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Digital twins were initially introduced in the aerospace industry, but they have been applied to the medical field in the 2020s. The devel-
opment of the Internet of Things, sensor technology, cloud computing, big data analysis, and simulation technology has made this idea
feasible. Essentially, digital twins are virtual representations of real-world data that can generate virtual outcomes related to a patient
based on their actual data. With this technology, doctors can predict treatment outcomes, plan surgery, and monitor patients’ medical
conditions in real time. While digital twins have endless potential, challenges include the need to deal with vast amounts of data and en-
sure the security of personal information. In the field of rhinology, which deals with complex anatomy from the sinus to the skull base,
the adoption of digital twins is just beginning. Digital twins have begun to be incorporated into surgical navigation and the management
of chronic diseases such as chronic rhinosinusitis. Despite the limitless potential of digital twins, challenges related to dealing with vast

amounts of data and enhancing the security of personal data need to be surmounted for this method to be more widely applied.
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INTRODUCTION

Technological advances have brought forth a revolutionary
concept in healthcare known as “digital twins” [1]. Dr. Michael
Grieves initially introduced the concept of a digital twin in
2002. It is a digital model that depicts a physical entity or sys-
tem using dynamic software models and sensor data to ana-
lyze and anticipate its real-time status and future behavior [2].
This innovative methodology in medicine utilizes computa-
tional models to comprehend the biological development of
diseases, from the molecular level to the level of organs. In re-
cent years, the concept of digital twins has gained consider-
able attention in the healthcare community, with numerous
studies showcasing its potential for improved precision and

Received: February 14, 2023 Revised: March 27, 2023

Accepted: April 5,2023

Adderess for correspondence: Yong Gi Jung, MD, PhD, Department of Oto-
rhinolaryngology-Head and Neck Surgery, Samsung Medical Center, Sung-
kyunkwan University School of Medicine, 81 Irwon-ro, Gangnam-gu, Seoul
06351, Republic of Korea

Tel: +82-2-3410-1851, Fax: +82-2-3410-3570, E-mail: ent.jyg@gmail.com
This is an Open Access article distributed under the terms of the Creative Commons
Attribution Non-Commercial License (https://creativecommons.org/licenses/by-
nc/4.0) which permits unrestricted non-commercial use, distribution, and repro-
duction in any medium, provided the original work is properly cited.

m Copyright © 2023 Korean Rhinologic Society

personalization in medicine.

Rhinology has long been challenging for both surgeons and
patients due to the complex anatomy, proximity to critical
neurovascular structures, and diverse physiology of this re-
gion. The introduction of digital twin technology is expected
to provide a new solution for rhinologists, offering a powerful
tool to enhance patient care and outcomes.

This narrative review article aims to provide a comprehen-
sive overview of digital twins in healthcare and their applica-
bility in rhinology. The review covers the evolution and devel-
opment of digital twin technology, its current state-of-the-art
applications, and future directions for research. Additionally,
this article provides a detailed analysis of the current literature
on the use of digital twins in rhinology, including both the ad-
vantages and limitations of this technology. Ultimately, this re-
view endeavors to furnish insights into the future application
of digital twins in healthcare and their potential to enhance
the field of rhinology and otolaryngology.

METHODS

A literature search was conducted on PubMed and Google
Scholar using the keywords “digital twins,” “digital healthcare”
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and “surgery” The search was restricted to English-language
literature only, and studies related to the rhinology field (chron-
ic rhinosinusitis [CRS], allergic rhinitis, sleep medicine, rhi-
noplasty, or sleep medicine) were selected. After identifying
and removing duplicates, the resulting articles were screened
by title and abstract, then critically evaluated for relevance
and quality by the primary author. The review primarily in-
cluded original articles, but also featured selected editorials
and review articles from key opinion leaders. A snowballing
strategy was used to identify additional relevant studies by
screening the citations of the selected articles.

DISCUSSION

A brief history of digital twins

There was a lack of research or reports related to digital twins
in the 2000s, even after the concept of digital twins was publi-
cized. At the time, the technology required to enable the cre-
ation of digital twins had not yet been developed, resulting in a
lack of studies or reports on the topic in the following decades.

However, with the steady advancement of basic technolo-
gy, the National Aeronautics and Space Administration in the
United States formalized the active implementation of digital
twin technology in aerospace applications in 2012 [3]. Subse-
quently, in 2014, Grieves [4] published a white paper outlin-
ing the potential use of digital twin technology for conceptu-
alization, comparison, and collaboration at actual manufacturing
sites. Furthermore, with rapid advances in the Internet of Things
(IoT), sensor technology, cloud computing, big data analysis,
and simulation technology, research on digital twin technol-
ogy has seen a marked increase in publications since 2017
(Fig. 1), and the term “digital twins” began appearing on the
Gartner hype cycle, which is a graphical representation of how
market expectations and acceptance of a new technology change

over time. The digital twin first appeared in the Gartner hype
cycle for emerging technologies in 2017, where it was posi-
tioned in the “innovation trigger” phase (https://www.gartner.
com/smarterwithgartner/top-trends-in-the-gartner-hype-
cycle-for-emerging-technologies-2017). At that time, digital
twins were considered an emerging technology with the po-
tential to transform various industries, including manufactur-
ing, transportation, and healthcare. However, digital twins have
come a long way since their emergence in the Gartner hype
cycle in 2017. Today, they are no longer considered an emerg-
ing technology, but rather a mainstream one that has demon-
strated its benefits across various applications. In recent years,
digital twin technology has seen growing adoption across vari-
ous fields, such as manufacturing, aerospace, energy, automo-
tive, building and construction, and healthcare.

The concept of digital twins in healthcare

In the healthcare field, early on, significant efforts were made
to understand the biology of diseases through computational
models that span from the molecular to the organ level [5].

Digital twins are virtual copies produced by real-world pro-
cessing data [6]. They can also be seen as a gateway connect-
ing the real and digital worlds through shared data, which is
called a digital thread [7-9]. A patient’s clinical, demographic,
genomic, or psychosocial data are sent to the digital world.
Simultaneously, the patient’s condition is evaluated in the real
world based on data values transmitted in this digital thread
[10]. In addition, the data transmitted through the digital thread
can be stored in a large-scale data storage or disease registry
built for future research (Fig. 2).

These efforts align with the concept of digital twins, which
could potentially improve precision and personalization in
medicine by addressing the uncertainty and variations that
arise from individual patients.
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Fig. 1. The number of published papers related to digital twins searchable on PubMed has skyrocketed since 2017.
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Fig. 2. The process from real-world data to digital twins for personalized healthcare. A: Any real-world data generated by a patient can be
collected. In general, data from patients can be classified into three types: genomic data, clinical data, and patient-generated health data.
B: A digital thread refers to a connection of shared data between the real world and the digital world. C: These data are transmitted to the
digital world. D: Based on this information, we can create a digital replica, also known as a digital twin. A digital twin that mirrors a patient’s
distinct characteristics allows for expectations for treatments that would be administrated to a real patient. This makes it possible to pre-
dict the patient’s individual outcome. E: This method is used to provide decision support to medical experts.

Case studies of digital twins in healthcare

Patient monitoring

Digital twin technology offers a range of applications for
patient monitoring, including the management of chronic
conditions, patient care coordination, and remote telemedi-
cine thanks to the development of IoT and sensor technolo-
gy. By creating a digital representation of a patient’s physical
and physiological state, healthcare professionals can use sen-
sor data and other information to understand a patient’s real-
time status, predict potential health changes, and take proac-
tive actions [11].

For instance, digital twins can be used to continuously track
and analyze a patient’s vital signs, such as heart rate, blood
pressure, and oxygen saturation, and to monitor the progres-
sion of their condition over time [12]. This enables healthcare
professionals to identify patterns and trends that may indi-
cate changes in a patient’s condition and take appropriate ac-
tion to address any issues that arise. Because lung elastance is
different for each patient who needs mechanical ventilator care
in an intensive care unit, unintended lung injuries may occur
even in similar settings. Zhou et al. [13] created a virtual pa-
tient based on the patient’s data and predicted changes in spe-
cific ventilator settings. This method showed a high level of
accuracy in predicting lung changes and contributed to re-
ducing lung damage in each patient.

Surgical planning and simulation

Preoperative computed tomography (CT) and magnetic
resonance imaging (MRI) scans are commonly used in mod-
ern healthcare to create detailed images of a patient’s anatomy.
These images can be used to create a digital model of the pa-
tient’s anatomy, which can then be used as the basis for digital
twins. Digital twins can be used by surgeons to plan the surgi-
cal approach, identify potential problems, and predict out-
comes before surgery takes place [14]. This can help to reduce
the risk of complications and optimize the surgical outcomes.

Digital twins can be utilized to simulate surgical procedures,
providing a safe and controlled environment for surgeons to
enhance their skills. This can be accomplished by developing
a virtual reality representation of the patient’s anatomy, with
which the surgeon can interact using specialized tools such
as haptic devices [15]. This can enhance the surgeon’s dexter-
ity and precision, and decrease the learning curve for new
techniques. For example, osteotomy is typically performed us-
ing a minimal external incision, which requires the surgeon
to rely on his or her sense of touch and perform the operation
without direct visual guidance. Although experienced sur-
geons are skilled in this technique, it can be challenging for be-
ginners to determine the exact location and extent of the re-
quired incisions for osteotomy. To overcome this learning
curve, preoperative practice with the aid of a digital twin
model can be employed before the actual surgery (Fig. 3).

Reconstructing preoperative images has become a stan-
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dard process for understanding patient-specific anatomy, but
those attempts were not common in the 2000s. A case was
reported in the New England Journal of Medicine in 2000 in
which surgical planning was performed with MRI scans tak-
en during pregnancy for the separation of conjoined twins
[16]. While this concept was relatively unfamiliar even in the
2000s, it has been actively introduced into the field of surgery.
As a result, efforts to create a virtual environment that simu-
lates the actual surgical situation have been proceeding rapid-
ly. While digital twins were initially limited to understanding
anatomy through image reconstruction, they have evolved to-
wards constructing an environment that closely resembles the
actual surgical situation with the development of tactile in-
struments and virtual systems.

Digital twins in rhinology

The digital era has also begun in the rhinology field. The
concept of digital twins means providing personalized care to
patients based on medical data. Cutting-edge technologies,
such as artificial intelligence (AI), machine learning, sophisti-
cated three-dimensional (3D) modeling, and extended reality,
have a significant impact on medical decisions and are also
available in rhinology. There are a few examples of digital twins
that have been currently utilized in the rhinology field (Fig. 4).

Virtual patient-specific models for navigation

Functional endoscopic sinus surgery (FESS) has become
more precise and safer with the development of navigation
devices. FESS navigation is also becoming more accurate, but
surgeons want to display major structures on the endoscope
screen during FESS in real time [17]. A case has been report-
ed wherein a technology that fused preoperative CT images
and endoscopic images during surgery with augmented real-
ity was developed at the cadaver level. The researchers creat-
ed a virtual model with preoperative CT images and overlaid
the 3D model on the actual patient’s surgical images. During
surgery, critical structures that must be avoided (e.g., the op-
tic nerve) are displayed on an endoscopic screen. This display
is anticipated to enhance the safety of the surgical procedure
and facilitate the training of novice surgical trainees utilizing
this system.

Real-time monitoring technology-focusing on mobile
healthcare

Mobile healthcare technology has a prominent position in
chronic disease. Bodini et al. [18] identified five digital thera-
peutics for asthma and chronic obstructive pulmonary dis-
ease patients. They developed a mobile application for pa-
tients and cloud-based software for recording the count of

Fig. 3. Surgeons can perform an osteotomy on a digital twin that has been created based on a real patient’s image with a haptic device

before the real surgery (unpublished data, Jung, 2023).
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inhaler use and patient’s symptoms, providing alerts for the
use of the inhaler, and transferring information from the sen-
sor. It also transmits the patient’s information to healthcare
providers, including doctors.

Similarly, the European Forum for Research and Education
in Allergy and Airway Diseases developed an application
called mySinusitisCoach in 2017. This application monitors
the symptoms of CRS patients in real time and provides the
patient with a degree of symptom control and treatment op-
tions. In addition, these data are also shared with doctors, who
can use the data to provide optimized treatment to patients [19].

In the field of otolaryngology, digital twins have been used
to manage infectious diseases such as coronavirus disease 2019
(COVID-19) in addition to the management of chronic dis-
eases. Furthermore, digital twins have been utilized in vaccine
design, which took a relatively short time to conduct clinical
trials [20]. However, the most important role of the COV-

ID-19 pandemic was that telemedicine was introduced faster
than expected. In a situation where face-to-face treatment was
limited due to the pandemic, patients became more accus-
tomed to sending their medical information through a device,
and the collection of this data helped establish a virtual clinic.

Sleep is an area where digital twins need to be applied. A
study to select patients with sleep-breathing disorders using
a mobile device has already been conducted [21]. We are gath-
ering patients’ sleep data related to continuous positive airway
pressure (CPAP) use and polysomnography, which can be ful-
ly utilized as a digital thread. A sleep specialist can provide re-
al-time feedback on CPAP problems that occur during sleep.
If a virtual model is made with digital twins, we can predict
problems when starting CPAP in advance. This will make it
possible to improve patients’ adaptation periods more quickly.

(A)
Surgical
Navigation
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for Novice

Digital Twin
in Rhinology

(D)

Real-time
Monitoring
for CRS

»

(C)

Surgical
Planning

Fig. 4. Digital twins in rhinology. A: Augmented reality technology, which fuses preoperative computed tomography (CT) images and en-
doscopic images during surgery, has been developed to display major structures on an endoscope screen in real-time, enabling safer
surgery and assisting surgeons. B: Patient-specific digital twin models for novice training provide real-time feedback without limitations
on time or space and ensure patient safety during actual operations. C: Preoperative CT scans and magnetic resonance imaging can be
used to create digital twins of a patient's anatomy, which can help surgeons plan surgical approaches, simulate procedures, and enhance
their skills in a safe and controlled environment. As a result, the risk of complications can be reduced and surgical outcomes optimized. D:
Digital twins have been utilized in the management of infectious diseases, vaccine design, and sleep-breathing disorders. The collection
of patient data during the pandemic has led to the introduction of telemedicine. There have also been attempts to utilize mobile health-

care in chronic rhinosinusitis patients.
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Education for novices

As standards for patient ethics are gradually strengthened,
it is becoming difficult for novices to receive sufficient train-
ing to reach the learning curve. FESS is the most common
type of surgery performed in the rhinology department, and
the hurdles seem relatively high due to the complicated sinus
anatomy and the use of various angle scopes. In addition, suf-
ficient training is required because damage to major struc-
tures can lead to serious complications. Given that FESS is an
endoscopic surgical procedure, it presents an opportunity for
the creation of educational models utilizing virtual reality
technology (Fig. 5). The Neurorhinological Surgery group
developed a mixed-reality simulator and presented a tech-
nique in which trainees train on a patient-specific model us-
ing a device capable of real-time tracking [22]. As a result,
trainees can practice with the same patient model as the ac-
tual patient, receiving real-time feedback on the surgical pro-
cess without time and space limitations. Above all, it is possi-
ble to secure the patient’s safety during the actual operation
with a sufficient period to achieve proficiency.

Digital twins are a breakthrough concept that will play a
paramount role in medical management and treatment in the
future, but there are matters of concern. First, we should al-

ways keep the issue of data availability in mind because digi-
tal twins are a concept based on data. The privacy and ethical
use of data must be fundamental to the development of digital
twins. It is possible to access and utilize healthcare data based
on such premises. In addition, it is currently possible to col-
lect massive amounts of data, but formalization and standard-
ization of data are required to make data usable. However, the
automatic processing of such data has not been technically
perfectly feasible yet. Technological development should also
progress to utilize digital twins in healthcare more actively.

Reprocessed data with digital twins can be helpful in clini-
cal decision-making, but physicians should not use it as an
absolute criterion. For instance, if an AT model recommends
an optimal treatment that boosts a patient’s survival rate, the
physician must contemplate whether this choice can also en-
hance the patient’s quality of life. Consequently, when evalu-
ating digital twin models, it is imperative to consider the pa-
tient’s preferences alongside other factors.

CONCLUSION

Digital twins have the potential to revolutionize the health-
care industry by offering solutions to multiple challenges, in-

Fig. 5. Unveiling three-dimensional (3D) sinonasal anatomy for enhanced preoperative planning and spatial orientation. The illustration
represents a 3D model of the sinonasal anatomy, created using a patient's computed tomography image (A). The (B) coronal, (C) endo-
scopic magnified, and (D) axial cuts of the model can be viewed in 3D, allowing for a comprehensive understanding of the patient's anat-
omy prior to surgery while wearing a head-mounted display. The major structures such as muscles, vessels, and nerves are also dis-
played, which is useful for spatial orientation (unpublished data, Jung, 2023).
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cluding emerging infectious diseases, telemedicine, and the
need to reinforce medical ethics standards. Within the realm
of rhinology, digital twin studies are still in the nascent stag-
es, and various applications of the concept are yet to be ex-
plored. These studies involve real-time marking of critical
anatomy during endoscopic surgery based on preoperative
imaging, the use of virtual models for training purposes, and
the implementation of mobile healthcare for CRS patients.
Despite the potential benefits, research on digital twins for
sleep medicine, rhinoplasty, and sinonasal cancer remains rel-
atively limited.
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