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Key question

To what extent have extended reality (XR) technologies been
applied in thoracic surgery?

|

Key finding(s)

XR technologies facilitate virtual simulation,
intraoperative guiding, 3D printing reconstruction,
patient guidance and experience.
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Take-home message

XR represents a salient step towards improving
thoracic surgical training and enhancing preoperative
planning and intraoperative guidance.

Abstract

OBJECTIVES: Extended reality (XR), encompassing both virtual reality (VR) and augmented reality, allows the user to interact with a
computer-generated environment based on reality. In essence, the immersive nature of VR and augmented reality technology has been
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warmly welcomed in all aspects of medicine, gradually becoming increasingly feasible to incorporate into everyday practice. In recent
years, XR has become increasingly adopted in thoracic surgery, although the extent of its applications is unclear. Here, we aim to review
the current applications of XR in thoracic surgery.

METHODS: A systematic database search was conducted of original articles that explored the use of VR and/or augmented reality in tho-
racic surgery in EMBASE, MEDLINE, Cochrane database and Google Scholar, from inception to December 2020.

RESULTS: Our search yielded 1494 citations, of which 21 studies published from 2007 to 2019 were included in this review. Three main
areas were identified: (i) the application of XR in thoracic surgery training; (i) preoperative planning of thoracic procedures; and (jii) intrao-
perative assistance. Overall, XR could produce progression along the learning curve, enabling trainees to reach acceptable standards be-
fore performing in the operating theatre. Preoperatively, through the generation of 3D-renderings of the thoracic cavity and lung anatomy,
VR increases procedural accuracy and surgical confidence through familiarization of the patient's anatomy. XR-assisted surgery may have
therapeutic use particularly for complex cases, where conventional methods would yield inadequate outcomes due to inferior accuracy.

CONCLUSION: XR represents a salient step towards improving thoracic surgical training, as well as enhancing preoperative planning and

intraoperative guidance.

Keywords: Virtual reality + Augmented reality + Extended reality « Thoracic surgery « Surgical simulation

ABBREVIATIONS
AR Augmented reality
MDCT  Multi-detector computed tomography
VATS  Video-assisted thoracic surgery
VR Virtual reality
XR Extended reality
INTRODUCTION

Extended reality (XR), encompassing both virtual (VR) and aug-
mented reality (AR), allows the user to interact with a computer-
generated environment based on reality. VR has exponentially
developed over the past four decades to encompass technology
whereby users can visualize, explore and interact with various
degrees of seemingly real 3D-generated computer environments
[1] In the setting of thoracic surgery, XR tools allow for anatomi-
cal assessment, surgical training through lifelike procedural simu-
lations, preoperative planning of surgeries and biopsies, and
interoperative guidance [1, 2]. AR furthers this technology by
superimposing VR onto real-world environments, displaying in-
formation and data on various levels of the reality-virtuality con-
tinuum [3, 4].

In essence, the immersive nature of VR and AR technology
has been warmly welcomed in all aspects of medicine, gradu-
ally becoming increasingly feasible to incorporate into every-
day practice. Particularly, since the rapid acceleration of digital
medicine development during the COVID pandemic, VR and
AR have solidified themselves as ‘only a matter of time’ tech-
nologies [5]. Although such XR techniques have been faster uti-
lized in some specialities over others, the technology has not
yet matured to similar higher degrees in thoracic surgery. Yet,
adoption of XR in this challenging surgical specialty would
hold the promise of increasing procedural accuracy, improving
surgical decision-making and improving patient safety
amongst other benefits [1, 6].

These potential improvements are due, in large part, to specific
applications of VR and AR use within thoracic surgery: preopera-
tive virtual simulation of the operation, intraoperative guiding,
3D printing model reconstruction, virtual simulation for training,

and patient guidance and experience. Through unmatched visu-
alization and familiarity, VR and AR contribute to the fundamen-
tal pillars of surgical practice and mastery.

We aim to evaluate the current applications of XR, VR and AR
in thoracic surgery. To our knowledge, no systematic summary of
the evidence in this field has been generated.

METHODS
Literature search strategy

A systematic review was conducted in accordance with the
Cochrane Collaboration published guidelines and the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement. EMBASE, MEDLINE, Cochrane, PubMed and
Google Scholar were searched for original articles that explored
the use of VR and/or AR in thoracic surgery from inception to
December 2020 (Fig. 1). The search terms used were: (Virtual re-
ality OR augmented reality OR virtual simulation OR mixed real-
ity OR extended reality or VR or AR) AND (thoracic surgery OR
thoracoscopy OR VATS OR Video assisted thoracoscopic surgery
OR cardiothoracic surgery). Further articles were identified
through use of the ‘related articles’ function on MEDLINE and a
manual search of the references lists of articles found through
the original search. The only limits used were English language
and the mentioned time frame.

Study inclusion and exclusion criteria

All original articles were included reporting the use of XR (VR or
AR) in thoracic surgery. Studies were excluded from the review if:
(i) inconsistencies in the data precluded valid extraction, (ii) the
study was performed in an animal model or did not include par-
ticipants or (iii) the number of participants was low (<10 partici-
pants). Case reports, reviews, abstracts from meetings and
preclinical studies were excluded. By following the aforemen-
tioned criteria, two reviewers (R.V. and S.G.T.) independently se-
lected articles for further assessment following title and abstract
review. Disagreements between the two reviewers were resolved
by a third independent reviewer (A.AR.). Potentially, eligible stud-
ies were then retrieved for full-text assessment.
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Figure 1: PRISMA flow chart.

Data extraction and critical appraisal of evidence

All full texts of retrieved articles were read and reviewed by two
authors (R.V. and S.G.T.) and inclusion or exclusion of studies was
decided unanimously. When there was disagreement, a third re-
viewer (A.AR.) made the final decision. Using a pre-established
protocol, the following data were extracted: first author, study
type and characteristics, number of patients, population demo-
graphics, VR or AR system used and main outcomes. For this re-
view, a data extraction sheet was developed and pilot-tested on
3 randomly selected included studies, whereupon the sheet was
refined accordingly. Data extraction was performed by 2 review
authors (R.V. and S.G.T.) A third author (A.AR.) validated the cor-
rectness of the tabulated data.

RESULTS
Study selection and characteristics
The literature search identified 1494 articles. Of these articles,

1160 were screened after deduplication, and 196 were read in
full and assessed according to our inclusion and exclusion

criteria. Following critical appraisal, a total of 21 studies [2, 7-
26] published from 2007 to 2019 and incorporating 1570
patients/participants. Figure 1 illustrated the study selection
process. All the studies included were retrospective non-
randomized studies, with 8 of them being multicentre (Table
1)[7-10,12, 16, 17, 21].

Training

A summary of the studies collected and their respective charac-
teristics, simulation technique used and main reported outcomes
is provided in Table 1. A total of 7 studies [7-13] were included
reporting outcomes on the use of XR, VR and/or AR in thoracic
surgery training.

Preoperative planning

Eleven studies [2, 14-23] were included in the review of XR, VR
and/or AR in the preoperative planning of thoracic surgery. Four
of these studies, noted with an asterisk, were also included in the
review of the intraoperative use of VR and/or AR. A summary of
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the study characteristics, the simulation technique employed and
the reported outcomes are presented in Table 2.

Intraoperative assistance

In total, 9 studies [2, 21-26] were included which discussed the
intraoperative use of XR, VR and/or AR in a variety of thoracic
surgical procedures. The summaries, including methodology and
reported outcomes, of these respective studies are presented in
Table 3.

DISCUSSION

This systematic review summarizes for the first time the knowl-
edge available on the application of XR (VR and AR) in the field
of thoracic surgery. Twenty-one original articles were included
and categorized based on their focus into the use of VR/AR in: (i)
thoracic surgery training, (ii) preoperative planning of procedures
and (iii) intraoperative assistance.

Training

The application of XR in thoracic surgery training has been dem-
onstrated to have wide scope and great applicability, which is set
to increase over the upcoming years thanks to advancement in
simulation technologies and their expected reduction in cost.
Both VR and AR systems have received considerable attention in
the surgical world over the past decades thanks to their ability to
offer an educational simulation experiences free from possible
ethical and hygienic issues. VR has been demonstrated to pro-
duce progression along the learning curve, enabling trainees to
reach acceptable standards before performing in the operating
theatre [27]. In the UK, the usefulness and desire for simulation to
be embedded as part of cardiothoracic surgery national training
has been expressed by trainees nationwide [28].

However, in thoracic surgery, the application of this technol-
ogy is limited to 3 known simulators developed to date, 2 focus-
sing on virtual video-assisted thoracic surgery (VATS) [10, 29] and
1 [12] on virtual robotic VATS. Despite this, the current available
technology has been shown to produce acceptable levels of va-
lidity, precision, usefulness, acceptability and feasibility. All the
studies comparing outcomes in groups with different experiences
found the outcomes of virtual VATS to correlate to the level of
experience of the operator, with the novice and intermediate ex-
perienced surgeons finding virtual VATS simulations the most
beneficial for their learning (Table 1). These results are in line
with the current literature studying the application of virtual sim-
ulation in other surgical specialties, finding junior trainees to be
the greatest beneficiaries [30].

The current VR VATS technology developed by Jensen et al.
[10] in Copenhagen illustrates the feasibility of generating and
retaining performance metrics in thoracic surgery, as already also
shown in other surgical fields. Junior thoracic surgeons can re-
ceive immediate feedback on their surgical performance and
keep track of their progress and learning, all independent of the
opinion of senior surgeons. Through the development of this
technology, senior surgeons will also be able to further hone
their skills through tailored metrics.

Moreover, XR could potentially lead towards and aid the fu-
ture establishment and expansion of robotic thoracic surgical

programmes, whereas currently practitioner and institutional ex-
perience in the field is not yet mature. Whittaker et al. [12] devel-
oped and tested the first known VR VATS simulator with realism,
face validity, acceptability and feasibility being ascertained.

One of the main limitations still present within the world of VR
training remains haptic feedback and the sensation of feeling the
instruments, which can for now only be partially replicated to re-
produce the surgical context. Two of the studies included com-
pared black-box simulation to VR simulation [7, 13]. Jensen et al.
[7] in their randomized control trial found black-box trained par-
ticipants to have significantly faster operative time when per-
forming a VATS operation when compared to VR-trained
participants. Nevertheless, with the exponential advancement of
VR technology, these limitations could soon be addressed.

Preoperative planning

Preoperatively, XR seems promising in the decision-making and
planning of thoracic procedures. Particularly through the genera-
tion of 3D-renderings of the thoracic cavity and lung anatomy
using CT scans, XR increases procedural accuracy and surgical
confidence through familiarization of the patient's anatomy
(Figs 2 and 3). Hu and Malthaner [15] describe the benefit of
minimizing the predictability aspect in decision-making and re-
ducing the preoperative planning time and workload of surgeons
at various levels when viewing virtual 3D-renderings as opposed
to conventional 2D CT scans, and the findings of Itano et al. [2]
and Akiba et al. [21] further support this in the area of nodal bi-
opsies and metastasectomies, respectively. Two studies describe
taking the virtual 3D-renderings a step further to initiate simula-
tions prior to procedures. Ueda et al. [20] simulated lobectomies
and segmentectomies, whereby VR assisted in more accurately
estimating the safety anatomical margins for lung cancer resec-
tions, and Sardari Nia et al. [22] highlighted the benefits of virtual
3D-rendering resection simulations that further aided intraopera-
tive guiding during 3D VATS.

Multi-detector computed tomography (MDCT) virtual bron-
choscopy provides another avenue of successfully using VR in
preoperative surgical planning by producing a rendering that
resembles what can be seen with conventional rigid fibre-optic
bronchoscopy. Abd-ElGawad et al. [14] describe the potential use
of MDCT virtual bronchoscopy in detecting tracheobronchial for-
eign body inhalations in children with a high sensitivity, specific-
ity and detection accuracy. Whilst MDCT virtual bronchoscopy is
yet to enter common clinical practice, it provides the significant
advantage over conventional bronchoscopy in its non-invasive
nature of detecting foreign bodies. However, it is certainly far
from replacing the rigid bronchoscope in detecting obstructions
resulting from dynamic airway lesions or subtle mucosal lesions,
and it remains an additional tool rather than a potential alterna-
tive [31, 32].

Sato et al. [17, 23] further developed the use of MDCT virtual
bronchoscopy through the creation of a virtual-assisted lung
mapping system, combining virtual bronchoscopy and dye-
localization techniques. It provides geometric information with
multiple markings on the lungs surface to facilitate segmentec-
tomy and wedge resection. Over the past years, Sato et al. [16,
17, 23] have described the contribution of virtual-assisted lung
mapping in thoracic surgery in numerous multicentre studies in
Japan and it looks to be a promising addition to the preoperative,
and by extension, the intraoperative arsenal of thoracic surgeons.
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Figure 2: Virtual simulation of segmentectomy.

Intraoperative assistance

The application of XR proves to be a promising aid for intraoper-
ative use to treat different lesions in thoracic surgery. In the last
10 years, research regarding the intraoperative use of XR has
mainly focused on tumour resection. While postoperative com-
plications were reported upon, to our best knowledge, there has
not been any prospective study yet which looks at long-term dif-
ferences regarding effectiveness, morbidity and mortality be-
tween XR-aided and conventional surgery. Hence, this review
aims to be a pragmatic tool offering insight into and comparison
of different intraoperative implementations of XR-aided thoracic
surgery.

The intraoperative use of XR, VR and AR mainly consists of
providing comprehensive anatomical mapping and dynamic nav-
igation assistance during tumour resection and nodal biopsies. In
total, 9 studies were found which investigated intraoperative use
of VR and AR. Of these studies, all studies were in the field of tho-
racic surgical oncology. Seven of these studies focused on tu-
mour resection, using segmentectomy and lobectomy
particularly, and 2 studies focused on lymph node biopsy. No
significant complications were reported by any of these studies,
which suggest that VR/AR-assisted surgery is safe, which is in line
with previous literature [33].

All the studies showed that VR and AR improved intraopera-
tive understanding of the anatomy, which is pivotal for surgical
performance. Furthermore, all studies confirmed that VR/AR-
aided mapping is at least as accurate than conventional methods
of establishing reference markers for surgical navigation. Sato
et al. [23], being one of the only studies that compared VR/AR-
aided surgery to conventional surgery, found that the former was
in fact superior, particularly in error-prone situations. In line with
this, Sato et al. [24, 25] conclude that VR/AR proves to be very
beneficial as auxiliary or alternative method for location and re-
section of hardly palpable lesions, as well as nodules that are ly-
ing in difficult planes. These findings suggest that VR/AR-assisted
surgery may have therapeutic use particularly for complex cases,
where conventional methods would yield inadequate outcomes

anonym6

due to inferior accuracy. However, no study has yet compared
the use of VR/AR-aided surgery to conventional surgery for com-
plex cases directly in a blinded setting, hence the findings may
be subject to bias.

Itano et al. [2], Akiba et al. [21] and Sardari Nia et al. [22]
reported that the intraoperative use of VR/AR, in particular dy-
namic 3D-virtual lungs constructions, enhances the spatial and
positional understanding of the patient's specific anatomy.
Sardari Nia et al. [22] additionally pointed out that XR can in-
crease the detection of anatomic variations. These findings fur-
ther strengthen the position of VR/AR being beneficial
intraoperative adjuncts, which may increase the ability of current
conventional methods such as VATS and endobronchial ultra-
sound (EBUS) . That said, most studies used very subjective rating
by sole surgeons to evaluate intraoperative use of VR/AR, which
undermines the validity of the findings, and hence ultimately
complicates drawing conclusions.

Limitations

This systematic literature review is subject to some limitations.
Firstly, most of the studies that were included in our review were
single-arm interventional studies, which are known to incur error
and bias. Being constrained by the availability of data, the inclu-
sion of more randomized control trials may have increased the
validity of the findings of this review. Secondly, most studies in-
cluded in this review had no blinding methodology, which
presents a source of cognitive bias. Additionally, the sample sizes
of the studies had a high spread, and often quite small, with all
intraoperative studies having <50 patients. In effect, this gives rise
to statistical skewing and, therefore, bias.

Finally, a renowned source of bias is publication bias, describ-
ing the trend that studies with statistically and clinically signifi-
cant findings tend to be more likely to be published then their
counterpart with no or little significant findings. Thus, this sys-
tematic review may be subject to publication bias, enhanced by
the fact that case series have been included in this review. Given
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Figure 3: 3D reconstruction, processing (STL file) and 3D print of the tumour left upper lobe with thoracic wall invasion.

the detrimental statistical false-positive influence of publication
bias, particularly in small to medium samples, no meta-analysis
has been conducted.

CONCLUSION

XR represents a salient step towards improving thoracic surgical
training, as well as enhancing preoperative planning and intrao-
perative performance. Current studies on the use of VR and AR
in thoracic surgical training are limited to VATS, but have particu-
larly beneficial for junior trainees, by allowing them to operate in
a realistic, yet ethically risk-free setting in order to accelerate
their learning process. Moreover, several studies show that VR
and AR can reduce preoperative planning time and workload, as
well as improving the accuracy of preoperative markings, by
allowing tailored models such as virtual 3D-rendering of lungs to
be made. Intraoperatively, the use of VR and AR is found to be a
safe way to increase intraoperative performance, in complex and
error-prone cases, by facilitating deeper spatial understanding of

patient-specific anatomy and increasing the detection of ana-
tomic variations. The results of this review are hence promising,
but more research particularly using a wider range of thoracic
surgical procedures and randomized controlled trial methodol-
ogy must be conducted in future to confirm and strengthen these
findings.
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