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Augmented reality (AR) technology is gaining increasing interest in the development of minimally invasive surgery (MIS)
procedures. The main application areas can be divided into three main groups: Navigation, education and training, and
user-environment interfaces. Although AR-guided navigation systems do not yet offer a precision advantage, benefits
include improved ergonomics and visualization, as well as reduced surgical time and blood loss. Benefits are also seen in
improved education and training conditions and improved user environment interfaces, which may indirectly influence MIS
procedures. Controlled studies with large case numbers and standardized outcome parameters and reporting are lacking
to confirm the added value for clinical use.
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| 1. Advantages and Disadvantages of Minimally Invasive Surgery (MIS)

Advances in surgery have the potential to significantly improve patient outcomes and reduce hospital length of stay (LOS)
[, Healthcare providers can achieve cost savings and improve efficiency in the delivery of healthcare services, and
increase the capacity to treat more patients, thereby improving access to care and reducing waiting times [&. To achieve
these goals, it has been emphasized to continue to invest in surgical advances and technologies, such as minimally
invasive surgery (MIS) techniques B! and the development of new, innovative surgical tools 4.

The overall definition of MIS includes surgical procedures that reduce the morbidity of conventional surgical trauma &I
These techniques have been made possible primarily by the development and adoption of endoscopic systems and the
continued miniaturization of imaging systems & Insufflation devices can be used for the controlled inflation of body
cavities and the creation of surgical workspaces 2. In the last decade, the development of robotic-assisted surgery has
provided another technological advancement for MIS, which is currently gaining importance 8. The main advantages of
MIS reported in the literature include reduced postoperative pain due to the avoidance of extensive surgical trauma 2.
This may also reduce the number of immobility related morbidities such as postoperative atelectasis or venous thrombosis
[, In addition, MIS can help to improve the visibility of inaccessible areas, reduce the risk of inflammation, and improve
recovery time and cosmesis . Consequently, they can significantly reduce the mean LOS of patients EII20],

One of the major disadvantages of MIS is the extended surgical “learning curve” I, with complications occurring early
during this period 1. Watson et al. identified the first 20 procedures as the interval with the highest risk of complications
(121 This finding has led to the widespread use of educational courses, simulators, web-based videos, and mentoring
programs in surgical education and training B. In addition, there are procedure-specific risks such as insufflation
complications, port site metastasis after laparoscopic ablative surgery, and hernia formation and bleeding . Dissections
through robotic-assisted minimally invasive procedures generally take longer than traditional open surgical approaches €],
which may be associated with lower operative turnover rates and corresponding economic disadvantages . However,
this disadvantage is usually offset by lower costs associated with a shorter LOS [&. Today, there is a great demand for MIS
procedures, and there are some potential opportunities to develop them further.

| 2. The Basics of Augmented Reality (AR) and Its Impact on Healthcare

The development of new technologies has come to the forefront, especially during the Corona pandemic 121, virtual reality
(VR) and augmented reality (AR), also referred to as mixed reality (MR) 14! are among the three-dimensional (3D)
technologies that have been used in consumer marketing for many decades and are currently gaining momentum in
healthcare (15,



AR is a technology that overlays computer-generated images or videos onto real-world objects and environments 28, The
use of AR has the potential to revolutionize the way surgery is delivered and received 2. AR has been shown to improve
patient outcomes 28l increase the efficiency and accuracy of surgical procedures 12, and enhance medical education
and training 22, AR technologies such as AR glasses 24, AR head-mounted displays 22, and AR smartphones 2! gre
being developed and deployed in healthcare settings, with some early applications showing promising results 23!,
However, AR in healthcare is still in its early stages of development, and there are several technical and regulatory
challenges that must be addressed before it can be widely adopted [24],

| 3. How AR Technology Can Help Improve MIS Procedures

AR technology is gaining increasing interest in the development of minimally invasive surgery today 22 This is reflected
in the number of research articles published in recent years from a variety of medical disciplines. Although many studies
have been published on this topic, some of them differ fundamentally in their research questions, data collection methods,
and design, making it impossible to compare them in meta-analyses. In addition, most studies to date have been
experimental and few have provided significant clinical benefits to patient care.

Most of the developments have been made in spine surgery/orthopedic surgery [231[281271[2812911301 gz for
endoscopic/laparoscopic procedures [Z8IBUIS283] \which have not yet fully exploited the potential of this new technology.
AR could help identify and visualize critical anatomical structures such as blood vessels and nerves to reduce the risk of
injury or to guide the proper placement of surgical instruments 231321,

To answer the question of how AR technology can help improve MIS procedures, researchers have identified three main
areas of application. Most research today is focused on intraoperative AR-guided navigation. AR technology is also being
used to improve education and surgical training and to develop and improve new user-environment interfaces.

While the studies discussed here indicate some potential of AR technology in the context of improving MIS navigation
solutions [2211261[27][28][29][30](31](32][33][34][S5)[36][37][38][391[40] cyrrent AR-guided navigation systems have not shown improved
precision compared to conventional navigation methods, albeit shown improvements in ergonomics and visualization have
been reported 28, However, what has been clinically demonstrated to date is evidence of shorter operative times and less
blood loss, suggesting a gentler surgical approach 2839 Most of the AR-guided navigation studies presented here are
experimental development approaches, some of which have shown promising results [2ZA[22BLIS2I33SE]  However, clinical

trials with adequately sized numbers of patients or even systematic reviews demonstrating added value for patient care
are still rare [251[26]35](36],

Although AR is predicted to revolutionize surgery, there are several challenges that need to be addressed to ensure
widespread adoption B142143144] A major issue, especially in soft tissue navigation, is the accuracy and reliability of the
AR system, particularly in registering patient data and matching virtual and real views 2142l These are prone to errors,
especially during intraoperative repositioning. It is moreover important for future research to identify factors for evaluating
AR accuracy. For this purpose, Root Mean Square Distance (RMSD) or Root Mean Square Error (RMSE) has been
proposed by some authors 2421441 |n addition, real-time processing, and visualization of a large amount of data for AR
navigation is problematic because it is computationally intense and requires advanced hardware and software

infrastructure  [2511261[27](28][29][30](32][33[35][36][37][45]146]  Nevertheless, some promising developments in robotics,
visualization, positioning, haptics, artificial intelligence, and computer vision have been presented that may help to further
advance AR technology for clinical use 442][43][44]

Several studies have addressed the benefits of AR technology and its ability to enhance surgical education and training by
providing students and professionals with an immersive, interactive, and engaging learning experience [20[47]148][49][50]
However, awareness of this technology among clinically active surgeons remains low 4. Without requiring expensive
equipment or putting patients at risk, trainees can practice and refine surgical procedures using virtual models of patient
anatomy 8. They receive real-time feedback on their performance, allowing them to refine their technique and improve
patient outcomes in vivo. In addition, AR can be used to train surgeons in new or rare surgical procedures that are difficult
to perform in the real world 8. The benefits of virtual surgical training could, therefore, indeed impact MIS approaches.
However, this influence has yet to be demonstrated via standardized studies with a large number of participants.

The interface between users and different surgical environments can be improved by using AR technology to provide
relevant and contextual information in real-time 19I[21(22123][5051] ' 5yrgeons can visualize patient data and imaging scans
in 3D, allowing for more accurate and personalized surgical planning 3. It can enable remote collaboration and
consultation between surgeons, facilitating knowledge sharing and improving patient outcomes 9. However, to date,



most studies on the topic of user interface improvement have been experimental or proof-of-concept approaches. So far,

there is no evidence of added value for patient care.
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