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Abstract

As simulation is playing an increasingly important role in medicine, providing the individual patient with a customised diagnosis
and treatment is envisaged as part of future precision medicine. Such customisation will become possible through the emer-
gence of digital twin (DT) technology. The objective of this article is to review the progress of prominent research on DT tech-
nology in medicine and discuss the potential applications and future opportunities as well as several challenges remaining in
digital healthcare. A review of the literature was conducted using PubMed, Web of Science, Google Scholar, Scopus and related
bibliographic resources, in which the following terms and their derivatives were considered during the search: DT, medicine and
digital health virtual healthcare. Finally, analyses of the literature yielded 465 pertinent articles, of which we selected 22 for
detailed review. We summarised the application examples of DT in medicine and analysed the applications in many fields of
medicine. It revealed encouraging results that DT is being increasing applied in medicine. Results from this literature review
indicated that DT healthcare, as a key fusion approach of future medicine, will bring the advantages of precision diagnose
and personalised treatment into reality.
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Introduction In recent years, the concept of DT is attracting more and
more attention from researchers and engineers. With the
continuous DT research by both industry and academia,
however, the boundaries between DT and other related con-
cepts have become increasingly blurred. The preliminary
meaning of the DT included the physical product, virtual
product and their connections.” The rapid development of
communication technology, sensor technology, big data
analysis, the IoT and simulation technology has led to the

It is often said that ‘there is no disease, there is the patient’.
Compared with other disciplines, medicine has inherent
uncertainty, which makes medical practice challenging.
Conventional drug therapy has many limitations such as
medication ineffectiveness and the concept of personalised
medicine has proved to play an important role in the health-
care sector.' Over the past few decades, more and more
attention is being paid to precision medicine, which has
been described as an emerging approach for disease treat-
ment and prevention that considers variability in the genes,
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exponential growth of research on DTs.*? Then, DT was
redefined as a digital replication of living or non-living
physical entities, which opened the gateway to using the
DT for humans, such as in the field of health and well-
being.'® As a moving concept, DT is a virtual copy of the
human organs, tissues, cells or micro-environment that con-
stantly adjusts to variations in the online data and can
predict the future of the corresponding counterpart.'’'
However, the DT is more than just a digital model that is
connected with a real-life twin through various emerging
technologies. It is a living, intelligent and evolving model
which can optimise the processes and continuously predicts
future statuses (e.g. defects, damages and failures) through
the closed-loop optimisation between DT and surrounding
environment."? Generally speaking, the technologies
required for DT can be divided into two categories, one is
a statistical model driven by data, and the other is a mechan-
ical model that integrates multi-scale knowledge and
data.'*'> The numerical model is used to calculate the struc-
tural performance while the analytical model is used for
structural analysis. The artificial intelligence (AI) model,
trained with the samples and numerical data, obtains the real-
time structural performance from real-time sensor data.'®!’

The DT is revolutionising industry and been used by
many major companies to increase efficiency and spot pro-
blems.'® Healthcare can be another domain where DT can
be applied.'” In an application perspective, DT can treat
patients as virtualised standalone assets that can be further
used in environments and situations involving multiple
related strategic assets of healthcare organisations.?’ The
DT has great application potential to patients or hospitals
to improve treatment and diagnostics.?’ The objective of
this study is to make a review of the progress on DT tech-
nology in medicine and discuss the potential applications
and future opportunities as well as several challenges
remaining in digital healthcare.

Method

Study design

This study aimed to review the technology in medicine and
discuss the potential applications and future opportunities
as well as several challenges remaining in digital health-
care. It was conducted through the academic databases
PubMed, Web of Science, Google Scholar, Scopus and
related bibliographic resources in which the following
terms and their derivatives were considered during the
search: DT, medicine, digital health and virtual healthcare.
There are some important concepts and technologies in the
previous research that laid the foundation for the construc-
tion of DT, such as virtual physiological human. However,
as a fusion of various technologies, DT is an expansion and
enrichment of previous researches. Therefore, only applica-
tions of DT technology in medicine are selected and

presented, followed by a brief discussion of the advantages
and limitations involved in such applications. We began the
review with an overview of DT technology in the main
databases. Then we continued by examining the models
that meet medical characteristics and the applications of
DT technology in medicine. Finally, we concluded the
review by discussing the current limitations and directions
for future work.

Eligibility criteria

The studies included in the review were in line with the fol-
lowing criteria: (1) articles in English; (2) building models
of patients through DT-related technologies and (3) achiev-
ing assistance in diagnosis or personalised treatment
through DT technology. However, studies that met any of
the following criteria were excluded: (1) duplicated; (2)
irrelevant articles; (3) proposed ideas or frameworks but
not been applied yet; (4) not based on DT or medicine;
(5) absence of technological support of DT during the
establishment of models; (6) articles published only in the
form of conference abstracts; (7) articles with the type of
proposal, protocol, letter, conference or viewpoint and (8)
some independent digital technologies are applied to
assist diagnosis and treatment without the integration of
DT technologies.

Results

A total of 465 papers were retrieved by our search and 22 of
them met the inclusion criteria and were, therefore, included
in the further analysis. The flowchart of the selection pro-
cedure is shown in Figure 1. Papers described only
models or without applications were descripted in this
review but excluded during eligibility screening and extrac-
tion. In general, the popularity of DT research in medicine
has risen globally at an accelerating rate. There was a par-
ticularly sharp rise around 2010. The analysis of country
distribution of DT publications in medicine reveals that
the three countries having published the highest number
of articles are the United States (35%), China (11%) and
the United Kingdom (15%). Other countries like Australia
(7%), Japan (5%), Canada (5%), Italy (6%) and Korea
(4%) also contributed to the research in this field.

Figure 2 compares the time distributions of DT research
in the medical field among the three main countries.

DT models

Model construction is the core of basic research on DT in
medicine, combining human anatomy and digital technology
through image processing, digital collection processing, math-
ematical modelling and other technologies. Researchers digit-
ally process two-dimensional (2D) cross-sectional images of
the human body and use three-dimensional (3D) reconstruction
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Figure 1. Flow diagram illustrating the screening process for papers in this study.

Quantity
40

35
30
25
20

USA e China s UK

Figure 2. Comparison of studies on digital twin technology conducted in the United States, the United Kingdom, and China in the past 20

years.

technology to establish an intuitive 3D shape of the human
body, allowing visualisation of the body structure.”* The
Blue Brain Project, for example, began in 2005 as a collab-
oration between EPFL (Ecole Polytechnique Fédérale de
Lausanne) and International Business Machines and aims
to model the neocortical column.*® Schiitt et al.>* developed
a DT of the Dynamic Colon Model that considered media

viscosity, and peristaltic wave speed. It provided new
insights for dissolution testing beyond established pharmaco-
poeial methods.

Modelling includes mechanics modelling, mechanical
network modelling and statistical modelling. Establishing
an appropriate mechanical model would make it possible
to theoretically study the mass transmission of the human
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body and electrophysiological problems coupled with
mechanics. The mechanics models can predict the emer-
gency behaviour of biological systems in the fields of
health and disease because they combine the interaction of
biological components of the system. Mechanical network
models usually take the form of a coupled system of ordinary
differential equations, which are solved to discover how the
molecular concentration evolves with time when molecules
interact and respond to network inputs. Statistical models
are complementary tools with which to verify the mechanics
models by finding mechanistic explanations of inductive
inference. Similarly, data from mechanics models need to
be scrutinised quantitatively for validation.?**> To acquire
and integrate real-time data or signals from a connected bio-
reactor, sensors including traditional sensors and newer
sensors such as spectroscopic sensors are used in process
analytical technology.?® In a whole-cell project, specific
types of cell and organism were modelled to better under-
stand the molecular basis of diseases.”’

Therefore, faster solving surrogates of these models may
be developed in the form of machine learning models to
solve problems in real-time.”® It can help accelerate devel-
opment and improve the quality of modelling by allowing
modular development and linkages that account for interac-
tions between various sub-processes. However, the need for
further validation and the lack of clinical interpretability
have limited the achievements of DT technologies.”
When used on patients from different countries or centres,
the models may need recalibration and the quality of data-
sets may need validation before they are integrated in clin-
ical decision making. In realising clinical translation, model
synergy can be used to increase clinical interpretability,
verify the versatility of results, promote effective research
results and testing methods and accelerate the integration
of new technologies and clinical practice.'*

Clinical application of the DT

Assisted by improvements in engineering technology, the
medical industry has gradually transitioned from traditional
medicine to digital medicine and then to information medi-
cine, resulting in today’s concept of smart medicine, which
satisfies the individual’s preventive and personalised
medical needs to a greater extent. The purpose of building
a DT diagnosis and treatment system is to realise precision
medicine. The core of precision medicine is personalisation
such that the treatment is patient centric by using Al or other
cutting-edge technologies to accurately locate the cause of a
patient’s disease. The clinical applications of DT are shown
in Table 1.

Cardiovascular disease. The application of the DT to the car-
diovascular system includes the establishment of DT heart
models and the precise treatment of cardiovascular
disease. Models can be used to accurately determine the

most valuable diagnostic basis and reliably infer biomarkers
through non-invasive procedures. The key to DT-guided
diagnosis is the personalised construction of the model.
This approach has been adopted for the computation of
pressure drops in flow obstruction and has proved to be
more accurate than following clinical guidelines.*® Philips
developed a personalised DT model based on unique com-
puted tomography (CT) images of the heart obtained before
the surgical procedure.** The Philips HeartNavigator tool
combines CT images in a single image of the patient’s
heart anatomy and provides real-time 3D insight into the
positioning of devices during surgery, which can simplify
the prior procedure planning and help a surgeon to select
the best device. Nelson et al.*' introduced the HeartFlow
Analysis technology that enables more comprehensive
evaluation of coronary artery disease by providing functional
information and improves the patient’s outcome. As a non-
invasive electrocardiographic imaging system, the Acorys
Mapping system combined a biopotential amplifier and a
high-density sensor with innovative image and signal pro-
cessing technologies to provide electrical activity in the
surface of the heart in a completely non-invasive way.>

A DT can simulate dosage effects or the device response
before a specific treatment and thus indicate whether the
medical device or treatment is appropriate for patients and
improve the treatment of patients with different causes of
disease. After transcatheter aortic value implantation,
FEops’ HEARTguide was used to predict the device—
patient interactions.”® FEops’ cutting-edge technology
transforms cardiac images into DTs to improve and
expand personalised management for patients with struc-
tural heart disease.*® Combining DTs with Al-enabled ana-
tomical analyses generates data-driven insights aspiring to
enhance and improve structural heart disease management
along the entire patient pathway, spanning from patient
selection, procedure planning, periprocedural guidance to
patient follow up. Cardiac resynchronisation therapy
(CRT) is widely used for patients with prolonged QRS dur-
ation, but there remain uncertainties in the decision making
in the ‘grey zone’.’* Niederer et al.’' used mechanical
models to investigate the dependence of the CRT efficacy
on cellular-scale mechanisms and organs and identify
novel patient selection criteria. Such a model is used to
identify the length dependence of tension as a regulator of
CRT and predicts that a patient will respond less to CRT
treatment if he or she has cellular-scale dyssynchronous
electrical activation but effective length-dependent tension
regulation. Another example is in the field of infarct-related
ventricular tachycardia, where researchers use a DT to
improve the ablation guidance through the accurate identi-
fication of patient-specific optimal targets before a clinical
procedure.”> Mazumder et al.>> used a two-chambered
heart, haemodynamic equations and pressure control
mechanisms based on pressure reflexes to construct a DT
body of the cardiovascular system. Synthetic physiological
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Table 1. Representative applications of DT in medical fields.

2011

2017

2018

2018

2019

2019

2020

2020

2020

2020

2020

2020

2021

2021

Niederer et al.*

Cone Health
team?!

Prakosa et al.*?

The Philips®

Chakshu et al.**

Mazumder
etal.®

Suzuki et al.>®

Mussomeli
etal.¥’

Erol et al.®®

Grosman et al.*

Croatti et al.*

Subramanian
et al.**

Golse et al.*?

He et al.*®

Using mechanical models to investigate the
dependence of the CRT efficacy on cellular-scale
mechanisms and organs

The HeartFlow Analysis combined the information of
CT, Al, cloud computing and computational

physiology

They used DT technology in the field of infarct-related
ventricular tachycardia

The Philips HeartNavigator tool combines CT images in
a single image of the patient’s heart anatomy

They built a DT model coupled with blood flow and
head vibration to develop diagnostic tools

A DT body was built through dynamic equations and
pressure control mechanisms based on pressure
reflexes

They obtained a rupture risk model through
multivariate logistic regression through CT images

Takeda Pharmaceuticals switched to DT technology in
production to offer transformative therapies around
the world

Atos and Siemens worked with the pharmaceutical
industry to establish DT models supported by the
loT, Al and many other advanced technologies

Generating a DT that personalised system settings
during the study phase to assess the system use and
glycemic outcomes

They integrated agents and multi-agent system
technologies together with DT on trauma patients

They built a DT that integrated scientific information
and clinical source information

They built a model of entire blood circulation which is
automatically calibrated based on patients

Constructing a DT of the lumbar spine based on Al,

It was used to predict that a patient will respond less
to CRT treatment and identify novel patient
selection criteria

The non-invasive diagnostic test helped physicians
identify the impact that blockages have on blood
flow to the heart

It improved the ablation guidance through the
identification of patient-specific optimal targets
before a clinical procedure

It provided real-time 3D insight into the positioning
of devices during surgery, which can simplify the
prior procedure planning

Comparing the in vivo vibration against the virtual
data to detect the severity of carotid stenosis from
a video of a human face

It can generate large amounts of data on blood
pressure and blood flow changes

The model considered multi-dimensional
parameters and listed age, length and pressure
loss coefficient as risk factors

DT models could shorten pharmaceutical processes
and allow realistic input-output predictions of
biochemical reactions

It improved the manufacturing process using
physical DT models, which were created to
overcome difficulties in terms of efficiency and
production

It was the first demonstration that DT can
successfully preform the insulin pump therapy
with automation and personalisation

It is the first application of agent-based DT on severe
traumas and realised personalised management

It helped drug research, bio-markers identification,
test development, screening and clinical trial
optimisation

The DT model was demonstrated to predict
post-operative portal hypertension through

estimated hepatic flow rate

They built a shape-performance integrated DT body

(continued)
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Table 1. Continued.

data analytics, motion capture system, IK method
and FEM

2021 Zohdi**** Zohdi built a framework-combined DT and machine
learning based on a genomic algorithm and
coupled with simplified equations for the
relationship between the particles and the fluid

2021 Pilati et al.* They developed a DT system for the vaccination
process and tested it in a clinic

2022 Aubert et al.*® They created a DT with the help of 3D X-ray images of
patient to simulate the scenarios of bone healing

2022 Hernigou et al.*® They built a DT model based on CT and Al technology
and improved the accuracy of the model to identify
the orientation and evaluated the compensation of
the axis of subtalar joints

2022 Laybenbacher They outlined a roadmap for building a DT for immune

et al.”’ system in four stages

2022 Cydar’’ They harnessed the latest in cloud GPU computing,
computer vision and machine learning technology

2022 FEops™ They transformed cardiac images into DT and
combined with Al-enabled anatomical analyses to
generate data-driven insights

2022 Corify Care® The mapping system combined hardware together

with innovative image and signal processing
technologies

to predict the biomechanical properties of real
lumbar spine

It was used to ascertain the placement and flow rates
of multiple ventilation units, so as to optimal
ventilation systems

It allowed a real-time simulation and creates a
dynamic vaccination centre, thus improving the
efficiency of vaccination

The risk of recurrent fractures was assessed by
applying the maximum load during gait

They minimised the inaccuracy of manual selection
of anatomical landmarks by imaging systems

It would help to change the nature of biomedical
research and accelerate the clinical translation of
basic research

It advanced surgical visualisation and decision
making in theatre, and across the surgical
pathway

It provided physicians with unique digital tools to
treat the right patients with the right technology at
the right time

It was used for the beat-to-beat, multi-chamber and
3Dmapping of cardiac activity

3D: three-dimensional; Al: artificial intelligence; CRT: Cardiac resynchronisation therapy; CT: computed tomography; DT: digital twin; FEM: finite element

method; GPU: graphics processing unit; IK: inverse kinematics; loT: internet of things.

data such as photoplethysmogram (PPG) was generated
from healthy and atherosclerosis models, which can gener-
ate large amounts of data on blood pressure and blood flow
changes.

Surgery. The idea of using the DT in the surgical field is to
create a patient model for multi-disciplinary teams to plan a
surgery and verify the anatomy and thus avoid inadvertent
damage to structures.>® A number of surgical specialties
evaluated patient-specific simulation, including neurosur-
gery, vascular surgery and interventional radiology. As an
example, the use of the DT in treating cardiovascular
disease is growing and there is an emerging interest in the
application of AI in vascular surgery.’®>* The virtual
model established using DT technology can used to
develop diagnostic tools. Chakshu et al.** proposed a semi-

active DT model coupled with blood flow and head vibra-
tion to detect the severity of carotid stenosis from a video
of a human face. They compared the in vivo vibration
against the virtual data to find the best fit between the
virtual and in vivo data. Intracranial aneurysms may
cause stroke and thrombosis and there may be immediate
death in severe cases. Suzuki et al.>* considered clinical,
morphological and haemodynamic parameters and used
computational fluid dynamics to calculate haemodynamic
parameters from CT images. They obtained a rupture risk
model through multivariate logistic regression and listed
age, longer length, location at a bifurcation, lower pressure,
loss coefficient and presence of a bleb as risk factors.
Owing to the extremely high risk of surgery, doctors
usually use shunts to guide the blood flow away from the
aneurysm sac. This method is less invasive, but the
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procedure is more complicated because the implant may
cause additional damage to the artery. Sim&Cure adopted
3D rotational angiography to create a 3D model of an aneur-
ysm and surrounding vessels before surgery, with the model
being presented to the surgeon to complete the simulation
and help choose points defining the ideal end position and
the size of implants.” As a surgical-augmented intelligence
company, Cydar’s Intelligent Maps applied the latest in
cloud graphics processing unit computing, computer vision
and machine learning technology to advance surgical visual-
isation and decision making across the surgical pathway.*’
Golse et al. built a mathematical model of the entire blood
circulation, which is automatically calibrated from patient
characteristics. They demonstrated that a DT model could
correctly predict post-operative portal hypertension, using
estimated hepatic flow rate as input data.*® Combined simu-
lation with virtual-reality platforms, DT can be used to teach
foundational technical skills in various surgical specialties
and improve the surgical training of residents and provide
a realistic account of the performance at the same time.**°

Pharmacy. The medicine used in treatment should be perso-
nalised as human bodies and physiology are different. DT
models created using genetic code can reveal changes in
the performance of the body and provide researchers a
more cost-effective opportunity to evaluate new compounds
with a more accurate result. Takeda Pharmaceuticals has
switched to DT technology in production to offer transforma-
tive therapies around the world. The creation of DT models
can shorten pharmaceutical processes and allow realistic
input—output predictions of biochemical reactions.*’
Additionally, Atos and Siemens worked with the pharma-
ceutical industry to improve the manufacturing process
using physical DT models, which were created to overcome
difficulties in terms of efficiency and production.*®

In the phase of operation, DT can constantly provide
real-time process control and optimisation information in
order to support the product development and risk ana-
lysis.** Subramanian proposed a top-down approach for
creating a DT that integrated information from scientific
and clinical sources to help drug discovery and research,
biomarkers identification, test development, screening and
clinical trial optimisation.*' The DT models have been
shown to work well and are supported by the IoT, Al and
many other advanced technologies.

Orthopaedics. With the development of numerical simula-
tion and worn devices, the use of a DT for the real-time
monitoring and analysis of the lumbar spine has become a
highly promising cutting-edge technology in the biomech-
anical field. In applying the DT in the field of orthopaedics,
it is important to develop physics-based experimental
models and data-driven numerical models, which have the
advantages of low cost and high integrity. Croatti et al. dis-
cussed the integration of DTs with agents and multi-agent

systems technologies in healthcare and presented a first
case study about the application of agent-based DT to the
management of severe traumas.*’

Our team firstly tried the application of DT in the human
lumbar spine. Through the collection of customised infor-
mation on the lumbar spine bones of a specific experi-
menter, we built a shape-performance integrated DT body
for the prediction of the biomechanical properties of a
real lumbar spine for different human postures.’” The real-
time motion posture and spatial position of the human body
were obtained using human-motion-capture technology.
The lumbar posture of the corresponding human body
was calculated using a wearable virtual-reality device and
a small volume of sensor data. Using the information of
the inverse kinematics system and adopting the FE
method and Gaussian process regression, a DT body of
the lumbar spine was established, so as to realise various
motion postures of the human body. In addition, the bio-
mechanical properties of the lumbar spine were evaluated
and predicted in real-time. Using the proxy model, the
mechanical properties of the DT of the lumbar spine were
dynamically calculated for real-time monitoring and predic-
tion. Finally, a 3D virtual-reality system was developed
using Unity3D software to record the real-time biomechan-
ical performance of the lumbar spine during the movement
of the body, which provided a new and effective method of
warning and real-time planning in the field of orthopaedic
treatments, especially in spinal rehabilitation.

Subsequently, several other studies have constructed
DTs based on orthopaedic surgical models to provide quan-
titative and valuable information for clinical decision
making and to evaluate reasonable parameters such as
mechanical strength and interfragmentary strain to quantify
the risk of recurrent fractures.*’-**° Aubert et al.*’ created
a DT using post-operative 3D X-ray images of the patient,
from which 4 stabilisation methods and 3 bone healing con-
ditions resulted in a simulation of 12 scenarios from the DT.
The risk of recurrent fractures was assessed by applying the
maximum load during gait to assess mechanical strength,
stress distribution, interfragmentary strain and fragment
kinematics. Hernigou et al. built a patient model based on
CT, Al and DT technology, which minimises the inaccur-
acy of manual selection of anatomical landmarks by
imaging systems, and improved the accuracy of the
model.”” They identified the orientation and evaluated the
compensation of the axis of subtalar joints.

COVID-19. The COVID-19 pandemic has generated enor-
mous interest in the modelling and simulation of infectious
diseases. A coronavirus spreads through person-to-person
contact via respiratory droplets, especially when an infected
patient coughs or sneezes. Zohdi built a rapidly computable
respiratory emission model and developed a combined DT
and machine learning framework with which to optimise
ventilation systems.®®®' The framework is based on a




DIGITAL HEALTH

genomic algorithm and coupled with simplified equations
for the relationship between the particles and the fluid to
ascertain the placement and flow rates of multiple ventila-
tion units, so as to optimally sequester particles that are
released from patients who are coughing or sneezing.
During the pandemic, it has been necessary to find a way
to vaccinate more people in a shorter time period, especially
when healthcare workers are scarce. Pilati et al.> developed
a DT system for the vaccination process and tested it in a
clinic. The system allows a real-time simulation of patients
and creates a dynamic vaccination centre. The virtual model
can be run to find problems and address them in the real
system, thus improving the efficiency of vaccination.

Other fields of application. The use of the DT in medicine is
mainly focused on the personal health management, espe-
cially for the elderly. For example, Gkouskou et al.®®
described the virtual DT for precision nutrition, combining
the information extracted from the genome with immunity,
longitudinal and biological variables. Such a model can
improve dietary choices and provide highly individualised
lifestyle recommendations. It may revolutionise the man-
agement of obesity and its comorbidities, and provide a
pillar for healthy ageing. Moreover, Laybenbacher et al.®®
outlined a roadmap for building an immune DT to capture
key features of the immune system, which was to structure
in four stages: specification, model constructions, personal-
isation and continued improvement. It would help to change
the nature of biomedical research and accelerate the clinical
translation of basic research.

In an artificial pancreas model for patients with type-1
diabetes, mathematical models of the human glucose metab-
olism and data algorithms that simulate insulin delivery have
been customised as a patient-specific DT model, which con-
tinuously calculates the insulin requirement and regulates the
blood insulin concentration.®*®> For example, Grosman et al.
used the run-in data from system users to generate a DT that
personalised system settings during the study phase.°® The
result showed that personalised auto mode reduced the
mean of sensor glucose. It is the first demonstration that
DT can successfully preform the insulin pump therapy
with automation and personalisation.

Discussion

The main finding of this review is that DT has achieved
initial applications in medicine, such as cardiovascular
disease, orthopaedics, surgery, pharmacy, etc. Using this
new technology successfully helped solve several pro-
blems, such as real-time monitoring, dynamic analysis
and precise treatment for diseases, which were difficult to
deal with traditional methods. DT has the advantages of
FE methods, such as non-invasiveness, controllability,
repeatability, etc. At the same time, it can obtain the real-
time health data of patients through wearable devices or

sensors to perform real-time analysis, so as to continuously
monitor and prevent the development or further deterior-
ation of medical conditions. Further, DT makes it possible
to select a more precise treatment options for the individual
patient by using computer algorithm-based methods and
principles in bioinformatics. It can also enable patients to
exercise a greater degree of autonomy and achieve equit-
able treatment for patients irrespective of race or gender.
The DT technology can be used both in patient healthcare
and in hospital management. Using DT, scenarios can be
predicted and evaluated in the virtual environment for
scheduling and implementation in the real environment,
which will reduce risk and save costs. It can also transmit
information of treatment methods and drugs to the DT
models for validation, which can optimise treatment
options and ultimately enable early diagnosis or prevention
of disease.

However, the effectiveness of the technology largely
depends to a large extent on the accuracy of simulation.
Current methods for validation are mainly based on com-
parison with cadaveric data or previous studies, which
lack individualised assessment and accurate validation.
There are several technical hurdles to creating high-fidelity
models, including the multi-scale and multi-physics nature
of the models, the difficulty in linking sub-process models
across scales and physics, and the scarcity of experimental
data. How to solve the gap between the results calculated by
the DT and the real situation is another difficulty for DT.
For example, the risks which were not predicted or esti-
mated during the modelling for a surgery, while this risk
occurred when the surgery was performed. There are also
socio-ethical risks in DT healthcare. Privacy, seems to be
the most important socio-ethical risk, is the main reason
why DT may be disadvantageous. To some extent, DT
healthcare faces legal and economic problems. The gov-
ernment and international legislatures should conduct
strict supervision and establish standards that are valid
and feasible for their own countries or regions. For
example, service providers ought to seek explicit informed
consent from the users and convey their plans for the sec-
ondary use of the entrusted data to relevant parties trans-
parently. At the same time, more investment is needed to
support the development of DTs. Obviously, a person’s
DT can cause discrimination or interference with the real
person, which may cause trouble to his work and life.
Furthermore, the high cost of DT healthcare may lead to
inequality and injustice and thus widen the existing socio-
economical gap.®’ Due to the promise of DT for persona-
lised healthcare is built on extensive health-related data
and the data of the sensor is transmitted to the cloud
through the 5G network, so that the safety system during
the operation of DT is crucial. Besides, real-time data col-
lection will increase the accuracy of the simulation, some
invasive examinations also increase the risk of the technol-
ogy itself.
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DT in future medicine

The number of studies on the application of DTs in the field
medicine will increase with the exploration of the DT and
advances of the technologies of the IoT, big data and Al
According to a Health Market report, global spending on
the IoT in the field of healthcare is expected to reach
USD 188.2 billion by 2025 with a growth rate of 21.0%
and national health expenditures will reach 1795 per
capita with a growth rate of 1.50% from 2012.%® Ideally,
the DT is a solution for precision medicine, which requires
the integrating and processing of a large volume of the data.
The IoT provides technical supports for the overall percep-
tion of the physical entity through data collection methods
such as 2D codes, data acquisition cards and sensors. They
are necessary for real-time data collecting, and then feed-
back on the processed data to optimise the models and regu-
late the operation through communication technology. It is
envisaged that individuals will have their own DTs.
Combining the DT of medical equipment and the DT of
medical auxiliary equipment will provide a new platform
and new experimental method for personal health manage-
ment and healthcare services. Furthermore, adopting DTs
and big data processing, simulations can be performed
using high-resolution models of patients to find accurate
treatment targets and suitable drugs or treatment methods
for patients in realising precision medical treatment.
Finally, establishing DTs at hospitals or in departments of
hospitals allows the efficient management of medical

resources and the planning of demand-oriented medical
activities. Figure 3 depicts the application process of DTs
in medicine and considers future possibilities.

Health monitoring. Generally, chronic diseases have the
characteristics of a long duration, high incidence rate and
large variety and are difficult to cure. Meanwhile, seniors
have weak bodies and poor memories and do not have
enough knowledge or information about the medical treat-
ment. Hence, seniors need more care and community
medical services, which can be effective solutions for real-
time monitoring, medical guidance and crisis warnings. The
healthcare service platform can build a DT model based on
the physiological parameters of seniors and obtain the real-
time health data of seniors using wearable devices and
mobile phones. Possible abnormal conditions can then
be calculated and analysed in a timely manner to realise
crisis warnings. Integrating DT can better support the
care of chronic diseases, such as dementia, thus ensuring
greater precision and personalisation.®® It will also be
possible to transmit information of treatment methods
and drugs to the model for verification in optimising the
treatment plan and finally realise the early diagnosis or
prevention of diseases in seniors.”” The DT will track
an individual’s life journey, using data collected by wear-
able sensors and the lifestyle registered by the individual
for the transition from clinical medicine to preventive
medicine.
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It is envisaged that individuals will have a full-lifecycle
DT body, where data are collected from birth to form a
virtual twin, which will grow with the child and serve as
a life-long health record or medical experiment object.
Medical institutions can obtain data of the human body in
various perceptual ways with the real-time connection of
data being the basis of a full-lifecycle DT body, which
will ensure the accuracy of the DT model. People can
obtain information of their physical condition in a timely
manner to predict the occurrence of risk and adjust their
diet or schedule appropriately. Therefore, using the DT
body and epidemiological big data, the medical system
can perform the real-time monitoring of the patient’s
health status and predict the risk of disease that may
occur at any time for that person. Furthermore, suggestions
regarding the lifestyle and prevention methods for the indi-
vidual can be given in a timely manner.

Precise diagnosis. The DT patient can be well developed
using multi-source data, which can be collected using
various medical scanning and wearable instruments, such
as the instruments of CT, magnetic resonance imaging, emis-
sion CT and colour ultrasound. There are also biochemical
data from routine blood tests, urine tests and tests of
enzymes to simulate the micro-environment and basic vital
signs, making the virtual patient more accurate. The ideal
DT model should integrate all data of patients and all types
of pathogenesis, to form multi-layer modules.”' Data of dif-
ferent types can be connected through the mapping of the
relationship between the different types of modules, such
as messenger RNAs and proteins.”> Additionally, network
tools can link interactions between cells from different
types of tissue model, thereby creating a realistically
complex DT patient.”> However, DT patients cannot be
restricted to being molecular profiles. We should also con-
sider environmental factors when it comes to a patient with
severe asthma, who must avoid allergens. In addition, there
are historical data, medical records, health prediction data,
surgical simulation data and virtual drug test data. The col-
lected data must be complete and made suitable for analysis
in modelling and decision making. Therefore, using the DT
of the human body, the medical system can predict an indi-
vidual’s immune response to infection or injury, which could
make a precise diagnosis of disease and be lifesaving in
many ways.

Precise treatment. When a person is attacked by a disease,
the specialists do not need to have face-to-face consulta-
tions with the patient. Just remote visual consultations
with the help of data and models are required to determine
the cause of the disease or prevent it. Before an operation, a
DT can assist in the drawing up of a surgical procedure plan
and the surgeon can use a virtual display to evaluate the
operation plan on the virtual human body. The surgeon
can trial an operational process from multiple angles and

for multiple modules to verify safety and feasibility and
make improvements to the operational process until they
are satisfied. During the operation, the DT can broaden
the surgical perspective, warn of the danger of blind
spots, predict hidden bleeding, and help prepare or
respond to an action according to circumstance.
Additionally, the DT can be used as a reference to verify
the anatomy and avoid unnecessary damage to structures.
Furthermore, including virtual data at the molecular cell
level in conducting virtual experiments and clinical trials
of drugs can greatly shorten the development period of
drugs and reduce the side effects of drugs on the human
body. In summary, the DT can help in realising persona-
lised medicine including targeted intervention before the
disease worsens and in performing accurate predictions,
accurate detections and precise treatments.

As an example, the DT plays a vital role when precision
medical methods are adopted to treat malignant tumours.’*
Using computer algorithm-based methods and the principles
of bioinformatics, it is possible to choose treatment options
that are more effective for malignant tumours according to
the DT model of the individual patient, thereby improving
the survival rate and quality of the patient’s life. The patient’s
genotype data can be put into the calculation model for pre-
dicting the effect of anti-cancer drugs, with the model output-
ting the patient’s sensitivity to single or multiple drugs and
helping doctors to determine the most suitable therapeutic
drugs for a cancer patient. All the above can help realise
the precise treatment of cancer patients.

In hospitals, resource management and clinical depart-
ments can use DTs to address the lack of resources in
healthcare, especially that during the COVID-19 pandemic.
As an example, the radiology department of Mater Private
Hospital created a DT to make various predictions and
test many scenarios. Using the information provided by
the DT, the hospital adjusted the planning and organisation
for its radiology department and thus reduced the waiting
time of patients and improved the efficiency of the hospital.
The DT will be widely used in other departments of the hos-
pital. As an example, the doctor’s visit time can be adjusted
according to the flow of outpatients, and the occurrence of
failures can be predicted according to the DT of the equip-
ment and repaired in a timely manner to reduce the error
rate and the loss of the hospital. In addition, the virtual
human body can be used to train medical staff and thus
improve medical skills, the treatment success rate and the
teaching level of the hospital.

Strengths

This review was conducted to introduce the DT technology
and summarise its applications in medicine. It will help in
identifying the strengths and limitations of DT in medicine.
It also showed the potential and opportunities of this tech-
nology to further application in all the medical fields.
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Future studies could include these aspects to expand this lit-
erature review or make more attempts of DT in medicine
based on the existing researches.

Limitations

The search in this review was restricted to English articles
only, which might result in the omission of some publica-
tions. Also, we restricted the search to articles that included
the terms digital twin, healthcare or respective Medical
Subject Heading terms. Some relevant papers which did
not explicitly use these terms but dealt with relevant
topics might be ignored. In addition, the application of
DT in medicine is currently in the preliminary stage, and
most of them are application attempts. So there is a lack
of randomised controlled trials for quality assessment.

Conclusion

In this review, we studied the DT technology and the appli-
cations of DT in medicine. We concluded that DT will be
more widely used in the medical field to solve the problems,
such as real-time monitoring, dynamic analysis and precise
treatment for diseases, which cannot be fully explained by
traditional methods. It can model the perception and action
of any relevant facility in the medical environment, coupling
the observable state of the DT with the state of the physical
entity (PE). Although, DT technology has technical and
ethical problems in the medical field that need to be solved
urgently, the progress is encouraging. The use of DT in medi-
cine is not only limited to the diagnosis and treatment of dis-
eases, but can also be used for the prediction of health and
disease states, which provide a quantitative understanding
of health and disease. DT healthcare, as a key fusion
approach of future medicine, will realise precise medicine
and bring the advantages of personalised treatment to reality.

Acknowledgements: We thank Liwen Bianji (Edanz) (www.
liwenbianji.cn) for editing the language of a draft of this
manuscript.

Contributorship: TS wrote the first draft of the manuscript. All
authors contributed to manuscript revision, read, and approved
the submitted version.

Declaration of conflicting interests: The authors declared no
potential conflicts of interest with respect to the research,
authorship, and/or publication of this article.

Funding: The authors disclosed receipt of the following financial
support for the research, authorship, and/or publication of this
article: This work was supported by the Natural Science
Foundation of Liaoning Province, the Science and Technology
Innovation Foundation of Dalian (grant number 2022-MS-322,
2022JJ12SN045).

ORCID iD: Zhonghai Li (2 https:/orcid.org/0000-0003-4735-1193

References

1. Silver Spring M. Paving the way for personalized medicine:
FDA’s role in a new era of medical product development. 2013.

2. Jhawat V, Gulia M, Gupta S, et al. Integration of pharmaco-
genomics and theranostics with nanotechnology as quality
by design (QbD) approach for formulation development of
novel dosage forms for effective drug therapy. J Control
Release 2020; 327: 500-511. PMID: 32858073.

3. Soni A, Gowthamarajan K and Radhakrishnan A. Personalized
medicine and customized drug delivery systems: the new trend
of drug delivery and disease management. Int J Pharm Compd
2018; 22: 108-121. PMID: 29877858.

4. Psaty BM, Dekkers OM and Cooper RS. Comparison of 2
treatment models: precision medicine and preventive medi-
cine. JAMA 2018; 320: 751-752. PMID: 30054607.

5. Viceconti M and Hunter P. The virtual physiological human:
ten years after. Annu Rev Biomed Eng 2016; 18: 103-123.

6. Alexiadis A, Simmons MJH, Stamatopoulos K, et al. The
virtual physiological human gets nerves! How to account
for the action of the nervous system in multiphysics simula-
tions of human organs. J R Soc Interface 2021; 18: 20201024.

7. Grieves M and Vickers J. Digital twin: mitigating unpredictable,
undesirable emergent behavior in complex systems. In: Kahlen
F-J, Flumerfelt S and Alves A (eds) Transdisciplinary perspec-
tives on complex systems: new findings and approaches. Cham:
Springer International Publishing, 2017, pp. 85-113.

8. LiL, Lei B and Mao C. Digital twin in smart manufacturing.
J Ind Inform Integr 2022; 26: 100289.

9. Glaessgen E and Stargel D (eds) The digital twin paradigm for
future NASA and US Air Force vehicles. 53rd AIAA/ASME/
ASCE/AHS/ASC structures, structural dynamics and materials
conference 20th AIAA/ASME/AHS adaptive structures confer-
ence 14th AIAA, 2012.

10. El Saddik A. Digital twins: the convergence of multimedia
technologies. IEEE Multimed 2018; 25: 87-92.

11. SunT, He X, Song X, et al. The digital twin in medicine: a key
to the future of healthcare? Front Med (Lausanne) 2022; 9:
907066.

12. Liu Z, Meyendorf N and Mrad N (eds) The role of data fusion
in predictive maintenance using digital twin. AIP Conference
Proceedings, 2018. AIP Publishing LLC.

13. Barricelli BR, Casiraghi E and Fogli D. A survey on digital
twin: definitions, characteristics, applications, and design
implications. IEEE Access 2019; 7: 167653-167671.

14. Corral-Acero J, Margara F, Marciniak M, et al. The ‘digital
twin’ to enable the vision of precision cardiology. Eur
Heart J 2020; 41: 4556-4564. PMID: 32128588.

15. Peirlinck M, Costabal FS, Yao J, et al. Precision medicine in
human heart modeling: perspectives, challenges, and oppor-
tunities. Biomech Model Mechanobiol 2021; 20: 803-831.
PMID: 33580313.

16. Tao F, Xiao B, Qi Q, et al. Digital twin modeling. J Manuf
Syst 2022; 64: 372-389.

17. Lai X, Wang S, Guo Z, et al. Designing a shape—performance
integrated digital twin based on multiple models and dynamic
data: a boom crane example. J Mech Design 2021; 143:
071703.



www.liwenbianji.cn
www.liwenbianji.cn
https://orcid.org/0000-0003-4735-1193
https://orcid.org/0000-0003-4735-1193

12 DIGITAL HEALTH
18. Tao F and Qi Q. Make more digital twins. Nature 2019; 573:  37. Cydar Medical. Surgical augmented intelligence. [Internet]
490-491. PMID: 31554984. 2022. Available from: https:/www.cydarmedical.com (accessed

19. De Benedictis A, Mazzocca N, Somma A, et al. Digital twins 3 Oct 2022).
in healthcare: an architectural proposal and its applicationina  38. Golse N, Joly F, Combari P, et al. Predicting the risk of post-
social distancing case study. IEEE J Biomed Health Inform hepatectomy portal hypertension using a digital twin: a clin-
2022. Epub ahead of print. doi: 10.1109/JBHI.2022.3205506. ical proof of concept. J Hepatol 2021; 74: 661-669. PMID:

20. Ricci A, Croatti A and Montagna S. Pervasive and connected 33212089.
digital twins—a vision for digital health. IEEE Internet  39. Pilati F, Tronconi R, Nollo G, et al. Digital twin of COVID-19
Comput 2022; 26: 26-32. mass vaccination centers. Sustainability 2021; 13: 7396.

21. Kamel Boulos MN and Zhang P. Digital twins: from persona-  40. Croatti A, Gabellini M, Montagna S, et al. On the integration
lised medicine to precision public health. J Pers Med 2021; of agents and digital twins in healthcare. J Med Syst 2020;
11: 745. 44: 161.

22. Madabhushi A and Lee G. Image analysis and machine learn- ~ 41. Subramanian K. Digital twin for drug discovery and develop-
ing in digital pathology: challenges and opportunities. Med ment—the virtual liver. J Indian Inst Sci 2020; 100: 653-662.
Image Anal 2016; 33: 170-175. PMID: 27423409. 42. Chakshu NK, Carson J, Sazonov I, et al. A semi-active human

23. Hill S and Markram H (eds) The blue brain project. 2008 30th digital twin model for detecting severity of carotid stenoses
Annual International Conference of the IEEE Engineering in from head vibration—a coupled computational mechanics
Medicine and Biology Society, 2008. IEEE. and computer vision method. Int J Numer Meth Bio 2019;

24. Schiitt M, O’Farrell C, Stamatopoulos K, et al. Simulating the 35: e3180.
hydrodynamic conditions of the human ascending colon: a  43. Devoto L, Muscroft S and Chand M. Highly accurate, patient-
digital twin of the dynamic colon model. Pharmaceutics specific, 3-dimensional mixed-reality model creation for sur-
2022; 14: 184. gical training and decision-making. JAMA Surg 2019; 154:

25. Sims CR, Delima LR, Calimaran A, et al. Validating the 968-969.
physiologic model hummod as a substitute for clinical trials  44. Chen Y, Yang O, Sampat C, et al. Digital twins in pharma-
involving acute normovolemic hemodilution. Anesth Analg ceutical and biopharmaceutical manufacturing: a literature
2018; 126: 93-101. review. Processes 2020; 8: 1088.

26. Jenzsch M, Bell C, Buziol S, et al. Trends in process analyt-  45. Mussomeli A, Parrot A, Umbenhauer B, et al. Digital twins
ical technology: present state in bioprocessing. Adv Biochem bridging the physical and digital. Deloitte Insights, 2020.
Eng Biotechnol 2018; 165: 211-252. PMID: 28776065. 46. Erol T, Mendi AF and Dogan D, (eds) Digital transform-

27. Karr JR, Sanghvi JC, Macklin DN, et al. A whole-cell compu- ation revolution with digital twin technology. 2020 4th
tational model predicts phenotype from genotype. Cell 2012; International Symposium on Multidisciplinary Studies
150: 389-401. PMID: 22817898. and Innovative Technologies (ISMSIT), 2020. IEEE. doi:

28. Gunasegaram D, Murphy A, Barnard A, et al. Towards devel- 10.1109/ISMSIT50672.2020.9254288.
oping multiscale-multiphysics models and their surrogates for ~ 47. Aubert K, Germaneau A, Rochette M, et al. Development of
digital twins of metal additive manufacturing. Additive digital twins to optimize trauma surgery and postoperative
Manufactur 2021; 46: 102089. management. A case study focusing on tibial plateau fracture.

29. Winslow RL, Trayanova N, Geman D, et al. Computational Front Bioeng Biotechnol 2021; 9: 722275.
medicine: translating models to clinical care. Sci Transl  48. Krittian SBS, Lamata P, Michler C, et al. A finite-element
Med 2012; 4: 158rv11-158rv11. approach to the direct computation of relative cardiovascular

30. FEops Institute. Altering the course of structural heart disease. pressure from time-resolved MR velocity data. Med Image
[Internet] 2022. Available from: https://www.feops.com Anal 2012; 16: 1029-1037. PMID: 22626833.

(accessed 3 Oct 2022). 49. van Houten HJP. How a virtual heart could save your real

31. Cone Health. HeartFlow Analysis patient case. [Internet]. one-Blogl Philips. Philips, 2018.

Available from: https:/www.heartflow.com/education/case- 50. de Jaegere P, De Santis G, Rodriguez-Olivares R, et al.
studies/cone-health (accessed 3 Oct 2022). Patient-specific computer modeling to predict aortic regurgita-

32. Daubert C, Behar N, Martins RP, et al. Avoiding non- tion after transcatheter aortic valve replacement. JACC
responders to cardiac resynchronization therapy: a practical Cardiovasc Interv 2016; 9(5): 508-512.
guide. Eur Heart J 2017; 38: 1463-1472. 51. Niederer SA, Plank G, Chinchapatnam P, et al. Length-depend-

33. Corify Care Institute. The solution: Acorys®. [Internet]. 2022. ent tension in the failing heart and the efficacy of cardiac resyn-
Available from: https:/corify.es/solution (accessed 2 Oct 2022). chronization therapy. Cardiovasc Res 2011; 89: 336-343.

34. Ahmed H and Devoto LISI. The potential of a digital twin in ~ 52. Prakosa A, Arevalo HJ, Deng D, et al. Personalized virtual-
surgery. Surg Innov 2020: 1553350620975896. doi: 10.1177/ heart technology for guiding the ablation of infarct-related
1553350620975896. ventricular tachycardia. Nat Biomed Eng 2018; 2: 732-740.

35. Mazumder O, Roy D, Bhattacharya S, et al. Synthetic PPG ~ 53. Bjornsson B, Borrebaeck C, Elander N, et al. Digital twins to
generation from haemodynamic model with baroreflex autore- personalize medicine. Genome Med 2020; 12: 1-4.
gulation: a digital twin of cardiovascular system. Annu Int  54. Suzuki T, Takao H, Rapaka S, et al. Rupture risk of small
Conf IEEE Eng Med Biol Soc 2019; 2019: 5024-5029. unruptured intracranial aneurysms in Japanese adults. Stroke

36. Raffort J, Adam C, Carrier M, et al. Fundamentals in artificial 2020; 51: 641-643. PMID: 31813355.
intelligence for vascular surgeons. Ann Vasc Surg 2020; 65:  55. Erol T, Mendi AF and Dogan D (eds) The digital twin revo-

254-260.

lution in healthcare. 2020 4th International Symposium on



https://doi.org/10.1109/JBHI.2022.3205506
https://www.feops.com
https://www.feops.com
https://www.heartflow.com/education/case-studies/cone-health
https://www.heartflow.com/education/case-studies/cone-health
https://www.heartflow.com/education/case-studies/cone-health
https://corify.es/solution
https://corify.es/solution
https://doi.org/10.1177/1553350620975896
https://doi.org/10.1177/1553350620975896
https://www.cydarmedical.com
https://www.cydarmedical.com
https://doi.org/10.1109/ISMSIT50672.2020.9254288

Sun et al.

13

56.

57.

58.

59.

60.

61.

62.

63.

64.

Multidisciplinary Studies and Innovative Technologies (ISMSIT).
Istanbul, Turkey: IEEE, 2020. IEEE. doi: 10.1109/ISMSIT50672.
2020.9255249.

Ryu WHA, Dharampal N, Mostafa AE, et al. Systematic
review of patient-specific surgical simulation: toward advan-
cing medical education. J Surg Educ 2017; 74: 1028-1038.
He X, Qiu Y, Lai X, et al. Towards a shape-performance integrated
digital twin for lumbar spine analysis. Digital Twin 2021; 1: 8.
Ahmadian H, Mageswaran P, Walter BA, et al. A digital twin
for simulating the vertebroplasty procedure and its impact on
mechanical stability of vertebra in cancer patients. Int J
Numer Method Biomed Eng 2022: ¢3600. PMID: 35347880.
Hernigou P, Safar A, Hernigou J, et al. Subtalar axis determined
by combining digital twins and artificial intelligence: influence
of the orientation of this axis for hindfoot compensation of
varus and valgus knees. Int Orthop 2022; 46(5): 999-1007.
Zohdi T. A digital-twin and machine-learning framework for
ventilation system optimization for capturing infectious
disease respiratory emissions. Arch Comput Method E 2021,
28(6): 4317-4329.

Zohdi T. Modeling and simulation of the infection zone from
a cough. Comput Mech 2020; 66(4): 1025-1034.

Gkouskou K, Vlastos I, Karkalousos P, et al. The “virtual
digital twins” concept in precision nutrition. Adv Nutr 2020;
11: 1405-1413. PMID: 32770212.

Laubenbacher R, Niarakis A, Helikar T, et al. Building digital
twins of the human immune system: toward a roadmap. NPJ
Digit Med 2022; 5: 64.

Kovatchev B. A century of diabetes technology: signals,
models, and artificial pancreas control. Trends Endocrinol
Metab 2019; 30: 432-444. PMID: 31151733.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Brown SA, Kovatchev BP, Raghinaru D, et al. Six-month ran-
domized, multicenter trial of closed-loop control in type 1 dia-
betes. N Engl J Med 2019; 381: 1707-1717. PMID: 31618560.
Grosman B, Roy A, Wu D, et al. 1006-P: personalized hybrid
closed-loop therapy using a digital twin in patients with type 1
diabetes: at-home data. Diabetes 2020; 69(Supplement_1):
1006-P.

Bruynseels K, Santoni de Sio F and van den Hoven J. Digital
twins in health care: ethical implications of an emerging
engineering paradigm. Front Genet 2018; 9: 31. PMID:
29487613.

Jakovljevic M, Potapchik E, Popovich L, et al. Evolving
health expenditure landscape of the BRICS nations and pro-
jections to 2025. Health Econ 2017; 26: 844-852.
Wickramasinghe N, Ulapane N, Andargoli A, et al. Digital
twins to enable better precision and personalized dementia
care. JAMIA Open 2022; 5: ooac072.

Barabdsi A-L, Gulbahce N and Loscalzo J. Network medi-
cine: a network-based approach to human disease. Nat Rev
Genet 2011;12:56-68.

Zhou X, Menche J, Barabdsi A-L, et al. Human symptoms—
disease network. Nat Commun 2014; 5: 1-10.

Gustafsson M, Gawel DR, Alfredsson L, et al. A validated
gene regulatory network and GWAS identifies early regula-
tors of T cell-associated diseases. Sci Transl Med 2015;
7(313): 313ral78-313ral78.

Diaz V, Viceconti M, Stroetmann K, et al. Roadmap for the
digital patient. London: European Commission, 2013.
Hernandez-Boussard T, Macklin P, Greenspan EJ, et al.
Digital twins for predictive oncology will be a paradigm
shift for precision cancer care. Nat Med 2021; 27: 2065-2066.



https://doi.org/10.1109/ISMSIT50672.2020.9255249
https://doi.org/10.1109/ISMSIT50672.2020.9255249

	 Introduction
	 Method
	 Study design
	 Eligibility criteria

	 Results
	 DT models
	 Clinical application of the DT
	 Cardiovascular disease
	 Surgery
	 Pharmacy
	 Orthopaedics
	 COVID-19
	 Other fields of application


	 Discussion
	 DT in future medicine
	 Health monitoring
	 Precise diagnosis
	 Precise treatment


	 Strengths
	 Limitations
	 Conclusion
	 Acknowledgements
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


