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Background: To determine whether using augmented reality with a head-mounted display (AR-HMD)
would reduce deviations between planned and achieved reverse total shoulder arthroplasty (rTSA)
glenoid baseplate inclination and version.
Methods: Ten fresh frozen shoulders from 5 human cadavers, which were free from fractures or other
bony pathologies were used. Computed tomography scans were acquired for each shoulder, and im-
ported into image 3-dimensional processing software to plan rTSA, and notably to define the target
inclination and version of the glenoid baseplate. Two experienced surgeons placed a 1.6-mm Kirschner
wire on the glenoid baseplate insertion site in each shoulder (5 per surgeon) using conventional in-
struments, and the AR-HMD was used to measure the inclination, version, in addition to the number of
outliers. Afterward, using the AR-HMD (Pixee Medical, Besançon, France) the surgeons drilled and
inserted the Kirschner wire for the glenoid baseplate positioning, and computed tomography was used to
measure the inclination, version, and number of outliers.
Results: Absolute deviations between planned and achieved inclination were significantly smaller when
using AR-HMD (0.9� ± 1.6�, range 0�-5�) than without AR-HMD (5.1�± 3.7�, range 0�-10�) (P ¼ .007), and
there were fewer outliers with absolute deviation when using AR-HMD (n ¼ 1) than without using AR-
HMD (n ¼ 7). Absolute deviations between planned and achieved version were significantly smaller
when using AR-HMD (0.7� ± 0.5�, range 0�-1�) than without AR-HMD (5.5� ± 4.4�, range 0�-14�)
(P ¼ .007), and there were fewer outliers with absolute deviation when using AR-HMD (n ¼ 0) than
without using AR-HMD (n ¼ 7). Mean distance from entry point was �1.1 ± 1.7 mm in the superior
einferior axis, and 0.5 ± 0.9 mm in the anterioreposterior axis.
Conclusion: AR-HMD significantly reduces the absolute error between achieved and planned inclination
and version of the glenoid baseplate during rTSA, though further studies are required to confirm the
benefits of this technology in clinical settings.

© 2025 The Author(s). Published by Elsevier Inc. on behalf of American Shoulder and Elbow Surgeons.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
Implant positioning is of paramount importance for the success
of reverse total shoulder arthroplasty (rTSA), as malpositioning can
compromise shoulder function due to excessive retroversion, and
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exacerbate scapular notching due to excessive superior inclina-
tion.4,8,20 Accurate implant positioning requires precise preopera-
tive planning; however, due to the limited intraoperative view of
the scapula, the final implant positioning depends considerably on
surgeon experience.6

Augmented reality (AR) has promising potential to improve
implant positioning for various joint arthroplasty procedures,3,5

notably using head-mounted displays (HMD), which enable visu-
alization of projected targets onto anatomic structures during
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Figure 1 Preoperative planning.
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surgery.2,7,12,17 This technology is easy to use and cost-efficient, but
very few studies have been published on its applications to
shoulder surgery. Kriechling et al9 found that AR seems reliable for
baseplate guidewire positioning in cadaveric shoulders, but did not
investigate the 3-dimensional (3D) inclination and version of the
glenoid baseplate position. Schlueter-Brust et al15 investigated the
orientation of the guidewire placement, but only performed sur-
gery on printed models.

The purpose of this study was therefore to determine whether
using AR-HMD would reduce deviations between planned and
achieved rTSA glenoid baseplate inclination and version. The null
hypothesis was that there would be no significant differences in
deviations between planned and achieved implant positioning in
shoulders operated with versus without AR-HMD.
Methods

This study adheres to the QUality Appraisal for Cadaveric Studies
assessment (Supplementary Appendix SI).19 For this study, 10 fresh
frozen shoulders from 5 human cadavers, which were free from
fractures or other bony pathologies were used. Computed tomog-
raphy (CT) scans were acquired for each shoulder (140 kV, 180 mAs
and an image of 512 � 512 with 0.5-mm slice interval), and im-
ported into image 3D processing software to plan rTSA (Fx SPS;
Pixee Medical, Besançon, France) (Fig. 1), and notably to define the
target inclination and version of the glenoid baseplate (Fig. 2). The
accuracy of the AR-HMD system is dependent on the quality of the
CT scans. The glenoid shapewas A1 in 8 shoulders, A2 in 1 shoulder,
and B1 in 1 shoulder. Each specimen was thawed for 24 hours at
2

room temperature, and the surgery was performed using thewhole
shoulder including the soft tissues.

Surgical navigation

The Shoulder þ AR-HMD (Pixee Medical, Besançon, France) was
used in this study to set up a hologram over the operative site to
navigate the guidewire (Figs. 3 and 4), and each surgeon planned
their 5 surgeries. To create the scapular reference system, the sur-
geon placed the pointer tip on 5 glenoid landmarks. The surface of
the glenoid was acquired by placing the pointer tip on the surface.
Once the landmarks and surface were adequately detected, the
patients’ anatomy was reconstructed in 3D, and was superimposed
as augmented reality to the operative site. Using the AR-HMD, the
surgeon is able to see the deviation between planned and real-time
inclination and version of the drilling guide. After the drilling has
been performed, the surgeon can download the deviations between
planned and achieved.

Surgical technique and assessment

Two experienced surgeons placed a 1.6-mm Kirschner wire on
the glenoid baseplate position in each shoulder (5 per surgeon)
using conventional instruments. Following this, AR-HMD was used
tomeasure the inclination and version, in addition to the number of
outliers. Afterward, using the AR-HMD (Pixee Medical, Besançon,
France) the surgeons drilled and inserted the Kirschner wire for the
glenoid baseplate positioning (Fig. 3), and CT was used to measure
the inclination, version, number of outliers. In addition, the distance
from entry points were measured in 2 axes (superioreinferior and



Figure 2 Preoperative planning.

Figure 3 Intraoperative use of the AR-HMD. AR-HMD, augmented reality with a
headmounted display.
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anterioreposterior), where superior and anterior were considered
as positive values, while inferior and anterior as negative values.

Statistical analysis

A priori sample size indicated that, assuming an absolute devia-
tion in version of 5.9�± 1.1 without AR-HMD,18 and 1.0± 1.0 with AR-
HMD, 3 patients per group would be required to detect a statistically
significant difference with a power of 0.95. Outliers were defined as
deviations >2�, based on a publication by Sanchez-Sotelo.14

Descriptive statistics were used to summarize the data and Shapiro-
Wilk test was used to assess the distribution of the samples. Values
were expressed inmeanand standarddeviation.Differences between
conventional and AR groups were assessed using Wilcoxon-Mann-
Whitney for quantitative variables and Fisher�s exact test for cate-
gorical variables. Statistical analyseswere performed using R, version
4.1 (R Foundation for Statistical Computing, Vienna, Austria). P-values
< .05 were considered statistically significant.

Results

The inclination and version achieved using AR-HMD (0.6� ± 1.6�

and 0.3� ± 0.8�) were smaller than the inclination achieved without
using AR-HMD (4.0�± 5.1� and 2.1�± 7.0�) (Table I).

The absolute deviations between planned and achieved incli-
nation were significantly smaller when using AR-HMD (0.9 ± 1.6,
range 0-5) than without using AR-HMD (5.1 ± 3.7, range 0-10)
(P¼ .007). Therewere also fewer outliers with absolute deviation in
inclination>2� when using AR-HMD (n¼ 1) thanwithout using AR-
HMD (n ¼ 7).

The absolute deviations between planned and achieved version
were significantly smaller when using AR-HMD (5.5 ± 4.4, range 0-
14) than without using AR-HMD (0.7 ± 0.5, range 0-1) (P ¼ .007).



Figure 4 Intraoperative view through the AR-HMD. AR-HMD, augmented reality with a head-mounted display.

Table I
Measurements.

Cohort n ¼ 10 shoulders P value

Mean ± standard
deviation

Range

Glenoid type
A1 8 (80%)
A2 1 (10%)
B1 1 (10%)

Inclination
Preoperative 4.8 ± 7.8 (�7 to 16)
Planned �0.3 ± 0.7 (�2 to 0)
Postop without AR-HMD 4.0 ± 5.1 (�3 to 10)
Postop with AR-HMD 0.6 ± 1.6 (�1 to 5)

Absolute deviation
(planned minus
achieved inclination)
Without AR-HMD 5.1 ± 3.7 (0-10) .007
With AR-HMD 0.9 ± 1.6 (0-5)

Version
Preoperative �3.2 ± 5.3 (�15 to 4)
Planned 0.0 ± 0.0 (0-0)
Postoperative without AR-HMD 2.1 ± 7.0 (�10 to 14)
Postoperative with AR-HMD 0.3 ± 0.8 (�1 to 1)

Absolute deviation
(planned minus
achieved version)
Without AR-HMD 5.5 ± 4.4 (0-14) .007
With AR-HMD 0.7 ± 0.5 (0-1)

Distance from entry point
Superioreinferior �1.1 ± 1.7 (�3 to 2)
Anterioreposterior 0.5 ± 0.9 (�1 to 2)

AR-HMD, augmented reality with a head-mounted display.
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There were also fewer outliers with absolute deviation in version
>2� when using AR-HMD (n ¼ 0) than without using AR-HMD
(n ¼ 7). The mean distance from entry point for AR-HMD
was �1.1 ± 1.7 mm in the superioreinferior axis, and 0.5 ± 0.9
mm in the anterioreposterior axis.

Discussion

The most important findings of this study were that AR-HMD
significantly reduces the absolute error between achieved and
planned inclination and version of the glenoid baseplate. Notably,
AR-HMD considerably reduced the proportions of outliers with
4

errors >2�, from 70% to�10%. The present findings suggest that AR-
HMD could be effective to improve accuracy of glenoid baseplate
positioning during rTSA, though further studies are required to
confirm the benefits of this technology in clinical settings.

To the authors’ knowledge, the present study is the first to
investigate the efficacy of using AR-HMD for rTSA, which is of great
importance as malpositioning of the glenoid baseplate can
compromise shoulder function, and affect the longevity of the
implant due to increased instability. An increase in glenoid ante-
version could result in anterior translation of the humeral head,
which could cause excessive eccentric loading of the anterior part
of the glenoid.11 In contrast, retroversion could cause posterior
displacement and posterior loading of the glenoid.4,8,16,20

Few studies have been published on the use of AR for glenoid
baseplate positioning, but none have investigated the use of AR-
HMD for the version and inclination of glenoid baseplate place-
ment. Kriechling et al9 investigated glenoid guidewire positioning
using AR-HMD in a cadaveric model without a comparative group,
and found a mean deviation from the planned entry point of 3.5
mm ± 1.7 mm, and deviation from the planned trajectory of
3.8� ± 1.7�. A previous study of Kriechling et al10 investigated the
feasibility of AR-HMD in 3D printed glenoids, and found that
guidewire positioning for the later placement of glenoid compo-
nents using AR is feasible and accurate. A study by Schlueter-Brust
et al15 also investigated the use of AR in 3D printed glenoids, and
found that the discrepancy between the planned and the achieved
glenoid entry point and guide-wire orientation was approximately
3 mm with a mean angulation error of 5�. Finally, Berhouet et al1

performed a feasibility study of the different steps required to
apply AR, from information preparation to its visualization, but
found technical limitations that are related to the connected tool
itself and the operating software.

The use of AR-HMD is demonstrating acceptable applicability
and high accuracy in the guidewire positioning in the present
study. To achieve high accuracy, there are many patient-specific
instrumentation techniques and navigation systems available
[16]. Recently, a meta-analysis that included 227 shoulders
demonstrated a version of 2.7� ± 0.5� and inclination of 1.9� ± 0.4�

when using patient-specific instrumentation techniques, which
was better than conventional techniques which resulted in a
version of 5.88� ± 1.10� and inclination of 5.78� ± 0.98 [10]. A
systematic review by Sadoghi et al13 included 247 shoulders, and
found that navigation grants more accurate glenoid version of the
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baseplate, but that no differences in inclinationwere found. Finally,
a recent systematic review by Sanchez-Sotelo et al14 investigated
mixed-reality for glenoid pin placement in cadavers and were able
to place all pins with 2� of version and inclination, therefore the
authors chose this threshold in the present study. Using thresholds
of 5� and 10� would have led to more comparable results between
AR-HMD and without AR-HMD, however ultimately leads to lower
accuracy in clinical practice.

The findings of the present study must be interpreted with the
following limitations in mind. First, this is a cadaveric study which
does not allow direct extrapolation of the findings in-vivo. Second,
only glenoids without bony deformations were used, and the use of
AR-HMD in deformed or dysplastic glenoids should be investigated
in future studies. Third, no information was available on the de-
mographics of the cadavers. Fourth, the 2 surgeons performed 5
surgeries each, which might have introduced bias, but was done as
the cadaveric lab was only available for 1 day. Finally, the deviation
from entry point was only measured using CT after the Kirschner
wire was inserted using AR-HMD, and not after placing the
Kirschner wire on the glenoid baseplate position. Due to the study
design, it was only possible to drill into the glenoid once, and
therefore the measurement technique had to change. This might
have influenced the study results, but due to the accuracy of both
measurement techniques, the effects are minimal.

Conclusion

AR-HMD significantly reduces the absolute error between ach-
ieved and planned inclination and version of the glenoid baseplate.
Notably, AR-HMD considerably reduced the proportions of outliers
with errors >2�, from 70% to �10%. The present findings suggest
that AR-HMD could be effective to improve accuracy of glenoid
baseplate positioning during rTSA.
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