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The development of augmented reality (AR) and its application in total joint arthroplasty aims at improving the accuracy
and precision in implant components’ positioning, hopefully leading to increased outcomes and survivorship.
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| 1. Introduction

The development of new technologies in total joint arthroplasty (TJA) has gained increasing interest in the last two
decades. Since the introduction of minimally invasive surgery (MIS), computer-assisted orthopaedic surgery (CAOS), and
robotic surgery, computer navigation has become a powerful tool for the correct positioning of the implant components &
(28 conventionally, surgical imaging can be classified as off-line, taken before and after surgery (X-rays, computed
tomography [CT], magnetic resonance imaging [MRI]), and on-line (intraoperative X-ray fluoroscopy, ultrasound [US]) &3],
On-line 2-dimensional (2D) intraoperative imaging can be supportive to enhance accuracy in TJA; however, despite the
advantages, it is associated with several major problems including the necessity for video monitors, the interpretation and
conversion of the 2D images into 3-dimensional (3D) images, the potential overlapping of anatomic structures, and
increased radiation exposure (€1,

The concept of augmented reality (AR) was introduced by Azuma et al. [d as a variation of virtual reality (VR). The
difference is that AR allows the user to see the real world with virtual objects superimposed upon it, supplementing the
reality with virtual computer-generated sensory impressions, enhancing the user’s ability to visualize a patient’s anatomy.

| 2. General Principles of Augmented Reality

The most common type of AR technology is based on the superimposition of a computer-generated image in the real
world that is captured with a camera and then projected through screens EIRILIALANLSIA4IIS]  gpecial head-mounted

displays (HMD) or “smart glasses” have been successfully used to obtain a view of the surgical site without the need for
any screens B8] that force the surgeon to look away from the surgical site, as usually happens with standard 2D
intraoperative imaging.

A position tracking system, a display device, and a system control software are the basic elements required 1. The first
step is the registration phase which can be marker-based 28 marker-less (surface registration) 22, or through an
augmented C-arm device 2%, The surface registration was introduced by Liebmann et al. ¥ as a radiation-free approach
with intraoperative surface digitization and navigation. Following this, the tracking phase allows the object to remain in the
correct position during the surgical procedure, despite eventual motion, and adapt in a 3D space to the user and the
instruments’ position. Therefore, a correct registration phase is essential for the success of the following phases 19. After
the registration and tracking are performed, the elaborated images are shown through three different approaches: HMD,
monitors, and projectors . Among those, video see-through headsets (HMD) have been introduced to avoid the
necessity for a display; however, they are not free from complications including headaches and nausea being reported by
users [2122 Alternatively, the virtual information can be directly projected onto the real environment, overlaying the
information on a semi-transparent mirror 23],

| 3. Applications and Influences

The application of AR in modern orthopaedic surgery and TJA is progressively finding wider approval with promising
results in multiple settings. Indeed, it has been widely used in spine surgery, considering the complexity of the anatomical
district and the risk of iatrogenic injury during instrumentation L2[2411251[261271[28[291[30: fayorable outcomes have also been




reported in complex corrective osteotomies and trauma surgery, increasing accuracy while reducing radiation exposure
and surgery time [B9[311[32]

The correct implantation of prosthetic components in TJA is a key element for success in terms of functional outcomes,
patient recovery and rehabilitation, and implant survivorship 23!, For those reasons, different technological innovations
have been developed and introduced including robotic surgery B4, 3-D printed patient-specific instrumentation (PSI) B2,
navigation devices &, and, finally, AR 8. To date, there are several different AR systems that have been applied in
preclinical and clinical studies RBZEEI39[40][41][42][43][441[45)[461[47][48]: however, their application in TJA has not been
thoroughly investigated yet. Despite that, a few studies have reported the potential benefits of this technology in terms of
the reduced radiation exposure of patients and OR staff, reduced surgical time, and improved accuracy of surgical
performance. In addition, studies have reported that, at least in Sawbones, AR navigation provides more accurate results

in terms of implant positioning when compared to the conventional free-hand technique in total hip 18[221[23][41][42][49][50]
and knee BZB8IEAAD arthroplasty.

Regarding the application in THA, according to the current literature, researchers can state that AR is able to provide
several advantages, particularly with regards to increased accuracy in acetabular component positioning. Alexander et al.
[43] compared an AR system with standard fluoroscopic guidance on pelvic sawbones reporting increased accuracy of the
placement angles. Despite that, the study is limited by its application to sawbones, and clinically relevant differences with
conventional techniques have not yet been reported to support this technique in daily practice. Similarly, Ogawa et al. 18!
(421 reported promising results when an AR system was used to improve the quality of the cup positioning considering that
the conventional tools may not recognize determinant elements such as the pelvic tilt or the pelvic movement related to
the retractors, leading to potential version errors. In spite of that, even though there was an absence of reported
complications, there was no evaluation of the clinical outcomes, forcing researchers to suggest that additional studies are
necessary to assess the cost-effectiveness and risk-effectiveness of the technique before its introduction in daily practice.
This technology has also been explored in HR by Liu et al. 22 to evaluate the accuracy of the guide hole along the axis of
the femoral neck in a sawbones model. The authors reported an error of 2 mm and 2° for position and direction compared
to what was planned, providing good accuracy according to the Audenaert et al. criteria B1. Nevertheless, despite the
promising results, the biggest obstacle to its application in a realistic setting would be to identify suitable image processing
algorithms to segment the target from the surrounding surgical scene in order to correctly register it, limiting its
dissemination to date.

Similar results have been described in TKA surgery. Tsukada et al. 29, reported on the AR-KNEE system and suggested
that it may provide reliable accuracy for the coronal, sagittal, and rotational alignment when used for tibial and femoral
resection and that it may become a useful alternative to conventional navigation devices. In addition, the authors reported
promising results in an experimental setting when analyzing the error in distal femoral resection (<1.0°) in both the coronal
and sagittal planes. Their non-randomized comparative study showed that the AR system can provide significantly greater
accuracy during distal femoral resection in TKA compared with the conventional intramedullary guide. Similarly, Fallavollita
et al. B7 after the promising results obtained at the preclinical level, aimed to extend their study to a clinical level to
assess the technical efficacy of this AR technique. Indeed, it has the potential to quickly simplify the workflow of
mechanical axis deviation measurement, by combining X-ray and video images into a single procedure while avoiding the
exposure to ionizing radiation of patients and operators. However, considering the lack of available literature in clinical
settings, further high-quality studies are probably necessary before researchers widely support the diffusion and
application of AR systems in TKA.

Interesting results have also been reported regarding RSA and TEA, even though these fields are yet to be fully explored
and thoroughly understood. In particular, baseplate glenoid component positioning has been studied by several authors
[46]1471148] j, sawbones and cadaveric scapulae specimens to evaluate the potential benefits of AR technology, and these
studies reported that baseplate navigation in RSA using AR through an HMD seems feasible, showing high accuracy and
precision at the preclinical level. However, the application of this novel technology in such fields is still in its infancy and
various technical problems still need to be addressed before it can be widely used in clinical practice.

Similarly, Taniji et al. 3] investigated the field of TEA stating that the AR technique can provide several advantages over
the conventional surgical technique, with quick registration and easy application while being able to reproduce the
preoperative placement plan onto the surgical field, potentially leading to more accurate component placement.
Nevertheless, researchers still need valuable data to confirm these promising preliminary results in order to support the
application of this technology in the clinical setting of TEA.



In spite of the promising preliminary results, researchers must remember that, recently, many surgical techniques have

been introduced hoping to achieve improved results in total joint arthroplasty including MIS, PSI, CAOS, and, lastly,

robotics. However, after initial interest, they can easily follow Scott’'s description of the parabola of the rise and fall of

surgical techniques B2, facing an exponential drop-off when the high costs of such innovative tools are not balanced by

improved clinical outcomes.
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