
Reverse total shoulder arthroplasty (RSA) has experienced 
a significant increase in incidence over the past decade, 
with projections indicating continued exponential 
growth.1) This increase can be attributed to its evolving 
surgical techniques, improving implant technology, 
and well-established success in the treatment of various 
shoulder pathologies, most commonly rotator cuff tear 
arthropathy.1-3)

Accurate positioning and secure initial fixation of 
the glenoid component are critical factors for success in 
RSA.4-6) Malposition of the glenoid component can result 
in scapular notching, which can subsequently cause pain, 

diminished function, instability, and glenoid loosening.4,6-8) 
Thus, positioning of the baseplate inferiorly on the glenoid 
without introducing excessive superior tilt is imperative for 
optimizing impingement-free range of motion (ROM).4,5,7) 
Optimization of the length and number of peripheral 
screws and targeting areas characterized by high bone 
quality to attain the strongest purchase is essential for 
stable fixation as well.4,9) However, severely pathologic 
glenoids with bone deformities and/or poor bone stock 
can present challenges that may compromise fixation and 
correct positioning of the baseplate. 

Advancements in shoulder arthroplasty have been 
developed in the hopes of improving the accuracy of 
glenoid component implantation and prolonging implant 
longevity, particularly for complex glenoid deformities. 
Intraoperative navigation, also known as computer-
assisted surgery, is a modern technology that uses detailed 
3-dimensional (3D) preoperative planning to provide 
the surgeon with real-time feedback during implantation 
in order to enhance precision, accuracy, and safety. 
Intraoperative navigation, which has already gained 
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utility in hip and knee arthroplasty and shown to im-
prove the alignment of components,10-13) has also become 
increasingly implemented in shoulder arthroplasty with 
multiple studies exhibiting favorable outcomes.14-18) As 
such, the purpose of this review is to explore the appli-
cation of intraoperative navigation in reverse shoulder 
arthroplasty, evaluate its efficacy in terms of glenoid 
component placement accuracy, screw selection, clinical 
outcomes, the learning curve, and notable challenges, and 
finally delve into the future potential of alternative emerg-
ing technologies. 

APPLICATION OF INTRAOPERATIVE 
NAVIGATION

Preoperative Planning and Templating
The utility of intraoperative navigation is contingent upon 
precise preoperative planning and thus involves the ac-
quisition of thin-slice computed tomography (CT) scans 
of the entire scapula for every patient. The recommended 
CT slice thickness is 0.625 mm, with a minimum of 0.3 
mm and maximum of 1.25 mm.19) Once attained, the CT 
images are uploaded into a preoperative planning software 
application in order to render 3D images of the glenoid 
(Fig. 1).15) Using the software, the operating surgeon be-
gins planning the placement of the glenoid component 
on the 3D glenoid model to achieve the desired deformity 
correction and backside contact (Fig. 1).15) This involves 
the surgeon using their discretion to determine the depth 
and extent of high-side reaming, whether patient-specific 
instrumentation, augmentation, or bone grafting is nec-
essary, the desired rotation, version, and inclination of 
the baseplate, as well as the number, length, and precise 
placement and trajectory of screws within the scapula. The 
surgeon is able to place sized-to-scale representations of all 
baseplate options onto the 3D model and make incremen-
tal adjustments of 1 mm and 1° in baseplate positioning 
across all planes.20) The preoperative plan is then saved and 
exported to the navigation system before surgery for in-
traoperative utilization.15) Templating serves as a valuable 
tool, particularly in fractures, dysplasia, intricate glenoid 

deformities involving significant bone loss, or revision 
surgeries.

Intraoperative Guidance
In order to provide the surgeon with real-time visual guid-
ance, a stereotactic tracker is calibrated with the computer 
monitor and then mounted on the superior surface of 
the coracoid and fixed with 2 screws (Fig. 2).15) Registra-
tion of the orientation of the system is then performed 
using a handheld sensor stylus to obtain image acquisi-
tions from multiple predetermined bony landmarks on 
the glenoid and coracoid surfaces (Fig. 2).15,18) Success-
ful registration allows the navigation system to display 
actual 2-dimensional and 3D CT images of the patient’s 
glenoid on the computer monitor.15) An additional tracker 
that corresponds with the computer monitor is mounted 
onto the shaft of the power instruments that are used for 
drilling and reaming (Fig. 3).15,20) This tracker allows for 
the positional information of the tools, with respect to 
glenoid version and inclination, depth of reaming, and 
direction of screw insertion, to be captured and displayed 
on the screen.15) The navigation system guides all stages, 
including reaming (Fig. 3), central cage or screw drilling 
(Fig. 4), baseplate insertion and rotation (Fig. 5), and pe-
ripheral peg or screw drilling (Fig. 6).18) Thus, every step 
in the placement of the glenoid baseplate and central and 
peripheral screws can be visualized in real-time, with ac-
curate feedback on their trajectory in coronal and axial CT 

Fig. 2. A tracker is affixed to the coracoid with 2 pins. Registration of the 
glenoid then takes place with a stylus.

A B

Fig. 1. A computed tomography scan of 
the shoulder and scapula is loaded into 
a 3-dimensional planning software. The 
implants can then be virtually implanted 
to ensure adequate placement of the 
baseplate (A) and glenosphere (B).
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slices in comparison to the trajectory determined during 
the preoperative plan. Intraoperative navigation can allow 
the surgeon to maximize backside contact and fixation 
in the bone while preserving glenoid bone stock.18) Once 
the procedure is completed, an intraoperative navigation 
report documenting the position, axis, and depth of all the 
utilized surgical tools is generated.15)

INTRAOPERATIVE ACCURACY
The implementation of intraoperative navigation sys tems 
in RSA has demonstrated favorable outcomes in improv-
ing implantation precision and accuracy.14,15,21-24) In a recent 
retrospective review of 16,723 RSAs and anatomic total 
shoulder arthroplasties (aTSA), Larose et al.15) showed high 
intraoperative accuracy and precision in the execution of 
the preoperative plan. The authors found only a minimal 
deviation in the final intraoperative glenoid implant posi-
tion relative to the position determined preoperatively, with 
respect to version (0.6° ± 1.96°), inclination (0.2° ± 2.04°), 
and distance from starting point (1.90 ± 1.21 mm).15)

The use of intraoperative navigation in RSA has also 
shown to enhance the positioning of the glenoid compo-
nent when compared to traditional RSA. One retrospective 
study by Sasaki et al.21) compared 2 groups of 25 patients 
who underwent RSA with or without the use of intraoper-

ative navigation. The authors sought to assess the accuracy 
and precision of component placement, with the intended 
position being neutral on the glenoid with a 10 degree 
inferior tilt.21) One-year postoperative CT scans revealed a 
significantly greater inclination error in the control group 
(18.3°) compared to the navigation group (4.9°), and while 
the version error was also greater in the control group (7.3°) 
relative to the navigation group (5.6°), this difference did 
not reach statistical significance.21) Another study by Kida 
et al.23) explored 64 patients who underwent RSA with or 
without navigation systems and found a significant dif-
ference in baseplate alignment between the 2 groups. The 

Fig. 3. An additional tracker is mounted onto the shaft of power 
instruments. The glenoid is then reamed and guided by the preoperative 
plan to the appropriate orientation and depth.

Fig. 5. The placement of the baseplate is also navigated to ensure ade-
quate orientation and rotation.

Fig. 6. Once the baseplate is impacted into the glenoid, the screws are 
then drilled and placed. Navigation is used to ensure good fixation into 
the native glenoid bone and to avoid placement into the spinoglenoid 
notch or base of the scapular spine.

5 mm

Retroversion

7

5 mm5 mm

Inclination

0

Fig. 4. The central cage is then reamed, 
which will set the version and inclination 
of the final implant.
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conventional RSA group had 1° of retroversion and 2.4° of 
superior inclination, compared to 0.2° of retroversion and 
0.3° of superior inclination in the navigated RSA group, 
respectively.23) The authors concluded that navigated RSAs 
provide more precision in baseplate version and inclina-
tion when compared to conventional RSAs.23) Finally, 
Burns et al.14) conducted a systematic review and meta-
analysis to explore the utility of surgical navigation systems 
in the setting of total shoulder arthroplasty. The authors 
reported that the use of navigation systems led to improved 
glenoid positioning outcomes when compared to the use of 
standard instrumentation.14) 

SCREW SELECTION
The integration of intraoperative navigation has been 
shown to enhance the efficacy of screw selection in terms 
of number and length for RSA. In a retrospective cohort 
study, Hones et al.25) conducted a comparative analysis 
of screw selection between 100 RSAs utilizing computer 
navigation and 100 RSAs without navigation. The authors 
demonstrated that computer navigation in RSA led to 
significantly fewer screws being used per case (3.4 vs. 4.1) 
and a significantly greater average screw length (35.0 mm 
vs. 32.6 mm).25) The authors reported that a significantly 
higher proportion of computer navigation cases implanted 
only 3 screws (61% compared to 1% in non-navigated 
cases) and used screws > 30 mm in length (84.6% compared 
to 73.7% in non-navigated cases).25)

A recent systematic review, encompassing 6 trials 
with a total of 633 RSAs (329 using navigation and 334 us-
ing standard instrumentation), was performed to evaluate 
the effect of intraoperative navigation on the parameters of 
screw length and number for primary baseplate fixation.16) 
The authors reported a statistically significant pooled mean 
difference in screw purchase length (SPL) of 5.839 mm, in 
favor of navigation.16) The navigation group was also found 
to use a mean 0.547 fewer screw per case, with a threefold 
greater proportion of cases fixed with only 2 screws, com-
pared to the standard group.16)

Moreover, Nashikkar et al.26) assessed SPL, screw 
angulation, and central cage perforation in 27 navigated 
and 23 standard RSAs using multiplanar CT scans. They 
reported significantly increased median SPL for anterior 
(20 mm vs. 15 mm) and posterior (20 mm vs. 13 mm) 
screws in favor of navigation, with a lower incidence of 
inadequate screw purchase for the anterior (64.7% vs. 
95.2%) and posterior (70.6% vs. 100%) screws as well.26) 
Both axial and coronal screw angulations were found to 
differ significantly. Axial screw angulation was signifi-

cantly more posterior in the navigation group on average 
for anterior screw (2° vs. –10°) and inferior screw (–6° vs. 
0°), and coronal screw angulation was significantly inferi-
orized for the superior screw (–2° vs. 3°) and superiorized 
for the posterior screw (2° vs. –4°), in comparison to the 
standard RSA group.26) The navigation group also had a 
significantly reduced incidence of central cage perforation 
(17.7% vs. 52.4%).26)

Intraoperative navigation appears to improve base-
plate screw placement in RSA, allowing the use of fewer 
screws with greater purchase length to achieve primary 
fixation of the glenoid component. Utilizing fewer screws 
may conserve glenoid bone stock, prevent the introduction 
of additional glenoid stress risers, and potentially decrease 
operative time and cost.16,25) Navigation can provide cer-
tainty about the screw trajectory and the ability to achieve 
greater length safely, improving surgeon confidence in 
fixation with fewer implants as well.16) However, studies 
with longer follow-up are needed to assess whether these 
findings on screw selection will in fact increase the longev-
ity of the prosthesis or influence the clinical outcomes of 
patients.16)

CLINICAL OUTCOMES
Early clinical studies have demonstrated favorable out-
comes and minimal complications with the use of intra-
operative navigation in RSA. Holzgrefe et al.17) performed 
a retrospective cohort study comparing clinical outcomes 
in 113 patients who underwent navigated primary RSA 
to 113 patients who underwent non-navigated RSA with 
a mean follow-up of 32.8 months (minimum 24 months). 
The authors found that patients who underwent RSA with 
navigation had significantly better active forward elevation 
(135° vs. 129°), active external rotation (39° vs. 32°), and 
Constant scores (71.1 vs. 65.5) at final postoperative 
follow-up, although both groups had similar rates of 
improvement in ROM and functional scores.17) While the 
difference did not reach clinical significance, the navigated 
group was found to have lower rates of complication (1.8% 
vs. 5.3%), scapular notching (3.1% vs. 8.0%), and revision 
(0.9% vs. 3.5%).17)

Similarly, Youderian et al.18) conducted a compara-
tive analysis of clinical outcomes between 533 RSAs with 
intraoperative navigation and a 2:1 age- and sex-matched 
cohort of RSAs without intraoperative naviga tion, with a 
minimum 2-year follow-up (average, 30.6 months). The 
navigated RSA group demonstrated significant improve-
ments compared to the non-navigated group in internal 
rotation, external rotation, maximum lifting weight, the 
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Simple Shoulder Test (SST), Constant score, and Shoulder 
Arthroplasty Smart (SAS) score.18) The navigated RSA 
group also showed an absolute risk reduction of 1.7% for 
postoperative complications and 0.7% for dislocations, 
although no difference was found in glenoid implant 
loosening, acromial stress fracture, scapular notching, or 
revision.18) The authors also performed a sub-analysis of 
the effect of retroversion and version correction on clinical 
outcomes of navigated RSA patients.18) While no signifi-
cant difference was found in outcome scores in patients 
with greater or less than 10° of retroversion, higher degrees 
of version correction (> 15°) exhibited improvement in 
forward elevation, internal rotation, pain, SST, Constant, 
SAS, American Shoulder and Elbow Surgeons (ASES), 
University of California-Los Angeles (UCLA), and Shoul-
der Pain and Disability Index (SPADI) scores.18) A higher 
percentage of augmented glenoid usage was found when 
using navigation (72.5%) compared to non-navigated RSA 
(26.3%); the authors attribute this increase to the increased 
utilization of preoperative planning.18)

In contrast to the 2 previous studies, Gaj et al.27) 
reported no statistically significant differences in ROM, 
satisfaction, SST, ASES, Disabilities of Arm, Shoulder and 
Hand, and visual analog scale scores between patients 
receiving intraoperative navigation and standard RSA at 
mean follow-up of 16 months. However, the study may be 
limited by its small sample size, comparing only 16 RSAs 
with navigation to 17 standard RSAs, as well as its shorter 
follow-up period. The authors did also show that patients 
from the standard RSA group had significant differences 
between planned and postoperative inclination, while 
patients with navigation did not.27) Another case-control 
study assessing 2 groups of 25 patients who underwent 
RSA with or without navigation found no significant dif-
ference in bleeding and reported no complications related 
to navigation.21) 

While the current available literature on the clinical 
outcomes of intraoperative navigation is relatively limited, 
early reports are encouraging and suggest that intraopera-
tive navigation improves patient clinical outcomes and 
may decrease complications. Nevertheless, longer-term 
outcomes are required to support the clinical benefit of 
navigation.

LEARNING CURVE AND OPERATIVE TIME
With the implementation of any new technology, like in-
traoperative navigation for shoulder arthroplasty, surgeons 
must consider the learning curve, both for themselves and 
for the surgical team. The addition of intraoperative navi-

gation to shoulder arthroplasty necessitates a larger surgi-
cal incision to expose the coracoid process and anterior 
glenoid neck for tracker placement and proper anatomic 
landmark registration, respectively. After surgical expo-
sure and tracker placement, the surgeon probes anatomic 
landmarks, which synchronize with preoperative imaging 
to provide intraoperative navigation.26,28) These additional 
steps may extend the duration of surgery. Wang et al.29) 
conducted a study of 23 RSAs performed with navigation 
and reported a downward trend in operative time during 
the first 8 cases performed, after which a plateau was ob-
served. This suggests a relatively short learning curve for 
the use of navigation in shoulder arthroplasty, which could 
be feasibly attained by any surgeon who performs RSA 
with regularity. 

Kircher et al.30) initially reported an increase of 
approximately 30 minutes with the use of navigation in 
aTSA; however, their study only included 10 patients 
and thus scarcely surpassed the learning curve described 
by Wang et al.29) Subsequent studies have consistently 
reported lower increases in surgical time with naviga-
tion.15,18,20,27,31) Youderian et al.18) evaluated 749 patients un-
dergoing shoulder arthroplasty with navigation, of which 
533 were RSAs, and found that the surgical time increased 
by a mean of 10.4 minutes, comparing individual surgeons’ 
data with their own non-navigated cases. The authors 
hypothesized that the operative time may actually reduce 
with navigation due to the fact that it may allow surgeons 
to have greater confidence in their baseplate fixation.18) 
Furthermore, Larose et al.15) showed that the average num-
ber of registration attempts performed by a surgeon during 
the navigation acquisition steps decreased exponentially as 
more cases were performed. The quality of the registrations 
was also shown to improve with increased experience, with 
the percentage of “perfect” registration points improving 
until reaching a plateau at around 130 cases.15)

CHALLENGES AND CONSIDERATIONS 
The adoption of intraoperative navigation systems in 
shoulder arthroplasty is not without its challenges and 
limitations. A major barrier to the institutional implemen-
tation and use of intraoperative navigation is the cost, and 
research on its economic cost-effectiveness is lacking in 
the literature. When considering the use of navigation in 
shoulder arthroplasty, surgeons should take into account 
patient-specific factors that may alter its utility. The most 
common form of navigation employs a tracker fixed to 
the coracoid process, which communicates with a receiver 
outside of the surgical field. In certain cases, the coracoid 
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may not be a reliable landmark, such as in those with prior 
trauma to the area or those who have undergone Latarjet 
or other coracoid transfer procedures. The bone quality of 
the coracoid process also warrants consideration. Multiple 
studies have documented rare instances of intraopera-
tive tracker loosening or coracoid fracture during tracker 
placement, both of which are more frequently observed in 
osteopenic patients.15,18,28,29) Larose et al.15) reported the in-
cidence of coracoid fractures to be 0.05% (9/16,723), with 
7 cases occurring intraoperatively. As navigation is highly 
dependent on the appropriate positioning and fixation of 
the tracker, surgeons may need to continue the procedure 
non-navigated in these rare situations.

While the use of intraoperative navigation may 
help surgeons to be more precise and accurate in the 
placement of implants according to the preoperative plan, 
surgeons are still confronted with decisions regarding 
glenoid placement that require careful attention.18) 
These include factors such as the extent of bone removal 
during corrective reaming, the optimal positioning of 
the baseplate on the glenoid, the percentage of backside 
contact, and baseplate version and inclination.18) Surgeons 
must also make decisions on the size of the glenosphere 
and humeral stem, which can strongly impact patient 
outcomes. Moreover, accurate placement and version of 
the humeral component, which is essential for stability, 
deltoid efficiency, and joint loading,32) remains an area 
where intraoperative navigation systems have yet to be 
implemented in clinical practice. 

AUGMENTED REALITY
Augmented reality (AR) is a novel addition to the reper-
toire of navigation tools in RSA. AR creates an interactive 
experience whereby a 3D virtual model of the glenoid is 
displayed overlaying the surgical environment through 
smart glasses.33) The aim of creating this virtual model is to 
provide guidance in both preoperative planning and intra-
operative stages as well as improve the accuracy of glenoid 
component placement, which can be limited by the chal-
lenging field of view and the surgeon’s experience.33)

Several studies have evaluated the use of AR in RSA. 
Kriechling et al.34) performed a cadaveric study to assess 
the accuracy of guidewire placement in RSA baseplate po-
sitioning using AR 3D scapula images superimposed over 
the cadaver’s shoulder. The mean deviations of the entry 
point and trajectory were found to be 3.5 mm ± 1.7 mm 
and 3.8° ± 1.7°, respectively, showing a high accuracy.34) By 
virtually exposing the scapula and the entire glenoid, this 
technology may assist surgeons performing RSA and help 

improve glenoid component positioning. Similar studies 
have reported lower error margins for entry point, such as 
2.4 ± 0.7 mm and 2.3 ± 1.1 mm, as well as for trajectory, 
such as 2.7° ± 1.3° and 3.9° ± 2.4°.35,36) It is important to 
note that these studies implemented markerless. AR. Ro-
jas et al.37) evaluated marker-based AR and demonstrated 
even lower error margins for distance and angular mea-
surements of 0.6 mm ± 0.5 mm and 0.6° ± 0.4°, respectively. 
This may suggest that the use of markers can further en-
hance the accuracy and robustness of the obtained model. 
AR holds potential for diverse applications as well, such as 
recreating the pre-morbid glenoid to determine the neces-
sity of a graft or the choice of implant, glenoid reaming 
following K-wire placement, or placing the glenosphere or 
an augmented glenoid baseplate.38,39)

Although this technology may improve accuracy, 
it is not without its restraints. These limitations include 
the cost-effectiveness of AR and the inherent limitations 
of smart glasses, which were not originally designed for 
surgical applications.33,40) Another shortcoming experi-
enced by Schlueter-Brust et al.35) was the importance of 
minimizing head-movements while placing the Kirschner 
wire to optimize superimposition accuracy, which was 
uncomfortable to the operating surgeon. While this can be 
improved by using tracker-based AR,33,37) the use of track-
ers has its own pitfalls. These include additional costs, 
theoretical risk of tracker-induced fractures, and transmis-
sion of false information if the tracker position changes in-
traoperatively due to loose placement.37,39) While an excit-
ing and innovative technology, further research is needed 
to properly assess the utility of AR and how it compares to 
standard instrumentation.

ROBOTIC-ASSISTED SURGERY
Advancements in shoulder arthroplasty have brought 
patient-specific instrumentation and computer navigation 
to the field. However, unlike in hip and knee arthroplasty 
where the utility of robotic technology has been demon-
strated to assist in joint replacement surgery,41-43) robot-
assisted surgery has not achieved widespread adoption in 
shoulder arthroplasty.

The literature on applications of robotic-assisted 
surgery in the shoulder is limited. Darwood et al.44) devel-
oped a robotic platform with bespoke software designed 
for intraoperative production of patient-specific guides 
for precise guide pin placement in the glenoid. After 
the initial exposure of the glenoid, the surgeon creates a 
mold to capture the anatomical structure. The mold is 
then inserted into the robot and optically scanned for the 
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anatomic surface to be registered in correlation with the 
preoperative CT scan. The robot proceeds to drill a hole 
on the solidified mold, which is then placed back onto the 
patient’s glenoid. This pilot hole serves as a patient-specific 
guide for the precise placement of the initial guide pin. In 
their study involving 24 cadavers, the average positional 
error of the guide pin was 1.13–1.19 mm, with a mean an-
gular deviation error of 1.85°–2.16°.44) The authors reported 
that the entire guide production time averaged less than 4 
minutes.44) Although this technology addresses the human 
error implicit in glenoid component placement, it does not 
employ the type of robotic assistance seen in hip and knee 
arthroplasty. 

Smith et al.45) developed a robotic system that em-
ploys on force-space navigation, complete with an attached 
burring tool designed to map and prepare the glenoid for 
aTSA. They compared the performance of the robotic 
system against that of a single surgeon in glenoid prepara-
tion for both standard and augmented components, using 
Sawbone model glenoids. Following glenoid preparation, 
all components were placed and cemented by the surgeon. 
When preparing the glenoid model for a standard compo-
nent, the robotic system outperformed the surgeon in both 
medial-lateral positioning and face rotation, while the sur-
geon performed better in superior-inferior positioning.45) 
For augmented glenoid components, the robot yielded 
better medial-lateral positioning of the glenoid component 
compared to the surgeon.45) This study serves as a compel-
ling proof of concept, showcasing the potential for future 
success of robotic-assisted shoulder arthroplasty. 

While rare in the scientific literature, Han et al.46) 
reported on a case where an RSA was performed using a 
3D image-guided robotic arm (TiRobot II) in China. It is 
important to note that this robotic arm is only capable of 
glenoid position planning and does not assist in glenoid 
reaming or the humeral osteotomy. The operation was 
completed in 2 hours, with the authors reporting satisfac-
tory postoperative radiographs and ROM.46) However, the 
authors did not comment on the indication for using the 
robotic arm in this patient’s particular case, nor did they 
report long-term outcome data for the patient.46)

CONCLUSION
The application of intraoperative navigation in RSA repre-
sents a promising advancement in the field. Navigation can 
provide real-time feedback to the surgeon during implanta-
tion and enhance the accuracy and precision of the position 
of the glenoid component. Its utilization improves baseplate 
screw placement with fewer screws used and greater pur-
chase length achieved. While a novel technology, early clini-
cal studies have been highly encouraging showing signifi-
cantly improved patient-reported and clinical out comes and 
decreased complications, as well as an acceptable learning 
curve and operative time. Nevertheless, further research with 
longer-term outcomes is necessary to substantiate the clini-
cal benefit of navigation, evaluate its impact on the longevity 
and survival of implants, and assess its cost-effectiveness. 
The future of shoulder arthroplasty holds potential and is an-
ticipated to continue to grow with the addition of emerging 
technologies like AR and robotic-assisted surgery. 
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