categories of DTs enable healthcare institutions to
allocate their resources in ways that increase efficiency, save
costs, and avoid predictable crises (Armeni et al., 2022). They
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can also monitor the health of their equipment in terms of
efficiency and maintenance. However, hierarchical levels of
DTs have not been investigated in a structured manner in the
medical resource-oriented sense (Tao et al., 2022a).

(2) Human-oriented hierarchy: in the human-oriented
DTs, the human body system represents the SoS. There-
fore, we have the system level in which we find the eight
human body sub-systems (e.g., cardiovascular system or
digestive system) and, finally, the unit level corresponding
to the human organ level (e.g., heart), as shown in Fig. 3. In
the healthcare domain, there are several examples of hierar-
chy structures with multiple levels. Modeling a population as
an entity in its own right could be seen as a SoS, in which the
system level is the human body. These could also be seen as a
series of interacting DTs, defined as Digital Twin Aggregates
(DTAs), which are a set of Digital Twin Instances (DTIs)
belonging to different individuals, e.g., sets covering one
family, population group, or whole population (Kamel Bou-
los & Zhang, 2021), as can be seen from Fig. 4. We can
also identify DTs at the sub-organ level, such as the DTs of
heart vessels (Tao et al., 2022a; Naplekov et al., 2018). In
the literature, we find different hierarchies, in the healthcare
field, depending on the domain and purpose of the DT, e.g.,
hierarchy human body, organ, molecular, in reference to the
study of diabetes (Chu et al., 2023), and, as already seen, the
hierarchies molecular, cellular or sub-cellular in reference
to organelle/sub-organelle associated DTs (Kamel Boulos &
Zhang, 2021).

For this reason, in Fig. 3, we provide a hierarchical system
based on the results from the literature (Sharma et al., 2022;
El Malki & Zdun, 2019; Malakuti & Griiner, 2018) to char-
acterize DTs associated with the human body. Clearly, other
levels could be added to the proposed hierarchical model. A
formative approach should be taken into account to envisage
increasingly complex models to better represent the physical

entity and improve its understanding (Ozvoldik et al., 2021;
Baaden, 2022).

More generally, hierarchy is a distinguished aspect of DTs
since it acts as both a dimension and a structural property
linking dimensions. Indeed, when multiple DTs interact as
components of a larger DT, hierarchical relations may arise
between dimensions that characterize individual DTs (e.g.,
data accessibility or domain comparability). This requires
discriminating between the scale of the physical system
modeled by a DT and the scale of dimensions representing
single DTs. While the exploration of this aspect for health-
care DTs is beyond the scope of this work, we refer to
Angelelli et al. (2024) for a model proposal to represent
structural relations and uncertainty arising when multi-
dimensional frameworks interact, with a special focus on
interactions between human agents and technologies in data-
driven initiatives.

5.6 Status and Maturity

In the Status dimension, we propose a classification of DTs
into the following categories: (1) theoretical model (Sharma
etal.,2022); (2) Proof of Concept (PoC) (Coorey etal., 2022);
(3) prototype; (4) Minimum Viable Product (MVP); (5) busi-
ness DT. Each of these categories could be associated with a
Technology Readiness Level (TRL) (Salvador-Carulla et al.,
2024) and a Societal Readiness Level (SRL) (see, e.g., Botin-
Sanabria et al. 2022 and references therein). SRLs quantify
the impacts that the DT has on society, as well as the impact
on each end user. In relation to DTs, we sometimes use levels
of sophistication (or degrees of abstraction) (Kamel Boulos
& Zhang, 2021), which can be determined by the model’s
fidelity level, the frequency of their interactions with their PT,
and functionality’s efficiency (Arup, 2019; Kamel Boulos &

Fig.3 Hierarchical system for
the human-body domain
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Fig.4 3-dimensional hierarchical structure of DTs; DT unit, DT instance and DT aggregate

Zhang, 2021). Functionalities also allow a DT classification
within the Maturity Spectrum of Botin-Sanabria et al. (2022).

There is a lack of systematic evaluation theories and
methods for DT models in the literature; from the analysis
conducted in this meta-review, we identify only two proposed
evaluation indexes (Yao et al., 2023; Zhang & Tao, 2021; Yao
et al., 2023; Tao et al., 2022b). One of them is based on the
maturity of DTs in terms of: (1) effectiveness, (2) generality,
(3) efficiency, (4) intuitiveness, (5) connectivity, (6) integrity,
(7) flexibility, (8) model intelligence. The evaluation crite-
ria for DTs in the healthcare domain are multiple and often
oriented towards: safety, effectiveness, patient-centered care,
timeliness, equity, and efficiency (Committee on Quality of
HealthCare in America, 2001; Gazerani, 2023).

Finally, it is clarified that one should not confuse the status
of a DT, as specified above, with the maturity of the DT,
which is proper for each status. These aspects deserve in-
depth studies that are beyond the scope of this work; however,
in the next sections, we briefly discuss some opportunities to
adapt measurement methods for the assessment of maturity
and user interactions.

5.7 Limitations

Limitations of a DT constitute a dimension because aware-
ness of the model limitations emphasizes its reduced capa-
bilities or functionality (Botin-Sanabria et al., 2022; Sharma
et al., 2022). The limitations help to create a comprehensive
description of the DT and facilitate the subsequent evolution
of the prototype. We also stress that there is no clear distinc-
tion between Limitations and Challanges in the literature.
We map the different limitations identified from the analy-
sis in Table 6. However, the specification of this dimension in
the actual analysis of a healthcare DT should be case-based,

which means that further subdimensions beyond the ones in
Table 6 could arise.

6 Discussion

The analysis carried out in the previous sections points
out some aspects of practical interest for the architectural
design of Healthcare DTs and, in particular, for their inter-
operability in a multi-purpose healthcare setting. These
aspects are reflected in the dimensions constituting the multi-
dimensional framework detailed in Section 5.

The dimensional structure of the proposed framework pro-
motes a set of criteria constituting a model through which
DTs can be investigated, in practice, starting from their
preliminary design phase. This framework adheres to the
definition of a conceptual structure that may enhance the for-
malization of good practices and standards, platforms, and
tools supporting the prototyping of DTs (Botin-Sanabria et
al., 2022; Corallo et al., 2021).

Such generality is a strength of the framework, which
should provide a shared high-level structure among differ-
ent types of DTs without introducing a priori obstructions
in their interoperability. This is in line with evidence col-
lected from the literature; for example, the definition of the
Time flow for DT by Falkowski et al. (2023), who focused on
multiple sclerosis, is not limited to this application domain.

The description and examples provided for each dimen-
sion are intended to specialize and highlight those aspects
that should necessarily emerge from an exhaustive and com-
plete analysis of one or more DTs in the healthcare perimeter.
In this regard, the Modeling and Functional aspects of DTs
are of special interest due to the significant dependence on
the specific use cases or sub-domains, as discussed in Sec-
tions 5.3 and 5.4, respectively. The selection of possible
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Table 6 Challenges and

limitations of DTs in analyzed LIMITATION/CHALLENGE

REFERENCES

reviews Ethical/Social impact

Governance and regulatory

Technical limitations

Privacy

Financial resource

Security and cybersecurity

Armeni et al. (2022); Barricelli et al. (2019)
Bjelland et al. (2022); Botin-Sanabria et al. (2022)
Coorey et al. (2022); Chu et al. (2023)

Kamel Boulos and Zhang (2021); Inamura (2023)
Voigt et al. (2021)

Armeni et al. (2022); Barricelli et al. (2019)
Coorey et al. (2022); Botin-Sanabria et al. (2022)
Sharma et al. (2022)

Armeni et al. (2022); Barricelli et al. (2019)
Botin-Sanabria et al. (2022); Coorey et al. (2022)
Correia et al. (2023); Chu et al. (2023)

Kamel Boulos and Zhang (2021); Inamura (2023)
Rathore et al. (2021); Sharma et al. (2022)

Voigt et al. (2021)

Barricelli et al. (2019); Botin-Sanabria et al. (2022)
Coorey et al. (2022); Chu et al. (2023)
Rathore et al. (2021); Voigt et al. (2021)

Barricelli et al. (2019); Botin-Sanabria et al. (2022)
Sharma et al. (2022)

Chu et al. (2023); Barricelli et al. (2019)
Rathore et al. (2021); Sharma et al. (2022)
Voigt et al. (2021)

architectures, techniques, and methods associated with a DT
could pave the way to different research directions within
specific application domains.

One of the issues that emerged in Section 5.5 is the need
to define multiple hierarchical levels, as is partly proposed.
A major application of this dimension is the multi-scale
modeling of components of the human-body. The potential
occurrence of multiple DTs that replicate biological systems
interacting at different scales (from genomics to tissutal, up
to organs or systems) configures the hierarchical structure as
a conceptual framework for a SoS, in which each sub-system
has a distinguished complexity level. We stress that the need
to prompt healthcare DT interoperability at multiple scales
may increase over time along with other technological capa-
bilities related, for example, to multimodal spectroscopy,
organs-on-chip, new imaging techniques, and integration
with omic data supporting personalized medicine. These
technological advances require structures that can enable
communication and orchestration of multiple DTs. This con-
cept is also related to the composite DT notion defined as the
composition of two or more DTs (Kamel Boulos & Zhang,
2021). We emphasize that the composition is not limited to
DTs belonging to the same hierarchical level, but the interac-
tion between DTs belonging to different levels of hierarchy
must be ensured. In fact, the combination of three types of
DT related to processes, products, and performance (referred
to as digital thread) enables the simulation and modeling of
a complex system capable of increasing the fidelity of the
system (Elkefi & Asan, 2022).
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Another strategy that can increase the performance of the
model and its fidelity is the creation of copies of the same
DT. In the literature, we find different types of DT: Digital
Twin Prototype (DTP), Digital Twin Instance, and Digital
Twin Aggregate (Grieves, 2022). We have already mentioned
DTAs in Section 5.5. The DTI are identical copies of a DT,
all of which refer to the same PT (Fig. 4). Such copies can be
used, for example, in multiple hypothesis testing or compari-
son, counterfactual reasoning (Pearl etal., 2016; Pearl, 2001),
and simulations (Kamel Boulos & Zhang, 2021). The poten-
tial benefits of a hierarchical structure in terms of information
transferred among multiple scales (through model-based
simulations or data-driven approaches) extend the notion
of DT composition already mentioned in Section 5.5. The
hierarchical structures of DTs’ composition fit well into
the description of complexity and pathways linking differ-
ent scales in biological and human systems. This benefit
integrates efficiency advantages in having multiple DTs of
the same entity (e.g., timing and cost earnings by compar-
ing different parameter settings and simulating the system’s
behavior in different contexts) (Sharma et al., 2022).

The interaction between different DTs is closely related
to the data-sharing modes, which in turn depend on the types
of IoT sensors used and the synchronization modes adopted
(Sharma et al., 2022; Jiang et al., 2021). In this direction, a
standardization of fitness criteria among multiple DTs based
on model similarities and protocol compatibility would facil-
itate the respective interaction among DTs (Coorey et al.,
2022). Multiple DTs within a complex system, such as the
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human body, need to exchange and synchronize information.
This requires advancements in software-to-software inter-
operability to seamlessly integrate virtual entities and PTs
(Coorey et al., 2022). Additionally, novel models for data
management among different DTs could redefine the tradi-
tional big data value chain, as detailed in Section 5.2. Each
DT in the composite DT can be understood as both a data
generator (data product) and a data source that must meet
the requirements of quality and interoperability within feder-
ated governance (Gervasi etal., 2023a). Collaboration among
academia, industry, and health institutions will be crucial
for identifying and adopting standardized practices, ensuring
interoperability of diverse DTs in compliance with relevant
legislation, as well as meeting security and privacy standards
(Coorey et al., 2022).

The final observation in Section 5.5 entails a connection
with other dimensions, in particular Team, Data, User Inter-
action, and Maturity. Hierarchy within a digital system often
involves structural relationships that link individual DTs. To
effectively manage these relationships, it is essential to assess
resource accessibility, including the team’s capabilities and
the availability of necessary data. Additionally, evaluating the
compatibility of interacting systems is crucial. This includes
considering how users interact with the DT, the maturity level
of the DT, and the system’s overall management capabil-
ities. Findings have highlighted the potential for adapting
structural conditions when evaluating the compatibility of
various dimensions, particularly when data, technological
components, and human agents interact (Angelelli et al.,
2024). Robust multivariate techniques, such as partial least
squares structural equation modeling (Hair et al., 2017), may
be adapted for exploring the complex relationships between
determinants of technology adoption (Edo et al., 2023). In
this regard, existing measurement tools (Venkatesh et al.,
2003; Corallo et al., 2023) can be employed to refine the
proposed dimensional framework and integrate it with con-
textual factors that might influence the use of healthcare
digital technologies.

In summary, the dimensional framework we have pro-
posed is associated with a multiplicity of interpretations that
could be attributed to such dimensions, which, in turn, gen-
erate relations among them. This multiplicity is observed in
other dimensions besides Hierarchy, e.g., Modeling: model
construction, model assembly, model fusion, model verifica-
tion, model modification, and model management (Tao et al.,
2022a). Of particular interest are the aspects related to model
fusion and, hence, to the different interactions among several
DT models up to the architectures enabling the DTs of DTs.
Such a multiplicity may be seen both as a source of uncer-
tainty and a resource (Angelelli et al., 2024), as it allows
refining or updating DT’s characteristics, as well as model
requirements, enabling technologies, and maturity levels.

6.1 Strenghts and Limitations of this Work

This review has as its strength the systematic and rigor-
ous methodology adopted. Readers of a meta-review can
obtain a unique and up-to-date synthesis (Lim et al., 2022) of
reviews that answer a specific research question. It encapsu-
lates critical insights through the process of reinterpretation
and reorganization of the knowledge extracted from the set
of articles analyzed (Fan et al., 2022). In fact, the results
and analyses are organized in a synthetic view for practi-
cal purposes and accompanied by bibliographical references.
An analysis of reviews of the DT technology oriented to
the healthcare domain is provided for the first time, inves-
tigating its various conceptualizations and dimensions. A
multi-dimensional framework for the design and analysis of
healthcare DTs is proposed starting from robust premises
extracted from the literature study through an analytic pro-
cess, finally providing a comprehensive guideline for both
the research and industrial communities interested in DTs
technology.

The weaknesses of this literature meta-review include the
limited number of queried databases and systematic litera-
ture reviews (SLRs) available on DTs. This lack of available
literature led us to include non-systematic reviews in order
to gain a more representative view of the current state of
healthcare DTs.

In some cases, this led us to integrate the required infor-
mation (e.g., number of analyzed DTs) by extracting it from
individual reviews and to include features proposed but not
used in the DTs’ analysis within the papers. The limited num-
ber of reviews entirely focused on the healthcare domain
suggested extending the search to reviews that analyze at
least one DT in this specific domain. Despite this limitation,
the relaxation of such a search criterion resulted in the pro-
posal of a multi-dimensional framework that may support the
design and analysis of DTs beyond the healthcare domain.
However, this extension should not be defined as the result
of a rigorous and methodical study, since reviews that did
not contain a specific use case (healthcare) for at least one
of the DTs analyzed within it were excluded. The use of
the document-type filter within the search query may have
resulted in the exclusion of results that were not categorized
as reviews in the databases.

7 Conclusion and Future Works

The proposed multi-dimensional framework aims to guide
the analysis of DTs and support their modeling and design
phases. The focus of our analysis on the healthcare domain
brings out the need for the identification and adoption of a
unified framework in a DT definition, as asserted by Botin-
Sanabria et al. (2022) and Rossmann and Hertweck (2022).
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The intrinsic complexity that resides in the definition of a
human-body DT is inherited from the complexity of the
human-body itself, whose modeling requires, as we have
seen, systems of DTs organized into hierarchical levels that
interact and work in synergy. The 11 dimensions identified in
Table 3 encode the importance of specific aspects, such as a
clear definition of the hierarchical levels where a DT must be
embedded and interactions with other DTs can be structured
and analyzed.

The Data dimension implies the need for a new Big Data
Value Chain capable of abstracting and managing the con-
tinuous data flow between physical and virtual entities. The
virtual entity exists if it has a set of data related to it such that
it can be represented. Thus, lack of completeness, quality, or
constant updating of data may produce incorrect modeling
of the physical entity.

The Status dimension indirectly encodes a first classi-
fication of DT types. Such a classification does not refer
to performance, which is better captured by the Maturity
dimension. Indeed, the comparability of a theoretical DT
model and an implemented DT is not guaranteed along one
or more dimensions; hence, they could represent incom-
parable digital entities without one being the preliminary
version of the other. The joint analysis of DTs should take
into account the occurrence of structural relations or their
absence (incompatibility) among them, which can be encom-
passed in the hierarchical structures among composite DTs
(Fig. 4). Complementing the notion of DT instance could
help track the DT’s dynamics in terms of updates along its
main dimensions. The analysis of the remaining dimensions,
such as Modeling, Functions, Sensors, and User Interaction,
emphasizes how a general-purpose analysis could lead to
non-operational results, although they may have explanatory
power.

These considerations should prompt the research for
shared and harmonized protocols addressing normative and
ethical, as well as architectural and modeling criteria. They
also emphasize the general-purpose characteristics that such
protocols should have. Specifically, appropriate rankings of
evaluation criteria regarding the DTs’ maturity should be
explored even in terms of comparable status and conditions,
enhancing the interoperability of DTs among different hier-
archical levels.

The proposed research directions aim to investigate these
aspects within a specific class of DTs. The lack of a rep-
resentative sample of DTs becomes a limitation of the
current research. However, this work could guide DT anal-
yses by creating a common knowledge structure among
distinct application domains and promoting the identifica-
tion of comprehensive and exhaustive benchmarks for the
healthcare domain, including compliance with ethical reg-
ulations related to the protection of individuals’ rights and
data sovereignty.
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