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THE MOST CURRENT SOLUTIONS USING
VIRTUAL-REALITY-BASED METHODS
IN CARDIAC SURGERY - A SURVEY

There is a widespread belief that VR technologies can provide controlled, multi-
sensory, interactive 3D stimulus environments that engage patients in interven-
tions and measure, record and motivate required human performance. In order
to investigate state-of-the-art and associated occupations we provided a careful
review of 6 leading medical and technical bibliometric databases. Despite the
apparent popularity of the topic of VR use in cardiac surgery, only 47 articles
published between 2002 and 2022 met the inclusion criteria. Based on them,
VR-based solutions in cardiac surgery are useful both, for medical specialists
and for the patients themselves. The new lifestyle required from cardiac surgery
patients is easier to implement thanks to VR-based educational and motiva-
tional tools. However, it is necessary to develop the above-mentioned tools and
compare their effectiveness with Augmented Reality (AR). For the aforemen-
tioned reasons, interdisciplinary collaboration between scientists, clinicians and
engineers Is necessary.
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1. Introduction

The enthusiasm of the use of virtual reality (VR) in cardiac surgery is relatively short,
although, the first scientific publications on the subject appeared in 2002 [17,40]. How-
ever, the growing interest and importance of the combination of the above mentioned
technologies for the future of interventional cardiac surgery and the imaging of cardio-
vascular function in the form of virtual twins puts the subject at the centre of interest
for engineers and clinicians alike [81]. In addition to preventive medicine or bespoke
cardiac interventions, this includes regenerative surgery in the form of the emerging
possibility of 3D printing tissues from bio-ink (in most cases: the patient’s stem cells)
through reverse engineering (3D scan — modification — 3D printing) [26,92]. We are
already able to print other human tissues, such as skin (innervated and vascularised),
but larger and more complex organs such as the pancreas, liver, lungs or just the
heart have so far been beyond our reach. The development of VR in cardiac surgery
could be a good step in this direction, heralding new possibilities, including those
based on the Internet of Things, integrating them into the Healthcare 4.0 paradigm
and expanding the capabilities of the cardiac surgeon [45,98].

The main aim of this paper is to summarise the current and emerging future
opportunities for VR-based support of cardiac surgery, also with reference to the ob-
served Virtual-Augmented Reality (VR-AR) rivalry in both, industrial (Industry 4.0)
and clinical applications [70,87].

The most recent technological advances inevitably bring medical improvements,
giving professionals increasingly effective diagnostic, therapeutic, rehabilitation and
care tools, including automated and semi-automated long-term care [25,54,78|. Plac-
ing this article in a broader context, we can see immediately that this is highly
interdisciplinary research, combining technical sciences (computer science, mecha-
tronics, material engineering) with medical and health sciences (including not only
cardiology, but also medical imaging, biotechnology, and tissue engineering), as well
as the humanities and social sciences (including psychology) [21,33]. The relevance of
the above-mentioned research goes beyond its scientific and clinical context, being
of great economic and social importance, both towards increasing health-related qual-
ity of life (HRQoL) and making it easier for people with cardiovascular conditions to
learn, work and play, as well as ageing more cheerfully [56,77,100].

In this paper, we propose not only an overview of the current state of the art,
but will carefully consider a number of hypotheses for the further development of this
area of knowledge and practice, including a better understanding of the physiological
and pathological mechanisms of the cardiovascular system, advances in didactics on
virtual cardiac simulations, the role of medical simulation in the training of cardiac
surgeons, the preparation of cardiac procedures (e.g. analysis of access routes) in the
case of a specific patient, not shying away from the cardiac surgery of the future:
virtual patient twins and prediction of the progress of natural tissue wear and tear
or risk of injury [3,24,37]. It seems that this holistic approach to the topic under
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discussion will be of benefit to both engineers and clinicians, allowing them to delve
deeper into the subject and develop their own replication of the cited studies or further
research.

2. Materials and methods

We provided a careful review of 6 leading medical and technical bibliometric databases
(PubMed, EBSCO, EMBASE, PEDro, dblp, and ACM Digital Library) using spec-
ified keywords (virtual reality, VR, cardiac surgery, and similar) in accordance with
the review methodology shown in Figure 1.

[ Main databases containing articles relevant to the review was searched ]

v

Articles that noc address the study of virtual reality applications
in cardiac surgery were eliminated

v

[ Further papers were excluded that were written in language other than English J

v

The texts of the papers left in the selection were read and analyzed by experts

Figure 1. Methodology of the review

Despite the apparent popularity of the topic of VR use in cardiac surgery, only
47 articles published between 2002 and 2022 met the inclusion criteria for the re-
view (Fig. 2).
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Figure 2. Number of publications selected to the review
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Analyzing Figure 2, it can be seen that the number of articles and scientific
studies on VR-based solutions in cardiac surgery is constantly growing. This means
that the use of modern technologies in cardiac surgery is significant and brings better
and better results. Hence the interest of scientists in this subject. Next we will describe
the VR methods that are currently used in cardiac surgery based on a review of the
available literature on this subject.

3. VR-based methods in medicine

Nowadays the VR processes are being used in an increasing number of daily life activ-
ities, fully or partially replacing real processes [19]. Technological developments in the
area of VR creation offer opportunities to use this technological advance in many areas
of science, economy and social activity. Although VR is a relatively young field, med-
ical science and clinical practice have already learned to benefit from it in the areas of
didactics, diagnosis and patient treatment [2,15]. As far as didactics is concerned, VR
allows medical professionals to improve their skills by being able to repeat activities
repeatedly with rare clinical cases. At the initial training stage, e.g. for surgeons, it
allows a greater margin for errors to be made without affecting the patient. An addi-
tional aim of such training is to improve automatic coordination between the monitor
and manual procedures. Such an opportunity allows one to focus on the important
aspects and not, for example, on what the hands are currently doing [13].

VR has a wide range of applications in neurological rehabilitation — mainly due
to the ease of mapping the natural environment, creating specific movement patterns
and attractive exercises in which the patient actively participates [16]. Patients learn
to use a specific activity in the virtual world and then, with the active supervision of
the therapist, transfer specific movement patterns to everyday activities [69]. VR can
also support and enhance basic forms of treatment that require repetitive exercises
that are tedious and often boring from the patient’s point of view. In the case of
cardiac patients — those with coronary heart disease — improvements in the mental
joint have been demonstrated when classical cardiac rehabilitation is supplemented
with VR elements [36].

In the cognitive sphere, virtual reality is gaining an advantage over the classic
form of pen-and-paper-based neuropsychological therapy [101]. Virtual reality makes
it possible to replicate real-life situations with real-time images of the patient. The
course and progress of therapy can also be easily reported, showing the patient the
effects of the therapy, which facilitates further diagnosis and modification of the ther-
apy plan by the clinician. Importantly, due to the nature of the therapy provided,
virtual reality can be carried out remotely, e.g. in chronic cases where it is difficult
for the patient to reach the centre, with simultaneous control of the therapy by the
therapist. Additionally, the costs of this form of rehabilitation have been shown to be
lower than its traditional form [52].
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4. VR-based methods in cardiac surgery

Among reviewed articles only four were review-type articles. Meta-analyses and com-
prehensive reviews are lacking. Intractable VR allows 3D models of complex intrac-
ardiac and extracardiac anatomy to be viewed, even in infants, the ability for users
to define their own views based on existing medical diagnostic data. This provides
a useful complement to traditional preoperative planning methods, the opportunity
for group discussion by the treatment team (including cardiologists and cardiac sur-
geons), reliability, rapid learning, cost-effectiveness and ease of use [65]. Medical sim-
ulation in cardiac surgery, including VR-based simulation, improves trainee learning
and performance by allowing repeated training until the required high level of mas-
tery of specific cardiac competencies is achieved, but further research is required on
how this translates to the performance of tasks in the operating theatre in relation
to a real patient. Cardiac surgery simulation is not yet part of the training program,
simulators are available for some tasks and procedures, but based on three different
types of simulators [90]:

1. full manikin simulators,

2. partial task trainers,

3. virtual reality systems or combinations of these, including 3D-printed components
of a specific patient’s cardiovascular system.

There is a strong interest in Head-Mounted Displays (HMDs) and smart glasses
in cardiac and vascular surgery for the education of surgeons and for surgical practice,
but further technical improvements and clinical trials on large groups are needed for
their fuller implementation [47]. Early mobilisation of patients in the post-operative
period of cardiac surgery either, in the immediate post-operative period or on the first
postoperative day, has positive results. It uses early bedside activity, VR, progres-
sive mobilisation, resistance exercises, cycle ergometer and walking protocols, rather
not personalised, low progressive intensity, twice a day for up to 30 minutes [5].

Basic areas of VR applications
in cardiac surgery
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Figure 3. Main areas of VR application in cardiac surgery according to the review
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From the point of view of cardiac surgery, VR involves a computer-generated
three-dimensional simulation that the user (surgeon, student, their entire team —
each from their own perspective) sees and manipulates [9,64]. Research to date shows
that VR improves teaching, but does not completely replace traditional teaching
methods [64,88|. Furthermore, learning with 360° VR video is more effective than
learning with 2D video, i.e. realism is key [9]. Within the computer-based teaching
module (CBTM), three levels of design were identified [48]:

1. global level (goal management, framing, minimising technical load);

2. rhetorical level (optimising modalities, making modalities explicit, scaffolding,
development, spaced repetition);

3. specific level (text management, device management).

Figure 3 shows the main application areas of VR-solutions in cardiac surgery.
For each of these scientific areas, a review of the latest articles was carried out, and
below we present the state-of-art results.

4.1. VR-supported education of medical professionals

The complexity of cardiac surgery requires ongoing education and training, with an
audience of different people and their teams: doctors (cardiologists, cardiac surgeons,
anaesthetists), students, as well as patients and their families/carers [6,8, 18,66, 74].
Education of medical specialists with the use of VR has its origins in the 90s of the
XX century [39], while the beginnings of education in the field of the cardiovascular
system using VR date back to the beginning of this century [17,18]. From the outset,
VR has been evaluated as a technology with the potential to support the teaching
and assessment of clinical skills of students, residents and doctors. It has fostered the
development of medical simulation centres, among others, as it allows various degrees
of ‘immersion’ of trainees in an environment reflecting real clinical situations with
such a high degree of accuracy that the clinical skills (diagnostic, therapeutic, etc.)
thus acquired are later transferred to patients [73]. The multiplicity of scenarios allow
more scenarios (variations in anatomy, pathology, interventions, complications) to be
practised in this way than in the real world at the same time (e.g. because there are
not enough patients to train). This applies primarily to young resident doctors who
should train as much as possible and have contact with various cases, so that in the
future they can cope with any situation, even with difficult operations [91]. What’s
more, the trainees can repeat them in VR many times in different variants without
harming the patients until they are completely mastered. Cardiac surgery requires an
integrated system for teaching both, from the point of view of content (multimedia
elements, their decomposition and description possibilities within teaching scenarios)
and information technology within the chosen educational environment. This allows
not only the integration in practice of the knowledge and experience acquired during
traditional forms of teaching, but also the seamless movement of the trainer across
different levels of teaching, student sophistication or even (in medical simulation) the
integration of team activities [18]. During COVID-19, the use of simulators for cardiac
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surgery allowed for continuous practice of doctors, so that after the pandemic they
could go to surgery without unnecessary interruption in training [58]. Interactive VR
available locally and via the World Wide Web is used both to teach, analyse and
describe cardiac anatomy and to prepare surgical techniques. Their advantages over
traditional teaching techniques include a realistic rendering of the sequence of events
and spatial considerations during a cardiac surgical procedure [17]. Such solutions
are widely accepted. Noorali et al. proposed in-house Pakistani solution (simulation
lab) providing interdisciplinary VR-based training for promising cardiac surgeons [63].

The use of VR in education is also of utmost importance in the paediatric car-
diac intensive care unit [72]. Children, due to their size, are much more difficult
cardiac patients and greater precision is required during surgery. Without proper
doctor training, performing a cardiac surgery on a child can result in many compli-
cations during the procedure. The use of VR-based technology during the doctor’s
education gives him better training facilities and greater skills to perform such com-
plex operations.

Advances in VR and related devices such as endoscopes and cardiac robots could
enable the development of new therapies for severe heart disease. This will require
the acquisition of new skills, also on simulators, as has been the case so far, e.g. when
learning stimulation and ablation [83].

4.2. VR-supported education for patients and their families

VR can be used as a tool not only to educate doctors and medical staff, but also
patients. The use of this technology allows the patient to prepare for surgery and
understand the entire process that awaits him. The use of VR increases the under-
standing, knowledge or comprehension of the patient. An additional advantage of
using VR technology is increased satisfaction and reduced anxiety among patients. It
also affects the patient’s positive perception of the activities performed by the medical
personnel [44].

VR becomes an important motivation and learning tool for patients in cardiac
surgery [5]. Patients undergoing rehabilitation after cardiac surgery have different
needs and preferences. They need a sense of security and seek additional advice.
Any e-learning program, including one based on VR, reduces their uncertainty and
improves overall mental well-being which supports their faster recovery [27]. Similar
VR-based patients’ educational programs are studied in obesity and diabetes [12].

4.3. VR-based intervention preparation
and minimally invasive cardiac surgery

We decided to separate the planning of the procedure from teaching medical spe-
cialists due to its specificity, target group and the importance of benefits that this
area of development of VR systems supporting cardiac surgeons may bring, espe-
cially in difficult and atypical cases [61,65]. Successful cardiac surgery procedures
require a thorough understanding of the complex anatomy and pathophysiology of
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the cardiovascular system. This improves the spatial and temporal understanding of
pathological changes and their dynamics when using surgical access and performing
the procedure. In a broader context, such an approach accelerates the preparation of
procedures, which is important in a large number of urgent cases, when the time to
prepare the team is short and the procedure saves the patient’s life [41]. It is also an
important issue in the case of unusual or complex cases where the use of VR before
surgery may modify a surgical procedure [61].

Wierzbicki et al. proposed in 2004 Virtual Cardiac Surgery Planning (VCSP) [95]
a VR model of the chest made individually for each patient from preoperative medical
imaging (CT, MRI). The requirements for such solutions include, above all, adapt-
ability, ease of use and a fairly high degree of accuracy (MSE approx. 1 mm), also
in reflecting the dynamics of the operation, for increased reliability in training, plan-
ning and conducting cardiac surgery. In addition, limitations due to patients safety,
the need for full coverage of the heart with dynamic images from X-rays and an-
giograms, and the need to use an endoscope to navigate the instruments must be
taken into account [68]. In their approach, a static heart model is created by seg-
menting one of the frames (an image, i.e. a 4D data set), and then based on the
remaining frames, the dynamics extracted from the remaining frames of the image is
added based on a proprietary algorithm. A similar solution based on CT in robotic
cardiac surgery was shown by Ivanov et al. in [33]. VR-based integration of CT
scans and endoscopic images showed mean spatial error 1.4 mm and time discrepancy
in the range of 50-100 ms [82]. The above-mentioned parameters improve with the
development of technology.

The 3D cardiographic virtual endoscopy based on MRI and CT scans can be
useful in cardiac surgery of children. It achieves diagnostic accuracy ranging from
92.4% to 98.7% [96]. Vigil et al. showed in [89] that VR modelling (based on MRI)
of the septal pathway and subsequent development of septal templates and visualisa-
tion of the access pathway can be beneficial in the preoperative planning of complex
double-outlet right ventricle repairs. Ghosh et al. in [22] demonstrated the usefulness
of VR-based cardiac preparation in a pediatric center with high patient traffic. It
uses MRI or CT images to segment the image and transform it into VR with FDA-
approved software. Interestingly, in addition to VR, 3D printed models and digital
2D models are also used, with the option of surgical repair made in CAD are de-
signed digitally using proprietary open source computer-aided (CAD) modeling tools.
The legitimacy of using the above-mentioned Clinical modeling is shown by statistics:
in 3 consecutive years (2018-2021) the demand for it in children has tripled, and
in 2020 3, 4 and 5 STAT categories were requested in more than 25% of cases. It is
worth noting that the most common indications for modeling in children were complex
2-chamber repair (31%) and repair of multiple defects in the interventricular septum
(12%) [22]. In the case of children, the accuracy of the computer model is 0.54 mm
and the accuracy of 3D printing is 0.05 mm compared to the digital equivalent [67].
A very interesting option is the transformation of 3D echocardiographic and cardiac
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CT data into VR models of higher diagnostic quality, with more accurate measure-
ments and faster navigation [62]. The difference is in the time of obtaining the finished
model, where the median time of post-processing VR, (DIVA i.e. directly applicable
MRI data without intermediate segmentation) was 5 min compared to 8-12 h for 3D
printed models [71]. So the time advantage of VR-based models is obvious. The VR
systems supporting both preoperative imaging (based on e.g. MRI) and intraoper-
ative in vivo (based on e.g. ultrasound) are more and more often integrated with
models of surgical instruments, offering 4.8 mm RMS alignment accuracy [49-51].
The observed difficulties in the interaction of surgeons with the VR environment re-
sult from their speed of orientation, insufficient depth information and delegation of
view control with an emphasis on the efficiency of the user and his workload [53].

4.4. VR-based robotic cardiac surgery

The last 20 years have brought significant advances in the field of automated min-
imally invasive cardiac surgery being a safer and more effective solution for some
patients from traditional cardiac surgery [33]. In 1998, the Da Vinci robotic system
was first used for cardiothoracic surgery [34,94]. Undoubtedly, cardio-surgical robots
have increased the capabilities and precision of surgeons, especially in the areas of
mitral valve surgery, closure of the atrial septal defect, and direct coronary artery
bypass surgery [31,32].

A study carried out by Chiu et al. [10] showed different effectiveness of active in-
volvement of peer observation, in addition to expert demonstration in VR tasks, such
as camera control, stratification and switching, energy and seam sponge in da Vinci
skill simulators. The effectiveness of such VR observation still requires optimization
in order to ensure the best possible learning outcomes. Interestingly, medical stu-
dents (females) achieved better results in the VR task involving a spongy suture and
obtained more stitches, which indicates the need to differentiate training depending
on gender [11]. The usefulness of VR-based training in preparation for the use of the
da Vinci robot in trainees was also shown by Gleason et al. [23].

According to the results of a randomised controlled trial (RCT) conducted by
Valdis et al. [85,86], it was proven that the VR helps with cost-effective, high-
performance simulation exercises in cardiac robotics.

During the operation, mixed reality systems combining VR and AR are used.
An example is the system of Sentiar, Inc., St. Louis, MO deployed on a Microsoft
HoloLens (Microsoft Inc., Redmond, WA) [55,80]. During the operation, the doctor
uses a headset, where he has a 3D visualisation of the patient’s cardiac system and
controls it hands-free. The doctor can get information about the location of the
catheter in real time.

4.5. VR-based pain management during cardiac surgery

VR-based pain management in patients after cardiac surgery alleviates vital param-
eters, reduces discomfort and postoperative stress [60]. But more research is needed
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in order to determine if it may occur and what approach to pain and anxiety, for
example, in intensive care units [46]. VR also allows you to effectively reduce pre-
operative anxiety without the use of pharmacological agents [1,29,93]. Studies have
observed the effect of using VR for postoperative rehabilitation on reducing the use of
analgesics in hospitals [57,84]. VR works well for pain relief, especially after cardiac
surgery due to the so-called Gate Theory of Attention. According to this theory, if
the patient’s attention is diverted and occupied with other activities, he will forget
about the pain he is feeling [35]. This mechanism is used in the case of the VR-based
tool to reduce pain.

4.6. VR-supported cardiac rehabilitation of patients

There is a widespread belief that VR technologies can provide controlled, multi-
sensory, interactive 3D stimulus environments that engage patients in interventions
and measure, record and motivate required human performance. In particular, this
can be achieved by promoting desired health behaviours through motivational rein-
forcement, personalised learning methods and social networks. Moreover, this can
be effective even in the case of increasing rates, high prevalence and adverse conse-
quences of disease [12]. VR-based rehabilitation compared to the traditional approach
in the control group showed better functional outcomes in patients undergoing cardiac
surgery, expressed in outcomes of the Functional Independence Measure (FIM), the
6 minute walk test (6 MWT), and the Nottingham Health Profile (NHP) [4]. To date,
post-operative cardiac rehabilitation programs have a number of limitations related
both to patients’ musculoskeletal problems themselves and more broadly to psycho-
logical or existential issues related to lifestyle and health responsibilities [27, 28, 79].
Wider implementation of VR may help to better design such future programs [27].

VR technology can be used during various stages of rehabilitation and many of
its features allow to qualify it as a complete rehabilitation tool. In the process of re-
habilitation, a very important aspect is the patient’s motivation to work on recovery.
Tedious exercises can demotivate patients, who therefore adhere less to the recom-
mendations. VR technology increases motivation and makes exercises more interesting
and accessible to the patient. Especially in connection with video games [20]. Patients
using interactive virtual reality are more active, feel less pain and recover faster after
cardiac surgery.

4.7. Other applications of VR in cardiac surgery

VR simulation for purposes of training of cardiopulmonary resuscitation as far
as emergency resternotomy procedures after cardiac surgery were developed by
Sadeghi et al. [76]. The proposed solution is at the proof of concept stage and re-
quires further research . However, the use of VR in cardiac surgery may expand in
the coming years to various applications. Virtual reality is also used to create 3D
images of cardiac anatomy and VR connects with AG to mixed reality, which creates
even more application possibilities [55, 71].
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5. Discussion

Overall, the results of our review confirm the opinion on the prospect of research into
the applications of VR in cardiac surgery. We found only one article questioning VR
support for cardiac surgery. It concerns the 3D diagnosis of congenital atrioventricular
valves, yet the authors’ doubts do not concern the value of the method itself, but
whether its validity is certain at this early stage of development. The authors do not
deny that the method itself, when refined, can improve surgeons’ understanding of the
nature of the defect and help them formulate a repair strategy [59]. Such discussions
are desired in science and should take place at such early stages in the development of
individual solutions, allowing scientists and engineers to improve them, and clinicians
to choose the best one. At the same time, two competing technologies were indicated:
Augmented Reality (AR) [70,75] and 3D printing [38,42,97,99]. This has important
implications in terms of the directions of further comparative research between the
above-mentioned three main technologies.

As directions for further research, it is crucial to define the differences between
teaching using VR (also AR) and traditional quality teaching methods, as well as
training methodologies combining/interweaving the above mentioned teaching modal-
ities [7,64]. Combining multi-modal sensory data and emotion assessment are also
available, including analysis and simulation by artificial intelligence [7]. A very im-
portant direction of further research is the recognition of clinical needs — the coordi-
nation of knowledge and experience of engineers, scientists and clinicians may lead
to the development of new fields of VR applications in previously unexplored ar-
eas of cardiac surgery, which we may not even know are within reach (e.g. cardiac
surgery), preventive, micro- or nanorobotics, cardiosurgical neuroprosthetics based
on bioMEMS and bioNEMS). Clinical 3D modelling must be integrated with the
pre-operative care of patients with heart defects, and the demand for these services
is growing rapidly [22,43].The use of VR in cardiac surgery is not just in one area
and the benefits may be subject to synergistic effects. Further work is needed to
fully demonstrate the clinical benefits and improved outcomes in post-cardiac surgery
patients as a result of VR-based methods and/or tools.

An interesting area of VR applications is prehabilitation [14,30], i.e. prepar-
ing patients for cardiac surgery. Each such procedure, no matter how minimally
invasive, is a challenge for the body. Hence the body needs to be properly pre-
pared for it: physically (diet, activity) and mentally (positive attitudes, motivation
to change your lifestyle to a healthier one as part of medicine). Hirota proposed
that VR-prehabilitation may be a promising tool for the prevention of postoperative
delirium POD [30]. This will turn cardiac interventions into a type of personalised
targeted therapy to avoid relapse.

The VR/AR-based curriculum platform should be standardised to benchmark
the development of basic robotic skills, provide common interdisciplinary surgical
education and objectify student achievement. There is also a lack of studies and pub-
lications on the standardisation of management in AV /AR-assisted cardiac surgery.
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Further large-scale randomised clinical trials on large homogeneous groups of patients
are needed to develop standards. These will increase as the technology itself becomes
more widespread.

6. Conclusions

The application of VR technology to cardiac surgery has many aspects and devel-
opment possibilities. Taking into account the current advancement of work in this
field, it can be expected that in the near future, training of doctors and residents
will be based on VR-based virtual and real cases. Cardiac surgery simulation should
be a part of the training program. Combining VR with MRI and CT imaging can
also create models of hearts in difficult cases on which the surgeon can practise be-
fore starting surgery on the patient. Another aspect in the VR-based support of
cardiac surgery will be the development of cardiac robots using VR to perform semi-
automatic or automatic surgery. The next step will be carrying out remote surgery
using VR imaging. The specialist will not have to be physically in the same place as
the patient to participate in cardiac surgery. Using VR and robots, the doctor will see
what is happening during the operation, on this basis, will be able to decide on the
next steps of the operation and will perform the surgery procedure using this robot.
While pre- and post-operative VR-based solutions help patients with rehabilitation
and pain management. This approach will certainly influence the patients’ well-being
and faster return to health.

Currently, VR and AR are used in all the above-mentioned aspects of cardiac
surgery. In combination with Industry 4.0 technologies, the health care system is
improved and Healthcare 4.0 systems are created. Such systems take advantage of
various technologies to improve patient health care. Currently, both VR and AR
applications are being considered. Both technologies complement each other and in
the near future there will probably be solutions based on one or the other technology
implemented in care systems during cardiac surgery.

To sum up the field of VR /AR applications in cardiac surgery is growing rapidly,
and researchers, medical professionals and technology developers continue to explore
innovative ways to use immersive technologies to improve surgical outcomes and pa-
tient care:

1. surgical training and simulation: enhanced training modules and integration of
haptic feedback,

2. patient-specific models based on medical imaging data for pre-operative planning
with AR overlay in surgery (showing 3D reconstructions, vital signs or navigation
cues and other data,

3. telemedicine and remote support: remote consultations (providing real-time guid-
ance and support) and training support in remote areas with limited access to
medical expertise,

4. data integration and analysis and visualisation in a convenient form for the sur-
geon/team, as well as decision support systems.
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VR-based solutions in cardiac surgery are useful both for medical specialists
at various levels of professional development and for the patients themselves. The
VR-based curriculum platform should be standardised to compare the development
of basic robotic skills, provide a common interdisciplinary surgical education, and
objectify student achievement. The new lifestyle required from cardiac surgery pa-
tients is easier to implement thanks to VR-based educational and motivational tools.
However, it is necessary to develop the above-mentioned tools and compare their ef-
fectiveness with AR. With the aforementioned reasons, interdisciplinary collaboration
between scientists, clinicians and engineers is necessary.
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