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Abstract

Objective: Digital twins (DTs) have received widespread attention recently, providing new ideas and possibilities for future
healthcare. This review aims to provide a quantitative review to analyze specific study contents, research focus, and trends of
DT in healthcare. Simultaneously, this review intends to expand the connotation of “healthcare” into two directions, namely
“Disease treatment” and “Health enhancement” to analyze the content within the “DT + healthcare” field thoroughly.

Methods: A data mining method named Structure Topic Modeling (STM) was used as the analytical tool due to its topic ana-
lysis ability and versatility. Google Scholar, Web of Science, and China National Knowledge Infrastructure supplied the
material papers in this review.

Results: A total of 94 high-quality papers published between 2018 and 2022 were gathered and categorized into eight topics,
collectively covering the transformative impact across a broader spectrum in healthcare. Three main findings have emerged:
(1) papers published in healthcare predominantly concentrate on technology development (artificial intelligence, Internet of
Things, etc.) and application scenarios(personalized, precise, and real-time health service); (2) the popularity of research
topics is influenced by various factors, including policies, COVID-19, and emerging technologies; and (3) the preference
for topics is diverse, with a general inclination toward the attribute of “Health enhancement.”

Conclusions: This review underscores the significance of real-time capability and accuracy in shaping the future of DT, where
algorithms and data transmission methods assume central importance in achieving these goals. Moreover, technological
advancements, such as omics and Metaverse, have opened up new possibilities for DT in healthcare. These findings contribute
to the existing literature by offering quantitative insights and valuable guidance to keep researchers ahead of the curve.
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Introduction

Healthcare has undergone tremendous changes after enter-

ing the great revolution of Industry 4.0." In the past, health-
care was more patient-oriented, discussing how to cure
patients, utilize medical resources, and configure medical
equipment. Now, driven by the concept of Healthcare 4.0
and encouraged by a large number of technological
devices,” the objects of healthcare are no longer just
patients but normal people. With modern technology,
healthcare is experiencing a shift toward increasingly
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Figure 1. Publication number of “DT” and “DT + healthcare.”

intelligent. A large amount of physiological information
can help plan reasonable fitness programs, real-time
medical reports, and even predict future diseases.

The emergence of the concept of digital twins (DTs) has
introduced new perspectives and possibilities to healthcare.
Since it was proposed in 2002 by Professor Grieves,> DT
has expanded the traditional manufacturing concept to
whole industries. The world-renowned consulting firm
Gartner listed DT as one of the top 10 strategic technology
trends for two consecutive years from 2017 to 2018 and
predicted that the market size of DT can reach 183 billion
dollars in 2031.*° Besides, the number of papers about
DT and healthcare has surged in recent years. Figure 1
shows the changing number of retrieved papers in Google
Scholar from 2018 to 2022. The light brown box stands
for the retrieved number by the keyword “digital twin+
healthcare” and the dark brown box stands for the retrieved
number by the keyword “digital twin.” The number on the
box stands for the detailed retrieved number. For instance,
“1440” and “8430” above the box of 2020 represent the
number of results by the search words “digital twin+
healthcare” and “digital twin.” It can be found that the
number of papers related to healthcare accounts for an
increasing proportion of all papers about DT.

DT is a complex concept with no clear and widely
accepted definition yet. The basic idea of DT refers to the
fusion and mutual mapping of physical and virtual informa-
tion.” In healthcare, the main advantage of DT lies in its
provision of a visual representation. Massive data serves
as a bridge that connects the physical world and the
virtual model. With the assistance of artificial intelligence
(AI), the twin may provide excellent intervention for

humans. Manocha et al.® proposed a DT, and Blockchain
combined framework for elderly healthcare. This frame-
work used wearable devices to collect the physical activity
data of elderly people. After the transmission and fusion of
data, DT can effectively analyze emergencies and accidents
involving elderly individuals. Analysis helps mitigate risk
factors in their daily lives and offers a tangible solution in
the realm of smart healthcare. Alessandra et al.” proposed
a DT framework for feedback on dangerous social distance,
which can be used to control the spread of COVID-19. The
framework was successfully applied in a canteen environ-
ment and achieved a good effect. In healthcare, DT is con-
tinuously developing, and various physical copies are
designed to meet various needs. The above papers excavated
the application of DT and illustrated the great potential of
DT in healthcare. Compared with traditional treatment and
resource allocation methods, DT is more efficient, low cost,
and autonomous.

The emergence of DT has accelerated the more detailed
division in healthcare, and the applications of DT have
driven the publication of review papers. To date, several
reviews have summarized the existing research progress
of DT in healthcare. Sun et al.'® combined 22 representative
studies in healthcare to analyze the current applications and
future possibilities of DT in clinical settings. The research
confirmed the significant role of DT and made innovative
predictions about its broad applications in real-time
disease monitoring, dynamic analysis, and precise treat-
ment. Haleem et al.'' conducted a study exploring the
requirements for DT in healthcare. The research compre-
hensively discussed the concepts, technologies, and appli-
cations of DT. They concluded that building digital
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replicas through DT can improve care levels, increase data
utilization, and more efficient resource allocation. The
above reviews summarized the current development of
“DT + healthcare” through qualitative methods and pre-
dicted the future development of DT.

However, the above reviews have limitations: (1) the
discussed DT applications are only focused on the
medical field, without exploring other potential applications
in health maintenance for normal people; and (2) both
papers used qualitative methods to carry out the research,
and included papers may not be comprehensive enough to
summarize the contents about DT in healthcare fully. To
overcome the limitations of previous studies, conducting
a quantitative review to analyze the field of “DT + health-
care” is essential. Data-based analysis can offer an objective
and compelling overview of research progress. A compre-
hensive understanding can also be provided, encompassing
medical and health improvement aspects.

Specifically, a data mining method called STM (Structure
Topic Modeling) was employed to conduct literature ana-
lysis. The novelty of STM lies in its ability to automatically
generate topics from collected papers based on a fast variant
of nonconjugate variational expectation-maximization. The
determination of topics is mainly dependent on the content
of the papers, making it objective. Additionally, STM can
incorporate structured information from papers (e.g. publi-
cation date, author gender, and publication venue) and realize
a multidimensional analysis. The analysis results can be pre-
sented using visualizations, such as graphs and tables,
facilitating easier understanding than traditional literature
analysis methods.

The review can be trusted to provide a comprehensive
respective to analyze contents, research focus, and trends
of DT in healthcare. Specifically, the leading novel contri-
butions of this review are as follows:

1. This review categorized research on DT in healthcare
into eight topics, the content covering the principles,
technical components, and specific applications. Detailed
topic content includes the development of the DT
framework, the digitalization process of healthcare,
Al and DT fusion, real-time simulation, and persona-
lized health service.

2. This review examines the evolution and transformations
of each topic over time by correlating paper publication
dates with the eight topics as one covariate. Identifying
trends and underlying factors behind these shifts offers
valuable insights to guide the future.

3. This review divided papers in healthcare into two main
directions: “Health enhancement” and “Disease treat-
ment.” The two directions expand the content in health-
care and provide in-depth insights for present and future
research of the “DT + healthcare” field.

Method

This review was conducted according to the PRISMA state-
ment guidelines.'> The complete survey process consisted
of the following three parts: (1) data collection; (2) data pre-
processing; and (3) STM analysis. Figure 2 represents a
flow chart to demonstrate the study method. Specifically,
the data collection section introduces the database and
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Figure 2. Flow chart for this review.
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search methods used in this review. Preprocessing includes
two steps, namely manual preprocessing and STM system-
atic preprocessing. The final STM results will be displayed
in Chapter 3.

Paper collection

The collection progress of data is presented in this section.
Firstly, this review took three well-known electronic data-
bases as the primary access to obtain data. Google Scholar
and Web of Science (WoS) supply most of the papers. The
two databases include studies published worldwide, and
many previous studies used them as data resources.'>™ !>
The China National Knowledge Infrastructure (CNKI)
was employed as the Supplementary to Chinese papers.
The title, keywords, and abstracts of each paper were
chosen as the analysis materials of STM. Usually, the three
parts are the first concerns for all readers. The authors also
would summarize the core content of the paper in these
three parts, which makes the three parts become the most
conceptual and semantically parts of the whole paper.'®'

The search keywords were settled as “digital twin/s +
healthcare.” All included papers should concern healthcare,
and the contents should involve or apply DT. Patents and
papers without English abstracts were excluded. Meanwhile,
the contents of papers are unrelated to healthcare for
humanity and instead focus on production quality were
excluded even though their keywords meet the require-
ments of this review, such as the paper reported by
Newrzella et al.'"> The review commenced in 2018 pri-
marily because most general papers in the databases men-
tioned above were published during that year. Since 2018
can be regarded as the initial year for DT development, it
was chosen as the starting point for the review. All
included papers were carefully examined by all authors
to ensure that each publication appeared only once in
the dataset and to exclude papers with highly similar
content. Additionally, the authors ensured that the
abstract lengths of all included publications did not sig-
nificantly differ. This manual verification process was
implemented to minimize bias risks posed by included
papers.

Figure 3 depicts the detailed paper collection and screen-
ing progress for this review. Four rounds of screening were
conducted. A preliminary search using Google Scholar was
conducted to determine whether there were sufficient
papers for STM analysis. Approximately 200 papers were
identified that met the initial criteria. Meanwhile, WoS
and CNKI were utilized for additional searching, resulting
in 136 and 136 matching the requirement, respectively.
Among them, 193 duplicate papers were excluded.
During the second screening round, a total of 279 papers
were reviewed by title, resulting in the exclusion of 171
papers. Experts reviewed abstracts and keywords in the
third screening round, excluding 24 out of 108 papers.

Subsequently, the references of the 84 papers were
reviewed, and 10 papers that came with the references
were added to the dataset. Finally, a total of 94 papers
were selected as this review’s dataset and used for analysis.
All the screening progress was conducted by two experts.
To ensure the review contains the latest focus, additional
papers published in 2023 have been included. Since the
year 2023 has not ended, these papers were not incorpo-
rated into the STM analysis. However, they were discussed
to supplement the latest research progress and compare it
with the results of STM.

Paper collation

After the screening, the 94 papers required a further
human process. The purpose of the human process is to
extract valid information for further STM preprocessing.
Each included paper’s title, keyword, and abstract were
sorted into an Excel sheet by the form “Title. Abstract.
Keywords.” For a few papers without keywords, the
form would be “Title. Abstract.”

Two additional covariates were included to expand the
scope of the review, namely “time of publication” and
“paper attributes.” Each paper was labeled with these cov-
ariates in the Excel sheet. The inclusion of the time variable
is essential for tracking the popularity of topics over time,
which is a commonly recognized covariate in surveys
using the STM methodology. Furthermore, the papers
were dichotomized based on their attributes, allowing for
a more detailed analysis of the topics based on these
attributes.

The attributes considered in this review are based on two
research directions derived from the definition of “health-
care.” As previously mentioned, these attributes are
labeled as “Health enhancement” and ‘Disease treatment.”
The papers classified under the “Health enhancement” attri-
bute primarily focus on the application of DT in monitoring
and predicting changes in the body’s current state.”’™>
These papers often target healthy individuals, including ath-
letes,?*%1?* and discuss the use of DT technology to
improve information security,zs*28 address ethical con-
cerns, reduce social inequality, and enhance overall well-
being. In total, 44 out of the 94 papers were distributed
with the “Health enhancement” attribute.

On the other hand, the papers with “Disease treatment”
attribute focus on patients and have clear directions for spe-
cific diseases such as cardiovascular disease or
COVID-19.%7* Some papers aim to optimize the alloca-
tion of medical resources in hospitals and assist rehabilita-
tion were also labeled with the “Disease treatment”
attribute.>>® Papers with this attribute prefer DT to simu-
late human organs or the effects of different interventions
on organs.3942 In short, the “Disease treatment” attribute
represents a set of studies that strive to offer effective solu-
tions for curing patients, optimizing medical resources, and
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Figure 3. Flow chart for data collection and screening based on the PRISMA flow diagram.
rehabilitating individuals. In total, 50 out of the 94 papers documents can be defined as d € {1,2, ...,D}; k €
were distributed with the “Disease treatment” attribute. {1,2, ..., K} denotes the defined topic numbers; the words
within documents can be defined as n € {1,2, ..., N};
v € {1, ..., V} represents the index of all unique obser-

Dataset preprocessing

As introduced before, a quantitative method named STM
was used to make the content analysis. Conceptually,
STM is a hierarchical mixed membership model for analyz-
ing topical content within documents. Its main advantage is
that various structural information (covariates) can be
mixed, such as time and location, helping researchers dis-
cover the potential topics, analyze the content of topics,
and prevalence changes of topics with kinds of structural
information.*?

Figure 4 depicts the graphical illustration of STM.
Firstly, some variables need to be defined. The number of

vation words.

STM can be divided into three sub-models: the topic
prevalence model, topic content model, and core language
model.** X and Y in Figure 4 represent the topic prevalence
matrix and the topical content covariates matrix, respect-
ively. 6 is a D X K probability matrix of all documents
for defined topics. For any document, any row 8, of @ sat-
isfies the following distribution:

04 ~ LogisticNormalk_(y'X);, ) (1)

where y is a normal distribution coefficient matrix for the
topic prevalence model with half Cauchy parameters. For
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6,4, it means any document’s preference for all topics, and
the sum of all values of 6, is 1. # is a K X V multinomial
logistic topic word matrix with covariates. For each
topic, B, is a vector that combines a set of observed
words and follows the below relationship:

ﬁk o exp(mv + K_(topic) + K_(cov) + K(int)) (2)

where m, is the marginal log-transformed rate of term v. In
addition, it can be seen from (2) that the topic content con-
siders the covariates and incorporates the specific deviation
of covariates . The topic content vector for topic k is influ-
enced by three parts: topic, covariate, and topic-covariate
interactions.

Obtaining a preference proportion to all topics, for any
document d, all stemmed words in the document will be
assigned a topic label according to the proportion of 6,
which is z;,. The observed words w,, in f, are paired
with the labels of z;, to verify whether the observed
words can belong to the corresponding topics. After mul-
tiple iterations, @ will gradually converge and become
increasingly accurate, representing the final topic model.

Figure 5 concludes the main contents STM can achieve.
STM counts the high-frequency words for all papers in the
dataset, which are classified into various topics through
algorithms. Different high-frequency words can appear in
a paper, and the paper can correspond to several topics.
By performing topic statistics on all papers, the proportions
of each topic can be obtained. Covariates are attached to
each paper as a label, which can be used to divide all
papers. Based on the proportions of each topic and the cov-
ariates, the popularity of each topic is finally inferred. This
review utilized the titles, abstracts, and keywords of the
included papers as the primary analysis materials. In cases
where keywords were missing, only the titles and abstracts
were included for analysis. Additionally, the publication

time of each paper and the attributes defined in dataset
preprocessing were assigned as covariate labels to all
materials.

STM yields a range of results. The primary focus lies in
identifying multiple sets of topic words, referred to as
topics. Each topic corresponds to multiple papers within
the STM dataset, which serve as the sources for that particu-
lar topic. By centering on topics, the proportion of each
topic in the entire corpus and the interconnections
between topics can be discovered. Incorporating the
“time” covariate enables an understanding of how the popu-
larity of each topic changes over time. Similarly, incorpor-
ating the “attribute” covariate allows us to comprehend the
degree of preference of each topic toward two attributes and
the specific details of those preferences. Most of the results
are automatically generated by STM and presented in
graphical form. Part of the results expressed using para-
meters will be explained in the corresponding results.

STM has a wide range of application scenarios, and
many studies have applied this method in various fields.
Chen et al.'® analyzed 3963 articles published in the
“Computers & Education” journal within 40 years, aiming
to reveal the journal’s research hotspots and trends. The
findings provide guidance for future education research
directions. Bas Hofstra et al.*’ employed the STM to
figure out the topic terms and extract concepts to explain
the diversity-innovation paradox in the science field for
underrepresented groups. The above applications have
demonstrated the versatility and potential of STM for paper
research. Compared with traditional qualitative reviews, the
STM reviews can more objectively analyze the synthetic
results of all included papers and provide richer analysis
angles to cut into the fields.

This review used the R language to realize STM because
it is an open-source programming language with simple
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syntax and structure.*® In the R language environment,
STM is realized by calling the STM package. The
package has many built-in functions, which can complete
operations such as building STM, drawing images, and
outputting data. The review used prepDocuments and
textPrecessor functions to convert the Excel data into a
form that STM can process and prevent information
from affecting STM results. The specific processing con-
tents include the following: (1) normalize all the letters
and transform them into low cases; (2) removal of stop
words (e.g. is, to, are, of), numbers, and punctuations;
and (3) extract stemming words.*

Topic number selection

Choosing the appropriate number of topics for an
STM-based review is crucial. Topic semantic coherence,
exclusivity, held-out likelihood, and the residual are the
main indexes for deciding topics in STM. Semantic coher-
ence describes the coherent expression of words under the
topics in STM. High semantic coherence indicates that
the words used to label each topic appear frequently in

the paper and indicate a strong connection between the
topic and the content of the paper. While exclusivity
describes the specificity of a topic, the topic words with
high exclusivity of a topic will seldom appear in other
papers that do not reflect this topic. The Held-out likelihood
is to retain a part of words in a group of papers, train the
model, and use potential variables to evaluate the probabil-
ity of retaining parts.*? The residual is an index used to indi-
cate whether the model is reasonable. In an ideal model, the
residual equals 1.

Figure 6(a) displays the diagnostic indexes of several
topics obtained using the searchk function. On the other
hand, Figure 6(b) combines the semantic coherence and
exclusivity of different numbers of topics into a single
figure. Both figures provide evidence for the selection of
the optimal number of topics. The first judgment for choos-
ing the number of topics is semantic coherence and exclu-
sivity. In Figure 6(b), the direction pointed by the arrow
indicates the ideal number of topics. That is, it has both
high semantic consistency and exclusivity simultaneously.
Based on Figure 6(a) and (b), eight topics are the first
choice.
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Table 1. Labels for seven, eight, and nine topics.

Conception of DT Conception of DT Conception of DT
Healthcare

digitalization

Healthcare
digitalization

Healthcare
digitalization
Precision medicine

Precision medicine  Precision medicine

Al Disease diagnosis Disease Al Al Disease
diagnosis diagnosis

Health management Health Health
management management

Model development  Model simulation ~ Model simulation

and application

Personalized
healthcare

Personalized
healthcare

Personalized
healthcare

Framework
development

Framework
development

Smart health
service system

Other possible choices, like seven or nine topics, were
also tested. The experts gave the names of seven, eight,
and nine topics, which are indicated in Table 1. If dividing

the dataset into seven topics, compared with eight topics,
the topic “Model simulation” and topic “Framework devel-
opment” are merged into one topic. There is a clear differ-
ence between the two topics. “Model simulation” focuses
on the DT’s application, while “Framework development”
focuses on the framework construction and future assump-
tions. When dividing the dataset into nine topics, the papers
under the newly added topic “Smart health service system”
are frame-type papers. This topic is separated from the
“Framework development” topic and bears similarities to
the “Health management” topic. However, as an independ-
ent topic, it lacks distinct characteristics that set it apart
from others. Therefore, seven and nine were excluded,
and eight was the most appropriate choice.

Results

Trends of the publications

To explore specific trends for publications in the field “DT
+ healthcare” and analyze possible reasons behind the
trends, Figure 7 depicts the publication time of the papers
in this review’s dataset between 2018 and 2022 recorded by
quarters. The number of publications generally presents a
zigzag upward trend. Two papers were recorded in 2018, but
the number increased to 35 in 2022. There were three peaks
in published papers, with nine papers published in the fourth
quarter of 2020, 11 papers published in the second quarter
of 2021, and 14 papers published in the second quarter of
2022. The dotted line presents a trend prediction of the
folded line, which indicates an increasing trend with time.
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Topic interpretation, prevalence, and correlations

This section presents results about topics via STM, includ-
ing presenting the content of topic words, the preferences of
each topic, and relationships between different topics, enab-
ling the analysis and presentation of topics from various
perspectives.

Topic interpretation. Topic interpretation mainly explains
the topic words that describe each topic. The topic words
summarize the core content of each topic and can help
researchers understand the main content and direction of
the corresponding topic. STM counts the high-frequency
words to figure out eight topics, and each topic has several
topic words to indicate the contents. FREX (Frequency
and Exclusivity), proposed by Jonathan M. Bischof and
Edoardo M. Airoldi,49 provides a topic word determin-
ation method that considers both semantic coherence
and exclusivity. This comprehensive method calculates
the topic words by taking the harmonic mean of high-
frequency words and a given topic word exclusivity
distribution.

Figure 8 presents word cloud figures of the eight topics.
Each topic’s word cloud displays the top 40 words ranked
by the FREX criterion, where word size and color corres-
pond to word frequency. Words are depicted in larger
sizes and shades of red (plum red, blue, and black) to indi-
cate higher to lower frequencies. A word cloud figure can
provide an intuitive representation of the main content
involved in the topic. For example, in the word cloud
figure of topic 3, words such as “treatment” and “patient”

indicate that the topic is related to the disease. While
words such as “precise,” “real-time,” and “intelligence”
point to the requirements for treating the disease. These
words determined the label of topic 3.

Similarly, for topic 5, words such as ‘“service,”
“support,” “process,” and “provide” point to the object or
the action of the object served by the topic. In combination
with words such as “information,” “management,” and
“need,” it can be inferred that the topic object should be a
hospital-like system that serves healthcare services. The
word “simulation” in topic 6 is very unique. Words such
as “specify,” “optimal,” “monitor,” and “integration” can
be used to associate with the word “simulation,” which is
the main reason for the label of this topic.

Based on the word cloud figures, further refinement of
the aforementioned FREX topic words was conducted,
identifying the top 15 topic words (word cloud figures
emphasize word frequency and ignore semantic exclusiv-
ity). Adjustments were made to the further selected topic
words to enhance the interpretation of the topics. Some
topic words, such as “digital” and “twin” were combined
into the phrase “digital twin” because such continuous
expression conveys more information than separate words.
High-frequency but limited-value words like “study,”
“review,” “can,” and “need” were removed. All the adjust-
ments above were discussed with experts to reduce subject-
ive bias. Finally, the core FREX topic words are presented
in Table 2.

Topic 1 contains the words like “physical,” “virtual,”
and “relationship.” These words often appear when describ-
ing the concept of DT and make the experts decide on the
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Figure 8. Word cloud figure for the eight topics.

label for topic 1. Topic 2 has many verbs that may describe
DT’s work in healthcare. The Internet of Things (IoT)
appears in a very front position and is the important
reason for determining the label. Topic 4 uses “risk” as
the first topic word, combined with “disease,” “machine,”
and “learning,” explaining that the topic may be related to
both disease and Al. “Care,” “prevent,” “live,” and “way”
mentioned in topic 7 indicate that the topic may cover a
relatively wide range, and the first word “personalized”
stands for a tendency or method. The two sides above con-
tribute to the label ‘“Personalized healthcare.” The informa-
tion in topic 8 is scattered and refers to all aspects of DT.
With the word “framework,” the label is figured.

Topic prevalence. In STM, every paper will be given a
weight for each topic. The larger the weight value, the
more biased the papers to that topic. By statistically analyz-
ing the frequency of each topic’s appearance in papers, the
popularity proportion of each topic is found, thus gaining
insight into which topic is popular and which is niche. By
calculating the average weight of all papers on a topic
using the function colMeans, the prevalence of the topic
among all topics was obtained and presented as a propor-
tion. The total proportion of all topics is equal to 1.
Figure 9 depicts the proportions of each topic using a pie
chart. The largest segment of the chart represents topic 1,
followed by topic 6 and topic 2. Six topics have a propor-
tion exceeding 10%, while topic 4 and topic 5 account for
the smallest proportions, 9% and 6%, respectively. The
round outside classifies eight topics according to labels,

and three categories are finally gotten: “concept and frame-

work,” “related technology,” and “application.”

Topic correlations. Topic correlations describe connections
between topics. Visualizing the relationships between
topics helps to reveal the interplay and interdependence
among different topics. The weights of each paper enable
the calculation of correlation coefficients among various
topics through the topicCorr function within the STM
package. The range of calculated correlation coefficients
from the function varies between —1 and 1. The larger the
coefficients, the stronger the correlation between the two
topics. However, when the correlation coefficient is less
than 0, it means another case. With the correlation coeffi-
cient tending toward —1, there is a large competition
between the targeted topics. For example, a paper covers
one topic that competes with another topic and a large prob-
ability that the last topic will not appear in this paper.
Examining the competition between topics can provide
valuable insights into the overall landscape of the paper,
and it is interesting to explore why content related to com-
peting topics does not emerge.

Figure 10(a) presents the correlations between topics.
The intertwined squares with different abscissas and ordi-
nates represent the relationship between the two topics.
If the box is red, it means there is a positive correlation.
If the box is blue, it means there is a negative correlation.
A diagonal gray box indicates the correlation coefficients
between the two same topics. A positive correlation was
presented between topic 3 ‘“Personalized Healthcare”
and topic 7 “Precision medicine” (correlation coefficient
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Table 2. Topic words and labels for topics.

1 Field, application, physical, human, relationship, digital- twin, entity, technology, virtual, world Conception of DT

2 DT, healthcare, loT, industry, support, complex, challenge, monitor, system, process, decision Healthcare digitalization
3 Precise, medicine, clinic, computational, treatment, patient, model, enable, challenge, advance Precision medicine

A Risk, predict, disease, method, machine, learning, evaluation, life, result, help Al disease diagnosis

5 Management, service, health, design, function, new, analyze, experiment, framework, technology ~ System management

6 Medical, model, system, simulation, patient, real-time, interact, environment, efficiency, treatment Model simulation

7 Personalized, conceptual, emerging, care, prevent, inform, live, way, medicine, potential Personalized healthcare
8 Knowledge, smart, analysis, propose, device, differ, collect, framework, learn, data Framework development

equals 0.021). Figure 10(b) expresses the relationship
between topics intuitively and visually. The circle’s size
indicates the topic’s popularity, the green connection line
indicates a positive correlation, and the red line indicates
the competition and exclusion between topics. The strength
of the association between topics is different and related
to the width of the line. The thicker the line, the stronger
the relationship between the two topics. As shown in
Figure 10(b), “Personalized healthcare (topic 7)” and “Model
simulation (topic 6)” have an obvious competitive relation-
ship (negative correlation), and the corresponding red con-
nection line is very thick.

Topic preference comparison

One of the key advantages of STM is its ability to estimate
the relationship between papers and topics from multiple
perspectives. Through the integration of covariates, STM
has the capacity to contrast topic preferences across
varying covariates. Such capability imparts a heightened
level of understanding regarding the topics, enabling a thor-
ough and profound examination of the paper content linked
to each topic. The estimateEffect function within the STM
package calculates the average effect size of each topic
within the covariate model. It further furnishes statistical
inference regarding these effects by means of confidence
intervals and significance tests. The preference of each
topic can be represented in Figure 11.

The point of each topic in Figure 11 corresponds to the
x-label representing “Estimate,” one output of function
estimateEffect. “Estimate” is derived by computing a
weighted average of both the global weight and the
topic’s impact strength on the covariate within each
paper. “Estimate” serves as a means to ascertain the mag-
nitude and direction of the topic’s influence on the

covariate. The corresponding line of points represents
the confidence interval of the effect size of each topic,
which is 95% in this study. The large “Estimate” (larger
than 0) means the topic has more preference for “Health
enhancement,” and the small “Estimate” (less than 0)
means the topic has more preference for “Disease treatment.”
It is observed that topics 1, 2, 5, 7, and 8 prefer the covariate
“Health enhancement,” while topics 3, 4, and 6 prefer the
covariate “Disease treatment.”

In addition to examining the relative preferences of
topics for the two covariates, the absolute preferences of
topics for the two covariates were also calculated using
the topic focus index. These results were visualized
using a radar figure, as shown in Figure 12.°° The radar
figure showcases eight topics represented by the eight
corners, which are illustrated in Figure 9. These topics
are further divided into three distinct areas: “Concept
and framework,” “Related technology,” and
“Application.” The two graphs extending from the
center depict the topic’s preference for each covariate,
respectively.

From the figure, it can be observed that concerning
the covariate “Health enhancement,” the topics
“Framework development” and “System management”
demonstrate a strong absolute preference. In terms of
the overall pattern, topics related to “Concept and frame-
work” and “Related technology” show a greater inclin-
ation toward this covariate. On the other hand, for the
covariate “Disease treatment,” the topic “Al disease
diagnosis” exhibits a clear absolute preference,
whereas the topic “Conception of DT” displays the
weakest absolute preference. The overall distribution
of “Disease treatment” seems more balanced, with
topics related to applications exhibiting a higher prefer-
ence for this covariate.
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Topic content comparison

The analysis of preference differences for the covariates
“Health enhancement” and “Disease treatment” concerning
a particular topic content can provide a detailed insight into
the specifics of the research preference. Topic content com-
parison in STM is achieved by categorizing topic words
based on their covariates.

Table 3 displays the specific content of the topic com-
parison. For a particular topic, the topic words were classi-
fied into a covariate, and the further away the topic word is

from the dotted line in the table, the more evident its pref-
erence for the covariate it was assigned to. The closer the
word away from the dotted line in the middle, the weaker
the topic word’s preference for the covariate. From
another perspective, the words close to the line are ambigu-
ous and require discussion.

As can be seen from Table 3, there are differences in the
specific preferences of the two covariates “Disease treat-
ment” and “Health enhancement” for each topic.
“Conception of DT (topic 1)” divided the words “digital
twin” and ‘“healthcare” into two sides, respectively.
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Figure 11. The forest plot for topic preference comparison.

“Healthcare digitalization (topic 2)” brings IoT into “Disease
treatment,” while “Al disease diagnosis (topic 4)” splits
“machine learning (ML)” into two sides. As for other
topics, the two attributes also correspond to different con-
tents, which will be discussed in Chapter 4.

Topic popularity changes over time

STM generates topic prevalence over time by plotting
the distribution of topic proportions and provides a
clear and effective way to analyze changes in topic rele-
vance. However, due to the limited number of papers in
the “DT + healthcare” field, some topics may exhibit trend
changes that are difficult to explain during certain periods.

Figure 13 shows the excepted topic proportion of the
eight topics. The figure uses the linear fit to smooth the
curves.*> The time gap for 2018-2022 was divided into
20 parts by quarters, which adds the range of values on the
x-axis. The number of papers published in the 4th quarter
of 2022 is not fully counted by the review conducted, and
Figure 13 only records the trends of the 2018 1st quarter to
2022 3rd quarter. “Conception of DT (topic 1)” shows a
high growth percentage in 2020-2021. “Healthcare digital-
ization (topic 2)” presents a surge in the last two quarters
of 2022. “Precision medicine (topic 3)” and “Model simu-
lation (topic 6)” maintain a growth trend. “Al Disease
diagnosis (topic 4),” “Health management (topic 5),” and
“Framework development (topic 8)” are the three topics
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Table 3. Topic content comparison.

with the lowest proportion, and the trend is relatively stable.
“Personalized healthcare (topic 7)” has extensive undulation
changes, falling from a high percentage in the whole year of
2018 and rising sharply in the last two quarters of 2022.

Topic

Disease treatment |

Health Enhancement

1. Conception of DT Healthcare, application, health, field, use

2. Healthcare digitalization Support, decision, thing, Internet, DT, industry
3. Precision medicine

4. Al disease diagnosis
5. Health management Healthcare, efficient, new service
6. Model simulation System, patient, simulation, treatment, develop
7. Personalized healthcare

8. Framework development

Medicine, patient, computational, clinic, individual ;

Develop, study, model, risk, data, learn |

Personalized, emerging, conceptual, framework !

Diagnosis, disease, behavior, Al data !

Physical, technology, human, twin, digital
Technology, challenging, emerge, system

Precise, use, data, new, health

Health, machine, framework, predict, disease
Analysis, technology, medical, design, management
Base, device, collect, medical, model, data
Individual, technology, prevent, design, help, Health

Support, patient, system, learn, knowledge, Decision

Note: The comparative topic words in this table are extracted from the content comparison figure in STM. It should be noted that the frequency determines

the preference for such topic words.

Figure 14 presents the integrated and summarized popu-
larity trends of all topics obtained through local polynomial
regression fitting. The overall topic variations are depicted
in a straightforward graphical form, facilitating the
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Figure 13. Excepted topic proportion by quarters.
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comparison of their respective popularity changes. The Discussion

overall graph shows that topics 1, 2, 3, and 4 exhibit an
upward trend in popularity, with topic 4 indicating the
most pronounced increase. Conversely, topics 5, 6, 7, and
8 demonstrate a declining trend in popularity, with topic
8 experiencing the most significant decrease. This graphical
representation allows for a clear and coherent assessment of
the popularity dynamics among different topics.

Chapter 3 has shown the detailed topic information ana-
lyzed by STM. In Figure 7, the rising publications pre-
sented the broad prospects for the “DT + healthcare”
field. The fusion of advanced technologies, such as Al,
IoT, Block Chain, and Big Data Analytics, has paved
the way for innovative solutions that improve patient out-
comes and enhance people’s quality of life.’'>* The
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emergence of the COVID-19 pandemic further strength-
ened the public’s requests for digital and efficient health-
care, highlighting the importance of remote patient
monitoring, virtual consultations, and data-driven decision-
making.*>>** The above factors have made “DT + health-
care” an exciting research area with significant potential to
transform healthcare and promote digitalization.

The convergence of cross-technologies in digital
twin: Fully penetrating the healthcare industry

In healthcare, DT is utilized to create virtual replicas of
physical objects or systems, including organs, medical
devices, and even the entire human body. The primary
objective is to facilitate real-time interaction and seamless
integration between the digital and physical realms. To
harness the full potential of DT, it becomes crucial to
develop robust structures, which is why numerous studies
are dedicated to exploring DT frameworks (topic 8). Song
et al.”>> constructed a five-layer DT healthcare facility man-
agement framework. The framework can widely integrate a
large amount of heterogeneous data and real-time data
queries and achieve better resource allocation. The frame-
work is used in the facility management of Shanghai
Tongji Hospital and achieved good results. Pirbhulal
et al.>® proposed an automated DT framework for the cyber-
security of IoT healthcare systems. The agriculture simu-
lated potential threats and vulnerabilities by generating
DT of IoT systems, preventing possible cyberattacks, and
improving the resistance of IoT healthcare systems to
attacks and overall security. In general, frameworks help
better understand, analyze, or predict the behavior of
an actual entity. By extracting entity features, DTs can
have visibility and expansibility, and research can con-
tinuously optimize and integrate new ideas based on the
current framework.

Digital twins in healthcare: Technical components. Supported
by the existing framework, the composition of DT can
be modularized to provide the impetus for construction.
Specifically, the main technical components of DT can
be divided into three aspects. Firstly, big data is the foun-
dation of the composition of DT and the key to real-time
analysis. In terms of healthcare, the source of various
physiological data usually comes from commercial health
data acquisition devices or sensors in the environment.
These devices/sensors should be ergonomically designed
to avoid making people uncomfortable and gather diverse
data. Existing studies have used smartphones, watches, and
other wearable devices to collect parameters like daily food
intake, exercise, sleep time, and mood changes for DT devel-
opment.?!”® Intrabody microrobots offer another pathway
for data collection. Negnab et al.>® have developed control-
lers for magnetic levitation microrobots. These microrobots
have the advantage of non-contact movement within the

body, providing significant convenience for drug delivery,
imaging, and collecting sensitive data. Besides new equip-
ment, a wider range of heterogeneous data is essential for
realizing big data. Motion data, electroencephalogram
signals, electromyogram signals, genome data, and micro-
bial information hold the potential to contribute to enhan-
cing the accuracy and effectiveness of DT.°

The second aspect of DT-related technology is estab-
lishing a channel to communicate reality entities and
virtual twins, now known as the IoT technology. IoT sig-
nificantly contributes to healthcare information digitaliza-
tion (topic 2). After being applied to healthcare, IoT can be
further differentiated according to different purposes. One
of the differentiations is the Internet of Medical Things
(IoMT), which aims to network various medical equip-
ment to achieve intelligence and automation. By combin-
ing with DT, the IoMT can construct real-time internal
medical imaging of the human body, offering remote diag-
nosis and surgery possibilities®’*°* and solving issues of
delayed cancer diagnosis.®’ Another differentiation in
IoT technology specific to healthcare is the Internet of
Healthcare Things (IoHT). Devices connected to the IoHT
can be various, such as smart bracelets, smart watches,
smart scales, and smart medicine boxes. By recording
changes in data, the IoHT can construct DT of humans,
helping individuals better manage their health, prevent
diseases, and improve their quality of life.%*%°

The third technical aspect of DT involves maximizing
the potential of collected multimodal data with high
quality and minimal latency. One promising approach to
achieve the goal is Al (topic 4), which can continuously
process data and realize evolution using iterative algo-
rithms. Kaul et al.°® analyzed the critical role of Al in
healthcare DT through the case of cancer care. Al can
easily integrate comprehensive personal DT data and
support care suggestions considering treatment effects
and patient preferences. Besides, Al can simultaneously
analyze a large amount of clinical data and learn from
published journals, which help accelerate the update of
treatment methods. Existing research has promoted the
combination of healthcare DT and Al through various
ML algorithms. Ferdousi** developed a dynamic learning
algorithm selection framework for predicting diseases.
The framework can automatically match the best algo-
rithm for related diseases timely. Allen et al.®’ utilized
Variational Autoencoder ML methods, which can recon-
struct input data and predict outcomes, making up for
any gaps or mistakes in the dataset. Edge computing has
the potential to expedite medical data validation and com-
putation. It can improve the time-intensive process of trad-
itional drug development, especially after integrating
IoMT and deep learning algorithms.®® Distributed com-
puting nodes are crucial in reducing data transmission
latency and alleviating server burdens. Additionally, edge
computing offers the advantage of avoiding potential data
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leakage, server crashes, and data loss issues arising from trad-
itional single-point computing.

In summary, diverse data acquisition channels and effi-
cient, secure data transmission methods play a crucial role.
Additionally, advancements in Al models and ML algorithms
contribute significantly to the continuous enhancement
of DT’s technical components. Furthermore, technologies
like 3D modeling and cyber-physical systems continually
augment the capabilities of DT, leading to its growing com-
plexity. These advancements have revolutionized trad-
itional healthcare, empowering individuals to take greater
control over their health. However, paying attention to
data security, personal privacy protection, and Al ethics in
data acquisition is also essential. As a result, the scientific
regulation of technology is anticipated to emerge as a
crucial concern for the future of DT in healthcare.

Digital twins in healthcare: The applications. Up to now, DT
has found diverse applications in various healthcare pur-
poses. One of the primary and currently achievable applica-
tions is DT-based simulation (topic 6). Leveraging its
excellent visibility and superior data transportation capabil-
ities, DT simulation can provide real-time, cost-effective
insights into the status of complex systems. The generated
data by DT simulation can compensate for data lacking
of rare diseases and overcome some ethical hurdles.®”
Operations simulations on DT can significantly enhance
surgeons’ ability to improve the success rate and efficiency
of operations, particularly when they encounter complex
and rare conditions.”® The implementation of distributed
DT healthcare units enables the effective monitoring of
the transmission of COVID-19 in medical units with vul-
nerable populations. By rapidly conducting simulations
based on real-time data, the spread of the virus can be dis-
rupted, thereby improving the effectiveness and safety of
treatment.”' DT breaks down the barrier that traditional
computer simulation may have huge errors with physical
entities. By establishing reliable and intuitive simulation
models, DT can collect all-around influencing factors in
the physical world and accelerate the accuracy of health-
care, increasing the success rate of treatments.

In other applications, DT can be categorized into two
distinct types. The first category employs DT to create per-
sonal copies, while the second category utilizes DT to gen-
erate replicas of public systems or facilities. Precision (topic
3) and personalization (topic 7) are the two main require-
ments for personal DT copies and the urgent need for
future healthcare.”* In cardiology, Corral-Acero et al.*°
reviewed the present attempts of DT application in preci-
sion cardiology. The combination of mechanical and statis-
tical models in developing future patient copies has the
potential to identify valuable data, guide treatment deci-
sions, and evaluate prognoses. The construction of DT for
various cancers showed the directions for future cancer
treatment.”* Virtual twins that integrate high-performance

computing and modeling capabilities can fully imitate
the physical properties of entities. They can repeatedly
perform trajectory prediction on physical conditions and
treat simulations, with a precise focus on preventing and
monitoring cancer.”*

Specifically, dynamic twins for personalized healthcare
make people calmer about disease manifestations. The per-
sonal DT presents the physiological state of the individual,”
and the concepts of “normal” and ‘“health” will be trans-
formed into specific regular periodic changes in individuals
because of DT’s meticulous observation and detection of
the human body.”® When deviations include increased
Body Mass Index, rising blood pressure, and changing bio-
logical and clinical parameters, the tailor-made life rhythm
and diet plan can quickly help humans correct the para-
meters.’® Athletes and bodybuilders can use DT to accurately
judge whether exercise posture is standard and scientifically
calculate the amount of training to achieve the best effect.”!
Another critical issue for personalized DT is its potential
privacy and ethical implications. The monopolization of DT
by capital can create an unequal situation where not everyone
can access or use it, resulting in wider social inequality and
discrimination against groups without DT access.”®
Additionally, the reliance on big data for DT necessitates
privacy considerations. An active, comprehensive DT life
cycle privacy protection system is essential to protect inter-
ests without compromising privacy. Ensuring transparent
data flow is crucial for DT’s personalized application.”’

The last main idea for DT application in healthcare is cre-
ating DT for copies of public systems or facilities. The pos-
sible application scenarios include hospitals, elderly
communities, rehabilitation centers, medical resource alloca-
tion centers, etc. In such DTs, people/medical resources
play the random variables, and the environment becomes
the object of DT. The ultimate goal of DT for the above facil-
ities is achieving optimized management, including
efficient-reasonable resource allocation and rapid processing
(topic 5). Karakra et al.> proposed a hospital DT to simulate
discrete events and emergencies for better hospital manage-
ment and resource distribution. Chen’’ centered on the
needs of older people and built a DT of disease and health
management for older people. With more system-based appli-
cations continuously developed, the future of healthcare
system management is expected to embrace comprehensive
informatization, intelligence, and enhanced efficiency.

This section presents the specific content of the eight
topics identified through STM analysis. “Conception of
DT (topic 1)” and “Framework development (topic 8)”
discuss the conceptualization and framework development
of DT in healthcare. “Healthcare digitalization (topic 2)”
and “Al disease diagnosis (topic 4)” focus on the utilization
of IoT technologies and the role of Al in healthcare. The
remaining topics turn into various specific applications of
DT in healthcare. Figure 15 gives a schematic diagram of
the main discussion in this section. DT provides a platform
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Figure 15. Concerned content for STM analysis.

that integrates modern technologies such as intelligent
sensors, IoT, and ML, offering pathways for future health-
care. Real-time monitoring of bodily data will expose
potential anomalies, while precisely tailored lifestyle
plans and dietary programs will assist individuals in main-
taining constant well-being. The DT public facilities enable
better resource allocation. The rare disease data generated
by DT can provide valuable references for treatment
while ensuring patient privacy protection. Simulated sur-
geries based on DT have significantly reduced training
costs and improved the success rate of operations.
Additionally, the utilization of DT in medical image and
data processing methods has demonstrated superior accur-
acy and speed compared to traditional approaches.

The interconnected evolution of research hotspots:
Understanding topic distribution and topic
interaction over time

The diversity of DT applications in healthcare has led to the
exploration of various topics, resulting in identifying eight
distinct areas of discussion. In the convergence of cross-
technologies in digital twin, fully penetrating the healthcare
industry, the detailed contents of these topics have been
extensively discussed. The following section will delve
into the trends and preferences associated with each topic.
This analysis will be based on the number of papers
related to each topic within the entire dataset and its corre-
lations with other topics.

The world’s attention to DT has prompted researchers
to explore the diverse possibilities of DT concepts based
on the unique characteristics of their subjects. Generally

speaking, the development and application of emerging
technologies require feasibility verification and discussions
on limitations. This helps determine whether DT can be rea-
lized under existing technical conditions or in the foresee-
able future. Moreover, careful considerations are essential
to avoid causing harm to human development or causing
unnecessary resource waste during the implementation of
DT.” Currently, verifications and discussions are under-
way regarding the integration of DT with established tech-
nologies and its innovative applications within the
healthcare domain.””*° As a result, papers involving the
concept of DT (topic 1) presented a developing popular
trend. Topic 1 reached a peak in popularity between 2020
and 2021, with the highest distribution reaching 30%, as
shown in Figures 13(a) and 14.

Researchers are increasingly inclined to integrate trad-
itional model simulation (topic 6) with DT, resulting in a
sustained and popular trend, as depicted in Figure 13(f).
DT fully expands the traditional idea of “virtual copy,”
and its brilliant performance explains the trend of this
topic. With the aid of DT, virtual copies can offer real-time
feedback to their real-world counterparts, facilitating a
two-way interaction of reality-virtuality. This breaks away
from the conventional notion of people controlling the
virtual objects’ natural environment, aiming to ultimately
achieve a seamless coexistence of reality and virtuality.®'
Exoskeletons have emerged as valuable tools for aiding
patients in their recovery process. When integrated with
DT, they can significantly improve human-computer infor-
mation interaction, enable the generation of patient-specific
gaits, and enhance treatment autonomy and safety.®’ The
distribution of topic 5 (System simulation) in Figure 14
bears a resemblance to the shape of topic 6, albeit with a
relatively smaller overall proportion. Both topics involve
simulations, but topic 5 focuses on a more specific target,
primarily concerning real-time monitoring and manage-
ment of physical entities and systems. Due to the similarity
in the distribution patterns and shared characteristics in
topic content, the interpretation of the popularity of topic
5 aligns with that of topic 6.

The emergence of 5G technology pushed the future
communication requirement of Massive Machine Type
Communications (mMTC),%* which provides great support
and possibilities for IoT. With more connected devices,
sensors, and seamless communication, healthcare digitaliza-
tion (topic 2) has been greatly accelerated. In 2017, the
international organization for standardization International
Telecommunication Union and 3rd Generation Partnership
Project put forward communication requirements for
5G technology.®® Under the guidance of specific rules,
5G-based healthcare digitalization and IoT technology
had more specific goals and standards.®® As a result, the
2018 popularity peak of topic 2 in Figure 13(b) may be
attributed to the standardization of 5G technology, while
the second peak in popularity for this topic in 2020 can
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be attributed to the official commercialization of 5G tech-
nology in 2019. With the widespread adoption and use of
5G technology, there has been a steady increase in the
trends related to “Healthcare digitalization (topic 2).”
This indicates the growing importance and impact of digit-
alization in the healthcare sector, facilitated by advance-
ments in communication technology such as 5G.

“Precision medicine (topic 3, Figure 13(c))” and
“Personalized healthcare (topic 7, Figure 13(g)),” as the
only pair of topics with a positive correlation, both
focus on individual differences and customized treat-
ment/healthcare options. Precision medicine delivers
precise and targeted interventions. Personalization may
not always be precise, while precision has decided person-
alization by its implementation process.®*> However, per-
sonalization becomes more significant as healthcare
evolves to encompass all aspects of life, such as offering
personalized guidance from personal trainers and nutrition-
ists. It works in conjunction with precision medicine to
enhance the quality of human life. The interconnectedness
is why topics 3 and 7 are regarded as distinct yet interre-
lated subjects.

For individual trends of the two topics, “Precision medi-
cine (topic 3)” and “Personalized healthcare (topic 7)” show
different shapes in Figure 14, resulting in different reasons
for the shapes. As a high-tech-oriented concept, policy
promotions of DT have undoubtedly given researchers a
hotspot target. The prevalence of “Precision medicine”
seems related to US Food and Drug Administration’s
(FDA) policies. The FDA is recognized globally as a
leading regulatory agency for food, drugs, and medical
devices, with a reputation for science-based regulation
and oversight. The standards for healthcare-related products
and a vast amount of statistical data released by the FDA
are served as motivation and incentive for researchers.
The Digital Health Software Precertification pilot program
launched by the FDA in 2017 aimed to optimize the
review process of medical software and promote the use
of new technologies.®® Various countries also actively
explored the possible application of DT and have intro-
duced various policies to promote the development of
DT.#"% The policies and programs greatly accelerated
the application of DT and explained the soaring popularity
of the topic of “Precision medicine” in 2019.

Developments in omics have made “Personalized health”
popular. Searched in WoS, the growth rate of publications
concerning omics in 2021 came to 47.24%, while the
growth rate in 2020 was only 21.57%. Omics is a discipline
that emerged from the advances in genome sequencing tech-
nologies over the past two decades,® focusing on studying
the composition and interactions of biological molecules.
It encompasses various “omes,” including genome, prote-
ome, transcriptome, immunome, epigenome, metabolome,
and microbiome. Each has its specificity and value demon-
strated in clinical research.’®®' The development and

breakthroughs in omics and personalized health-assisted
DT are mutually reinforcing, offering analytical methods at
the microscopic level and expanding access to diverse analyt-
ical data. Traditional medical data, personal gene-related
information, recent lifestyle data, relevant environmental
data, and all kinds of data can be included as the analysis
object. Thanks to the combination of omics and DT in health-
care, the popularity peak of “Personalized healthcare (topic
7)” in early 2022 could be explained.

Through Figure 13(h), the topic “Framework develop-
ment (topic 8)” reached two peaks of popularity in late
2019 and late 2021, respectively. The previous peak of
popularity could be attributed to the popularity of DT.
Papers on “Framework development (topic 8)” are only dis-
cussions of the development of the DT framework without
actual practice. Although it encompasses DT, healthcare,
and many related technologies, the trends of this topic
have consistently remained lukewarm. The last peak
could be attributed to the COVID-19 pandemic. The pan-
demic pushed people to explore smart frameworks to
avoid infection®® and deal with the shortage or disturbing
confusion of medical resources caused by the surge of
COVID-19 patients.*? The pandemic also promoted the
popularity of “Al disease diagnosis (topic 4).” Al disease
diagnosis can help mitigate the spread of COVID-19 by redu-
cing human-to-human contact.?? Furthermore, it eliminates
the need for patients to physically visit hospitals, saving
them valuable time and ensuring a certain level of privacy
protection.

Moreover, the latest studies have raised new possibil-
ities for healthcare DT development. One concept that
holds great promise is the Metaverse. Metaverse repre-
sents a comprehensive framework that integrates environ-
ment, user interface, interaction, and social value.”? DT
provides basic components for constructing Metaverse,
while Metaverse provides DT with a broader platform
to promote more diverse and convenient interactions.
Moztarzadeh et al.”® developed a DT identification method
for cervical vertebral maturation (CVM) using ML algo-
rithms. Compared with traditional identification methods,
the DT CVM identification method in Metaverse has the
advantages of low cost and high accuracy. Moztarzadeh
et al.”* and Jamshidi et al.”” used a variety of ML algorithms
to analyze breast cancer patient data and construct DT,
aiming to achieve real-time stable diagnosis in Metaverse.
The simulation results showed the applicability and simpli-
city of DT and are promised to be used in generating cred-
ible assisted treatment decisions.

Previous research has elevated DT to a broader platform.
Most of the papers reviewed in this review emphasize
the importance of DT’s interaction in both the physical
and virtual realms. At the same time, within the Metaverse
concept, the DT in the research mentioned above highlighted
immersive interactions in the virtual world, where individuals
engage with their DT avatars. The immersive experience
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offered by the Metaverse expedites the sharing of medical
resources and facilitates the advancement of remote health-
care. Undoubtedly, the Metaverse is poised to play a signifi-
cant role in driving the future development of DT.
Regarding the relationship between topics, except for the
positive correlation between topic 3 and topic 7, the remain-
ing topics show clear competition, meaning that when a
topic appears in one paper, other topics are unlikely to be
present. The intense competition among various research
topics underscores the distinct delineations in current
studies. Each facet addressed in this review offers a compre-
hensive discourse, providing an articulation of a particular
subset pertaining to DT within the healthcare domain. The
multiplicity and rivalry of these topics vividly exemplify the
potential trajectories for advancing DT in healthcare. Each
of these trajectories boasts its own distinctive content,
poised to yield further unparalleled insights in the times ahead.
In summary, this section examines the distribution of
popularity proportions and the changing trends of each
topic over time, as depicted in Figures 9 and 13. It also ana-
lyzes the potential reasons behind the observed distribution
and changes. Figure 16 demonstrates the main discussion
content of this section: 5G communication development,
positive policy encouragement of various countries for
healthcare DT, advancements in Omics research, and the
impact of unexpected epidemics. These four factors contribute
to the fluctuations in the popularity of different topics and the
distribution of topic popularity within the “DT + healthcare”
field. In the future, the development of DT will be diverse.
The emergence of the Metaverse and the fast growth of Al
will allow DT to progress faster and generate more variants.

Exploring topic preferences and topic words biases

As the two most important research directions in health-
care, the attributes “Health enhancement” and “Disease
treatment” covered all the dataset’s papers. According
to the relative preference shown in Figure 11, all eight

topics are more inclined toward the direction of “Health
enhancement,” where five of eight topics prefer the covari-
ate “Health enhancement” and three of eight topics prefer
the covariate “Disease treatment.” In discussing absolute
preferences, as shown in Figure 12, the preference of
topics concerning covariates is consistent with those pre-
sented in Figure 11. It is worth noting that topic 5 (System
Management) exhibits a significantly pronounced preference
for “Health enhancement.” Mainly built upon Figure 11 and
helped by Figure 12, this section will explore the preferences
of topics to the covariates.

Topics with the most distinct preferences are ‘“Precision
medicine (topic 3, Estimate = —0.07245)” (The introduction
to “Estimate” were shown in Topic preference comparison),
“Model simulation (topic 6, Estimate=—0.09243),” and
“Framework development (topic 8, Estimate=0.07374).”
The preference for “Precision medicine (topic 3)” can be cap-
tured from the topic words. The topic words “patient,”
“medicine,” “clinic,” and “treatment” can be assigned to
the covariate “Disease treatment.” Meanwhile, the word in
topic 3 “computational” shows that this topic focuses on
using advanced computing methods to promote medical
development, using DT to provide patients with excellent
treatment. Advanced computational methods will fully use
various physiological data collected to generate as accurate
a DT as possible to accurately reflect the actual situation of
the physical individual.

“Model simulation (topic 6)” prefers the covariate
“Disease treatment,” which illustrates that papers on the
topic are mainly focused on the medical field. “System”
and “patient” are two core words for the “Disease treatment”
side, which meant that the simulated drug effects,**°” surgi-
cal and rehabilitation procedures,’”** and system deploy-
ment>*7%% frequently appear in papers corresponding to
this topic. In contrast, papers about health enhancement can
seldom appear on this topic. There is significant untapped
potential in modeling and simulation for the ‘“Health
enhancement” side, including various aspects such as

i
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simulating personal food intake modeling, daily exercise
levels modeling, and nutritional planning simulation. The
above areas offer ample opportunities for exploration and
development.

“Framework development (topic 8)” is preferred to the
covariate “Health enhancement” distinctly. Combining
concepts such as Healthcare 4.0 and Smart City,””®
papers in this field focus on utilizing DT for information
management and supporting decision-making processes.
Laamarti et al.”” proposed a DT framework based on the
ISO/IEEE 11073 standard. This framework aimed to stand-
ardize the collection of a large volume of health data from
personal devices to enable information fusion and create
individual DTs. The DT can improve the quality of personal
life and enhance individual well-being, driving the develop-
ment of smart healthcare in smart cities.

However, some papers investigate frameworks for the
“Disease treatment” side. Aloqaily et al.”” focused on the
development of DT in the context of extended reality
(XR) and constructed an XR-DT system framework for
the healthcare domain. The framework explored immersive
healthcare services, where individual physiological data is
presented in holographic 3D models. Such an approach
can revolutionize the way medical professionals and patients
interact, promote the development of remote healthcare, and
enable personalized medical treatments.

The above two frameworks addressed the enhancement
of health and treatment aspects, respectively. The DT
framework by Laamarti primarily interacts with the phys-
ical individual itself, while the Aloqaily proposed frame-
work emphasizes healthcare professionals’ feedback role
at the DT interface. Based on the appearance and data pre-
sented by DT, suitable treatment methods could be pro-
vided as feedback to individuals by medical professionals.
Meanwhile, the treatment information could also be trans-
mitted back to the information management layer of the
DT to facilitate the evolution of the DT.

“Conception of DT (topic 1, estimate .std = 0.02929)” and
“Healthcare digitalization (topic 2, estimate .std =0.02656)”
show relatively weak preferences. Observing the preferred
topic words of the two covariates in “Conception of DT
(topic 1),” it can be found that papers on topic 1 that prefer
“Health enhancement” concerned the human DT. Human
DTs often function as personal private doctors to make
real-time monitoring and prediction. People can instantly
adjust the rhythm of life to prevent problems.?”-7%-100-101
Comprehensive personal data enables better control of
common chronic diseases such as obesity and high blood
pressure. For the “Disease treatment” side, the papers on
topic 1 like to talk about DT applications in medicine and
explain the connotation of DT to accelerate digital treatment.
The specific content involves trauma management,** remote
treatment,'® and real-time acquisition of patient status.'®

For the topic “Healthcare digitalization (topic 2),” papers
that favor the covariate of “Health enhancement” focus on

how systems are architected and the challenges faced with
this emerging technology. While papers on topic 2 that
prefer the covariate “Disease treatment” focus on the role
of IoT technology, discussed in Digital twins in healthcare:
technical components “System management (topic 5, estimate
.std=0.04168)” applies DT to manage various systems or
monitor the conditions of medical equipment. In Figure 11,
the topic expresses a weak preference, while in Figure 12,
the topic expresses a strong preference. DTs in topic 5
care about the operation of the system and resource alloca-
tion. From Table 3, papers corresponding to the topic words
which prefer the “Health enhancement” side prefer to
discuss the management system’s design. In contrast, papers
corresponding to the “Disease treatment” side prefer the
effect of the DT system.

The remaining two topics are “Al disease diagnosis
(topic 4, estimate .std=-—0.00773)” and “Personalized
healthcare (topic 7, estimate .std =0.00124).” These topics
have the least covariate effects, which makes the two
topics’ preferences for the covariates unclear. But in terms
of absolute preference, topic 4 showed a preference for the
“Disease treatment” side. The topic words of “Al disease
diagnosis (topic 4)” who biased toward the covariate
“Health enhancement” in Table 3, focusing on building the
framework for disease prediction with AI,22’73‘104 while the
topic words biased heading to “Disease treatment” focus
on possible risk analysis of the model to determine the
safety and reliability of DT.'®'% The topic “Personalized
healthcare (topic 7),” when biased to the covariate “Health
enhancement,” cares about the prevention of diseases
through DT.*® When biases to the covariate “Disease treat-
ment,” papers care about the emerging models and model
construction for personalized medicine.'"”

This section presented preferred research topics for two
broad research attributes in healthcare, “Health enhance-
ment” and “Disease treatment.” Figure 17 is given to
show the detail discussed in this section. Through the
figure, topic 3 and topic 6 only provide the content distribu-
tion on the “Disease treatment” side. In contrast, topic 8 only
provides the content distribution on the ‘“Health enhance-
ment” side for the three topics that obviously prefer covari-
ates. It can be found that the content of the covariate
“Health enhancement” focuses on the concept of DT, imple-
mentation methods, and the framework, while the content of
the “Disease treatment” was more directional, tightly around
the word “healthcare,” or focusing on specific diseases, such
as cardiovascular disease, multiple sclerosis, and stroke. The
Specific links in the medical system, such as the allocation of
resources between operating rooms or wards, are also
included in the “Disease treatment” covariate.

Limitations and future work

This study included papers on the subject “DT and health-
care” from 2018 to 2022 to construct a dataset for STM
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analysis. However, it has to be admitted that the sample size
of the dataset for the study is not large, and the number of
papers is concentrated in 2021-2022. As a concept that is
popular in the industrial manufacturing field since 2018,
the development of DT in healthcare is still lagging. In
this review, three databases and references of included
papers were used as data sources to increase the amount
of data as much as possible. This collection method made
the results presented by STM more diverse and accurate.
With the rapid development of DT in healthcare, more pub-
lications in this field are promised to appear, and the branches
for DT will be more abundant. Diverse results can be pre-
sented, which is expected to solve the limited sample size.

In addition, the review progress when using STM
still included subjective considerations, which makes the
review include human influence. STM has only been used
as a method of systematic review in recent years, and there
are no clear guidelines and regulations to evaluate the
results of this method. Therefore, in addition to using software
data as the main outcome indicator, two experts in related
fields also formulated the results, reflected in selecting
several topics and calibrating covariates. The software can
only give a rough range of the number of topics based on
principles. As a result, the attributes of papers can only be
ensured correctly through manual classification. The above
operations can also be supported by reviews that also use
STM.18:108

Considering the aforementioned limitations, future STM
research can be directed toward enhancing the overall
quality. The field of “DT + healthcare” is poised for rapid
development, and the increasing number of publications
will provide more extensive materials for future quantitative
reviews, thus addressing the issue of insufficient sample
size. To refine the selection of topics, future research can
explore cross-checking or multi-text analysis methods in

conjunction with analytical approaches. The combined
approach will help determine the number of topics using
objective data-driven techniques and reduce subjectivity
in the topic selection process.

Conclusion

This review employed STM to analyze the changes and
focus for the “DT + healthcare” field. The results of STM
were visually presented in the form of figures or tables
and discussed. The main findings of this review can be con-
cluded in three aspects: (1) Papers in the “DT + healthcare”
field mainly cares about technologies integration and prac-
tical applications. IoT and AI are technologies that are of
great concern. One helps establish a connection between
the physical and virtual worlds, and the other makes the
DT more intelligent and close to physical entities. The
three main types of DT applications in healthcare are
diverse: precision medicine, personalized healthcare, and
the management of various public health systems. (2) The
reasons behind the changes in the popularity of different
research topics are different. In addition to the common
cause of the widespread popularization of the concept of
DT, the promotion of various policies, the COVID-19 pan-
demic and the development of technologies such as omics,
Al, and 5G also impact the popularity of different topics.
They are becoming important reasons to promote the accel-
erated integration of DT into healthcare. (3) The current
topics are generally biased toward the attribute of “Health
enhancement.” But many topics follow different contents
although having clear preferences to an attribute, which
indicates that the application of DT in healthcare is compre-
hensive, with a wide variety of content. Several studies
highlighted the challenges and problems like data security
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and privacy protection, which were the obstacles that should
be overcome.

The development of DT in healthcare found in this review
is inspiring. The concept of DT is continuously evolving,
along with emerging frameworks and standards. Various
technologies can already be integrated into DT, and the appli-
cations of DT are also emerging, which greatly help personal
health, disease treatment, and resource allocation. Currently,
DT faces challenges in data exchange and processing.
Acquiring human body data requires smaller sensors,
while real-time data transmission and processing necessitate
robust communication methods and powerful processing
methods. The increasing prevalence of 5G communication,
IoT technology, and Al will be crucial in future healthcare
DT research. The COVID-19 pandemic has demonstrated
the need for greater emphasis on intelligent healthcare to
address potential future epidemics effectively. The govern-
ments of all countries should actively implement policies to
promote the development of DT in healthcare and establish
regulations to define data collection boundaries, ensure data
security, and protect public privacy.
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