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Abstract
Background While the use of computer-assisted navigation systems in prosthetic implantation is steadily increasing, its 
utility in reverse shoulder arthroplasty (RSA) remains unclear. The purpose of this study was to evaluate the clinical utility 
of an intraoperative navigation system in patients undergoing RSA.
Materials and methods Patients undergoing navigated or standard RSA at a single institution between September 2020 and 
December 2021 were prospectively enrolled. Exclusion criteria included noncompliance with study procedures or humeral 
fracture. Outcome measures included postoperative version and inclination, range of motion (ROM), complications, and 
patient-reported outcome measurements (PROMs: American Shoulder and Elbow Surgeons score [ASES], Disabilities of the 
Arm, Shoulder, and Hand score [DASH], Simple Shoulder Test [SST], and Visual Analog Scale [VAS]) at final follow-up.
Results The final cohort contained 16 patients with navigation and 17 with standard RSA at a mean follow-up of 16 months 
(range 12–18 months). Average age was 72 years (range 66–80 years), 8 male (24%) and 25 female (76%). There were no 
differences in demographics between groups (p > 0.05). At baseline, the navigated group had a greater proportion of Walch 
B1 and B2 glenoids (p = 0.04). There were no differences between groups regarding baseplate type and native/planned/post-
operative glenoid version and inclination. In both groups, planned and postoperative versions were not significantly different 
(p = 0.76). Patients who did not have navigation demonstrated significant differences between planned and postoperative 
inclination (p = 0.04), while those with navigation did not (p = 0.09). PROM scores did not differ between groups at final 
follow-up for SST (p = 0.64), DASH (p = 0.38), ASES (p = 0.77), or VAS (p = 0.1). No difference in final ROM was found 
between groups (p > 0.05). Over 50% of all screws in both groups were positioned outside the second cortex (p = 0.37), albeit 
with no complications.
Conclusions There were no statistically significant differences in ROM, PROMs, and satisfaction between patients receiv-
ing computer-navigated and standard RSA at a short-term follow-up. Despite more severe preoperative glenoid erosion in 
the navigated group, all patients were able to achieve an appropriate neutral axis postoperatively. The cost effectiveness and 
appropriate use of computer-navigated RSA warrant specific investigation in future studies.
Level of evidence: II, prospective cohort study.
Trial registration: 9/1/2020 to 12/31/2021.
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Introduction

Long-term survival of reverse shoulder arthroplasty (RSA) 
largely depends on stable bone fixation and accurate posi-
tioning of the glenoid component [1]. Either poor fixation 
or misplacement of the glenoid component can lead to early 
mobilization (cut-out), instability, scapular notching, and 
possible failure [2, 3]. Instability and mobilization constitute 
two of the most common causes of early revision surgery, 
at rates of 38.5% and 18.0%, respectively [4]. By contrast, 
aseptic loosening of the glenoid component is the leading 
cause of long-term clinical failure for both anatomic pros-
thesis and RSA; therefore, accurate positioning is paramount 
in preventing instability and ensuring postoperative survival 
[5, 6]. In doing so, this facilitates correct version and inclina-
tion, while avoiding excessive medialization which would 
otherwise impede an adequate bone stock for fixation. Proper 
attention to detail with regard to these elements is impera-
tive in promoting adequate shoulder movement and avoiding 
rapid deterioration postoperatively.

While several authors have theorized the ideal position 
for the baseplate and screws when performing a RSA, accu-
rate placement remains technically difficult for the surgeon 
given the relatively blind nature of the procedure coupled 
with the complex anatomy of the scapula [7–9]. Walch and 
Favard have individually developed two classification sys-
tems categorizing various gradations of glenoid wear in the 
axial and coronal planes [10, 11]. In instances of symmetri-
cal glenoid wear (Walch type A1 and A2), the surface is 
well balanced and reamed to the subchondral bone, thereby 
maintaining individual retroversion. However, in cases of 
pathological retroversion with posterior wear (Walch type 
B1, B2, or C), the retroversion must be corrected utilizing 
asymmetrical reaming or posterior augmentation, with the 
extent of subsequent correction remaining an estimate. The 
use of computer-assisted navigation systems in prosthetic 
implantation is steadily increasing [12, 13]. Albeit promis-
ing, the utility of intraoperative computer-assisted navigation 
in handling shoulder prosthetics remains unclear [14].

Therefore, the purpose of this study was to evaluate the 
clinical utility of an intraoperative navigation system in 
patients undergoing RSA and how it may affect motion, 
patient-reported outcomes, and complications.

Materials and methods

Study design

This prospective cohort investigation was reviewed and 
approved by our Institutional Review Board and conducted 

in accordance with the Declaration of Helsinki. Thirty-five 
consecutive patients scheduled to undergo RSA for rotator 
cuff tear arthropathy at our institution between September 
2020 and December 2021 who provided their informed 
consent were enrolled in this prospective non-randomized 
study. Patients were excluded if they (1) had cognitive 
and/or neurological pathologies affecting their ability to 
follow study protocol, (2) were unwilling to comply with 
clinical or radiological evaluation, (3) were unavailable for 
preoperative radiographic examinations, or (4) possessed a 
humeral fracture. Enrolled patients either underwent pre-
operative planning and real-time intraoperative navigation 
(Group A) or only preoperative planning alone (Group B). 
A shoulder CT scan was performed on all patients to eval-
uate their joint anatomy, especially the glenoid component. 
Three-dimensional preoperative planning was conducted 
with the Equinoxe Planning App version 1.5 (Exactech 
Blue Ortho, Grenoble, France). The glenoid erosion pat-
tern (based on the modified Walch classification) and rel-
evant clinical factors were evaluated to determine the best 
operative plan and appropriately select the glenoid com-
ponent [15]. Real-time intraoperative navigation, utilized 
only in Group A, was conducted with the ExactechGPS 
Total Shoulder V1.4.1 application (Exactech Blue Ortho, 
Grenoble, France). All procedures were performed by the 
senior surgeon.

Preoperative radiographic protocol

A preoperative non-contrast CT scan of the shoulder was 
performed in all study participants using the Siemens 
Somatom Perspective CT device (Siemens Medical Solu-
tions USA, Malvern, PA). The scan was performed accord-
ing to a specific standardized protocol provided by Exactech 
(Gainesville, FL, US): patients were in a supine position 
with the arm adducted on the side of the trunk, and the 
shoulders subsequently scanned to capture the entire scapula 
in the axial plane without rotation. The tube current was set 
to at least 120 kV (peak) with image reconstruction utilizing 
a convolutive bone core in a field of view of 154–410 mm 
and standard image matrix size of 512 × 512 pixels, result-
ing in 200 –450 images. Distance between the slices was 
0.3–1 mm with a recommended distance of 0.625 mm. The 
subsequent CT file was then sent to the manufacturer to 
be loaded into the surgical planning software (Exactech). 
Images were then manually segmented by the manufacturer 
to reconstruct a three-dimensional visual model of the shoul-
der to facilitate preoperative planning.

Preoperative planning

After segmenting the scapula from the humerus, the images 
were used to three-dimensionally reconstruct the scapula. 
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The Friedman axis was determined by drawing a line from 
the center of the glenoid to the crossing point of the “Y” of 
the scapula [16]. The center of the glenoid is determined by 
the intersection of the lines from the highest to lowest point 
and most anterior to posterior point of the glenoid. The “Y” 
of the scapula is determined by the average of 3 points along 
the medial margin of the scapula where the spines converge 
in a triangular shape.

For both groups, the planning software enabled the sur-
geon to virtually implant a glenoid component within the 
3D model of the shoulder, allowing for an individualized 
assessment for each patient. This planning served two pur-
poses: (1) to restore neutral alignment in the both the axial 
and coronal planes. In instances where this was unattainable, 
either non-neutral alignment or 8° posterior augmentation 
with asymmetric baseplates was used. The glenoid compo-
nent had to be implanted to best assimilate with the glenoid 
surface, allowing for the highest possible sitting position 
and (2) to avoid leakage of the center pin and screws by 
maintaining an optimal position for the baseplate.

Standard surgical technique

All procedures were performed by the same senior surgeon 
with the patient in a beach chair position (30°–45°). Patients 
underwent reverse prosthesis surgery with a lateralizing 
humeral component (Equinoxe; Exactech, Gainesville, FL, 
USA). In all patients, a standard deltoid-pectoral access was 
performed, which allowed for an appropriate exposure of 
the glenoid. Once the deltoid-pectoral fascia was incised, 
the subscapularis tendon was visualized and, if present, a 
tenotomy was performed at the level of the myotendinous 
junction. The humeral head was resected with respect to the 
greater and lesser tuberosity and tenotomy was performed of 
the long head of the biceps tendon. At this point, the glenoid 
was exposed with subsequent excision of the labrum and 
capsule. In accord with the CT-based preoperative planning 
performed in both groups, neutral alignment was established 
based on the appearance of the glenoid and deformity meas-
urements. The glenoid center was identified at the intersec-
tion of the vertical and perpendicular mid-glenoid lines. The 
orientation of the glenoid was determined visually, and the 
Kirschner wire was inserted in a neutral version. Degree of 
inclination was defined by the preoperative measurements 
on the central hole using a jig (Exactech) whose lower edge 
was oriented to the lower edge of the glenoid. Next, the can-
nulated drill perforates the slotted K wire to create the hous-
ing of the central taproot. The glenoid component is then 
inserted and screw holes are drilled at the 12 and 6 o'clock 
positions. The upper screw is oriented toward the coracoid, 
while the lower screw toward the body of the scapula. Fol-
lowing insertion of the glenosphere, the trial humeral shaft 
was replaced with the finale shaft, humeral footplate, and 

polyethylene component. The humeral stem was implanted 
with 10° of retroversion to weakly favor extra rotation.

Real‑time, intraoperative navigation

For the navigated group, a CT-based surgeon-controlled 
computerized surgical work system was used with the aid 
of optical active trackers to provide specific real-time guid-
ance of the patient's scapula intraoperatively. Initially, the 
navigation system hardware and software are activated and 
the navigation trackers registered on the computer. The plan-
ning software, which was transferred to a sterile worksta-
tion (ExactechGPS; Exactech) in the operating room, is then 
accessed to finalize the individualized plan.

The patient was placed in the standard beach chair posi-
tion, reclined from 30° to 45° with the neck slightly flexed 
laterally to increase space for the coracoid tracker. The del-
topectoral approach was used to expose the glenohumeral 
joint, with an emphasis on exposing the superior surface of 
the coracoid to mount a tracker using threaded screws to its 
inferolateral base. Subsequently, the glenoid articular carti-
lage was curetted to expose the underlying bone. A portable 
tracker was applied to the anatomical landmarks to register 
the scapula with the patient planning template. After regis-
tration, the software provided two- and three-dimensional 
guidelines for carrying out the preoperative planning. At the 
end of the recording, only registration with minimal error 
(< 1 mm) was validated by the surgeon. Once the registration 
was validated, the surgeon proceeded with identification of 
the glenoid pilot hole (according to the preoperative plan-
ning), glenoid reaming (guided according to the planned ver-
sion, inclination, and depth of the reaming), and positioning 
and drilling of the central hole.

The ultimate goal with glenoid component placement was 
to correct the version to obtain between 5° of retroversion 
and 5° of anteversion, while also minimizing the extent of 
bone removal. The Exactech glenoid component has the 
central tap root positioned eccentrically with respect to the 
center of the glenoid and possesses 6 available holes for the 
screws. The 12 o’clock and 6 o’clock holes were consistently 
used, while additional screws may have been used based on 
qualitative testing of the stability and conformation of the 
glenoid vault. The screws were placed under image-guided 
navigation using tracked instruments to maximize length. 
Humerus preparation and fixation were not navigated for 
the standard group.

Functional evaluation

To evaluate the functional recovery of the upper limb, the 
evaluation forms administered to patients at the final follow-
up were the DASH instrument, Simple Shoulder Test, and 
ASES [17].
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Postoperative CT evaluation

At follow-up in the clinic, all patients underwent a postop-
erative CT evaluation to analyze the version and inclination 
of the baseplate relative to the axis of the scapula.

Using the Equinoxe version 1.5 planning system (Exact-
ech Blue Ortho, Grenoble, France) in conjunction with the 
Friedman studies, which were subsequently standardized 
by Walch, the axis of the scapula was defined in terms of 
glenoid version (axial plane) and inclination (coronal plane) 
[16].

Because the glenosphere covered the baseplate, it was 
not possible to trace the axis using the four cardinal points 
of the baseplate; instead, it was performed with the upper 
and lower points of the taproot in the coronal plane and the 
most posterior and anterior points in the axial plane (Fig. 1). 
In doing so, this enabled a comparative assessment of the 
degree of version and inclination of the prosthetic glenoid 

component postoperatively with that during preoperative 
planning.

Positioning of the central tap and screws

Utilizing reconstructions in the axial, coronal, and sagittal 
planes, it was examined whether the proximal screw was in 
the direction of the coracoid and if both proximal and distal 
screws penetrated both cortices. Finally, the complete pres-
ence of the central taproot inside the glenoid and the glenoid 
vault was verified. The length of the implanted screws that 
were grouped is as follows:

• Completely inside the glenoid vault
• Outside 1/3 of the screw length (Fig. 2A)
• 2/3 off the length of the screw or with the wrong axis. 

(Fig. 2B, C)

Fig. 1  Postoperative assessment of version and inclination (degrees). S superior, I inferior, P posterior, A anterior

Fig. 2  Screw out the glenoid vault by < 1/3 of the screw length (A); screw out of the glenoid vault > 1/3 in coronal (B) and axial views (C)
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Statistical analysis

Qualitative variables were described in terms of absolute 
numbers and percentages. Quantitative variables were 
described using mean and standard deviation when paramet-
ric and median and interquartile range when nonparametric. 
Comparisons between the qualitative variables were made 
using a Chi-square test for multiple groups or Fisher's exact 
test if comparing dichotomous variables. Given the nonpara-
metric distribution of the data, the Wilcoxon–Mann–Whit-
ney test was used to compare the quantitative variables 
between two analysis groups and the Kruskal–Wallis test 
for comparison between three or more groups. Alpha was set 
to a level of 0.05. Analyses were done using SAS software 
(Version 9.4).

Results

Of the 35 patients originally enrolled, 2 were excluded for 
inability to perform postoperative CT evaluation. The final 
cohort contained 16 patients with navigation (Group A) and 
17 without (Group B). Eight patients were male, 25 female 
and had a mean age of 72 (range 66–80) years. There were 
no differences in demographics between groups (naviga-
tion group [A]: mean age = 73 years, sex: 3 males and 13 
females; standard group [B]: mean age = 74 years, sex: 5 
males and 12 females; age: p = 0.35, sex: p = 0.48). Median 
operating time from incision to skin closure was 104 min 
in the navigation group and 98 min in the standard group 
(p = 0.32). Clinical and radiographic evaluation was per-
formed at the final follow-up at a mean of 16 (range 12–18) 
months (Group A: mean = 16 [range: 12–18] months, Group 
B: mean = 16 [range 13–18] months, p > 0.99).

Clinical and functional outcomes by navigation use

PROM score performance did not differ at final follow-up. 
The median Simple Shoulder Test was 9 if navigated and 
8 if not navigated (p = 0.64). The median DASH score was 
6.5 in the navigation group and 13.6 in the standard group 
(p = 0.38). The median ASES Score was 86 if navigated and 

87 if standard (p = 0.77). The median postoperative pain via 
a 10-point visual analog scale (VAS) was 0 amongst patients 
with navigation and 1 amongst patients without navigation 
(p = 0.1). There was no difference in final range of motion 
between groups (Table 1).

Radiographic outcomes by navigation use

At baseline, Walch glenoid types differed between groups. 
The navigated group had 7 A1 glenoid, 2 A2, 5 B1, and 2 
B2 glenoids. By contrast, the standard group had 12 type A1 
glenoids, 3 A2, 2 B2 (p = 0.05). There were no differences 
between groups in terms of native, planned, and postopera-
tive glenoid versions and inclination (Table 2). Baseplate 
types did not differ between navigated and standard groups 
(p = 0.35, Table 3).

Postoperative version and inclination were compared 
with the preoperative planning. In both groups, the planned 
and postoperative versions were not statistically significant 
(p = 0.76). By contrast, patients who did not have naviga-
tion demonstrated significant differences between planned 
and postoperative inclination (p = 0.03), while patients with 
navigation did not (p = 0.1) (Table 4, Fig. 3).

Radiographic outcomes by preoperative glenoid 
type

As expected, patients with Walch type B1 and B2 glenoids 
were more likely to receive baseplates with 8° of posterior 
augmentation and patients with type A1 glenoids were more 
likely to receive standard baseplates (p = 0.03, Table 5).

The pre- and postoperative version and inclination were 
compared by preoperative Walch glenoid classification 
(Table 6). Preoperatively, there was no statistically signifi-
cant difference in version between the 4 groups (p = 0.05), 
with the greatest retroversion in type B2 glenoids. There 
were no significant preoperative differences in inclination 
between Walch glenoid types (p = 0.09).

Postoperatively, version was not statistically differ-
ent depending on the type of glenoid (p = 0.24), including 
amongst patients with a preoperative B1 and B2 glenoid. 
There were also no differences in postoperative inclination 

Table 1  Postoperative range of 
motion between groups

N number of patients, SD standard deviation

Navigated (N = 16) Standard (N = 17) p value

Mean (degrees) SD (degrees) Mean (degrees) SD (degrees)

Abduction and external rotation 51.4 20.2 42.0 12.6 0.47
Adduction and external rotation 35.7 20.7 30.0 13.7 0.62
Abduction and internal rotation 45.7 28.0 32.0 12.6 0.51
Abduction 147.1 38.6 148.0 16.4 0.33
Forward flexion 158.6 32.2 170.0 12.2 0.83
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(p = 0.11), including between the glenoid type A1 and B1 
(p = 0.07).

Complications by navigation use

There were no differences in the proportions of screws that 
had backed out of the glenoid vault between navigated and 

standard groups (p = 0.57, Table 7). There were no reported 
cases of periprosthetic infection, periprosthetic fracture, 
dislocation, or axillary nerve paralysis in either group. In 
patients who received navigation and required placement of 
the tracker on the coracoid, no cases of intraoperative and 
immediate postoperative fracture were reported. There were 
also no cases of acromion stress fractures.

Discussion

In this prospective cohort study of patients receiving RSA 
for eccentric shoulder arthropathy, the principal findings 
were: (1) patients with navigated or standard RSA had 
comparable patient-reported outcomes, pain, and range of 

Table 2  Preoperative, planned, and postoperative implant positioning between navigated and standard groups

N number of patients, SD standard deviation, Pctl percentile
a There was no statistically significant difference when comparing the two groups for the parameters analyzed
b Glenoid sitting refers to the percentage of contact between the glenoid and the baseplate. This is considered optimal when > 85%, in order to 
avoid areas of mechanical stress
c Native version and inclination refer to the angles formed on the axial and coronal plane of the scapula, with respect to Friedman's axis
d The symbol (−) means a negative angle, a.k.a. retroversion
e Planned version and inclination refer to the values set during the preoperative planning
f Post-op version and inclination represent the values calculated by CT scan at the final follow-up

Navigated Standard p value

N Mean SD 50th Pctl 25th Pctl 75th Pctl N Mean SD 50th Pctl 25th Pctl 75th Pctl

Stem 16 10.5 1.43 11 9 13 17 11.2 1.1 11 10 13 0.49
Glenoid sitting (%)b 16 87.3 3.91 89 84 93 17 85.4 3.6 87 83 90.8 0.71
Native  versionc 16 −  7d 4.1 −   8d −  14d −  5d 17 − 6.4d 2.6 −  6d −  10d −  4d 0.25
Native  inclinationc 16 4.1 6.18 4.5 3 11 17 5.3 4.67 6 2 10 0.45
Planned  versione 16 − 2.1d 1.89 −  2d −  3d −  1d 17 −  1d 2.24 0 − 2 d 0 0.35
Planned  inclinatione 16 − 1.5d 1.38 −   1d −  2d 0 17 −  1d 2.24 −  1d −  1 d 0 0.90
Postoperative  versionf 16 − 2.35d 1.80 −  2d − 2.5d 0 17 − 2.5d 1.52 −  3d −  4d −  1d 0.41
Postoperative  inclinationf 16 0.5 2.19 0 −   1d 1 17 1.3 1.8 2 0 3 0.48

Table 3  Comparing baseplate positioning between different base-
plates in navigated and standard TSA groups

Baseplate position Navigated (N, %) Standard (N, %) Total (N, %)

8° post 4 (25%) 2 (11.75%) 6 (18.2%)
standard 12 (75%) 15 (88.25%) 27 (81.8%)

Table 4  Comparison between the version set in the planning and postoperative measurements in patients with RSA with intraoperative naviga-
tion or standard procedure planning

Bold indicates statistical significance
N number of patients, SD standard deviation, Pctl percentile
a The symbol (−) means a negative angle, or rather a retroversion

Planned angle Postoperative angle p value

N Mean SD 50th Pctl 25th Pctl 75th Pctl N Mean SD 50th Pctl 25th Pctl 75th Pctl

Navigated
 Version 16 − 2.1za 1.89 −  2a −  3a −  1a 16 − 1.75a 1.80 −  2a − 2.5a 0 0.59
 Inclination 16 − 1.5a 1.38 −   1a −  2a 0 16 − 2.35a 1.80 −  2a − 2.5a 0 0.06

Standard
 Version 17 −  1a 2.74 0 −  2a 0 17 − 2.5a 1.72 −  3a −  4a −  1a 0.84
 Inclination 17 − 1.5a 1.38 −  1 a −  2a 0 17 1.3 1.8 2 0 3 0.04



97Archives of Orthopaedic and Trauma Surgery (2024) 144:91–102 

1 3

motion at a mean of 16 months after surgery; (2) in patients 
with navigation or without navigation, there was neutral 
correction of glenoid orientation in the axial plane, even 
in patients with more complex glenoid types at baseline 
(B1 and B2); (3) postoperative inclination differed from the 
planned inclination in standard patients but not navigated 
patients; (4) there were no differences in complication rates 
and screw back-out between navigated and standard groups.

The aim of this study was to additionally assess whether 
the use of computer navigation may help restore a neutral 
axis in both the coronal and axial planes after RSA. The 
ability to correct the glenoid version is influenced by the 
implant design, bone geometry (glenoid area and central tap 
volume), and available bone stock [18]. In a case–control 
study of 33 patients with navigated TSA and 27 patients with 
standard TSA, Nashikkar et al. demonstrated that computer-
assisted navigation successfully reduced the standard devia-
tion of the inclination with respect to the neutral axis, as well 

as the degree of version in the axial plane [12]. Similarly, 
in the current study, despite more severe glenoid defects at 
baseline in the navigated group, both navigated and standard 
groups had excellent correction of axial orientation, with 
more than 80% of the cohort demonstrating postoperative 
version within 3° of the planned position. However, this was 
not true within the coronal plane, as 40% of the standard 
group demonstrated a postoperative inclination more than 
3° varied from the planned angulation. Therefore, naviga-
tion may confer greater benefits for optimizing inclination 
than version.

As described by Nguyen et al., it is likely that the major 
errors in the positioning of the glenoid implant were 
observed during drilling [13]. In 4 of the 16 cases treated 
with real-time intraoperative navigation, it was necessary 
to implant baseplates with an 8° posterior augment. Three 
patients had an initial retroversion of 11°, 12°, and 14° with 
a type B2 glenoid, while the fourth patient a retroversion of 
7° with a type B1 glenoid configuration. An asymmetrical 
reaming was preferred in these three patients in order to 
reduce the need for bone grafts, which are known to be both 
technically demanding, at risk of inconsistent graft osse-
ointegration, and associated with an increased risk of asep-
tic loosening of the glenoid component [19–21]. Based on 
these prior studies, many shoulder surgeons follow a strict 
treatment paradigm based on the degree of glenoid retro-
version. Posteriorly worn glenoids with retroversion less 
than 10° can be treated with eccentric glenoid reaming and 
not augmented glenoid components; however, glenoid with 
retroversion greater than 10° would require other treatment 
options such as bone grafting and/or a posteriorly augmented 

Fig. 3  Glenoid version and 
inclination from the preopera-
tive planning and postoperative 
computed tomography (CT). 
NS not significant

Table 5  Comparison between the glenoid type and baseplate used

Glenoid Baseplate

8° post (N, row %) Standard (N, row 
%)

Total (N, column 
%)

A1 0 (0%) 19 (100%) 19 (57.6%)
A2 0 (0%) 5 (100%) 5 (15.2%)
B1 2 (40%) 3 (60%) 5 (15.2%)
B2 4 (100%) 0 (0%) 4 (12.1%)
Total 6 (18.2%) 27 (81.8%) 33 (100%)
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baseplate, which both demonstrate improvements in ROM 
and PROM scores [22–24].

Indeed, most studies report increased use of augmented 
implants when computer navigation is utilized, which may 
underlie the improved ROM reported by some studies of 
navigated RSA [25]. In contrast to the current study, a recent 
2-year multicenter outcome report by Youderian et al. com-
prising of more than 500 RSAs found that patients who 
underwent navigated RSA had improvements in internal 
rotation and external rotation [25]. This finding is particu-
larly important for RSA, as there are well-described limita-
tions in postoperative to internal and external rotation; with 
the exception of subscapularis repair and preservation of 
the rotator cuff tendons, there are few surgical or patient 
factors that can improve both IR and ER after lateralizing 
RSA [26–28]. However, there were no differences between 
groups for final ROM in the current study. The Youderian 

et al. study has a larger sample size, and therefore larger 
statistical power to detect smaller differences in internal 
and external rotation. It is possible that the current study 
was underpowered to detect these differences, and future 
prospective randomized studies are required to elucidate 
whether navigation may improve preoperative planning, 
lateralization of the joint line, and range of motion.

The results of the current study also suggest good short-
term PROM scores and low complication rates follow-
ing RSA using computer navigation. Youderian et al. also 
found equivalent or better outcomes and lower postop-
erative complication and dislocation rates with navigated 
RSA, regardless of glenoid morphology [25]. However, 
for both the current study (18 months) and their study 
(2 years), it is possible that there was insufficient follow-
up to identify complications, especially in patients with 
more severe glenoid defects. Reassuringly, in patients with 
Walch B2, B3 and C glenoids, the recently published find-
ings of Virk et al. suggest that RSA using eccentric ream-
ing and augmented glenoid components has good long-
term outcomes [29]. They found that the use of a baseplate 
with 8° posterior augment was associated with excellent 
clinical and radiographic findings and low complication 
rate at a mean follow-up of 40 months. There were no 
cases of aseptic loosening of the glenoid component with 
8° augmented baseplate, despite the patients having a 
mean native glenoid retroversion of approximately 21°. 

Table 6  Preoperative and 
planned version and inclination 
by preoperative glenoid type

N number of patients, SD standard deviation, Pctl percentile
a The symbol (−) means a negative angle, or retroversion

N Mean SD 50th Pctl 25th Pctl 75th Pctl

GLENOID A1
 Pre-op version 19 − 4.12a 1.61 − 5.00a − 6.00a − 4.00a

 Pre-op inclination 19 4.00 1.95 4.00 2.00 7.00
 Postoperative version 19 − 2.1a 1.53 − 2.20a − 3.00a − 2.00a

 Postoperative inclination 19 1.83 0.98 2.00 2.00 3.00
GLENOID A2
 Pre-op version 5 3.00 1.65 1.00 1.00 5.00
 Pre-op inclination 5 2.00 3.4 2.00 − 13.00a 6.00a

 Postoperative version 5 1.00 1.87 1.00 − 1.00 3.00
 Postoperative inclination 5 − 2.00a 2.9 − 2.00a − 5.00a 2.00a

GLENOID B1
 Pre-op version 5 − 8.00a 1.81 − 7.00a − 11.00a − 6.00a

 Pre-op inclination 5 4.00 1.65 4.00 2.00 7.00
 Postoperative version 5 − 1.00a 1.56 − 1.00a − 3.00a 1.00
 Postoperative inclination 5 0.33 0.58 0.00 − 2.00a 1.00

GLENOID B2
 Pre-op version 4 − 13.00a 1.14 − 13.00a − 17.00a − 10.00a

 Pre-op inclination 4 7.50 0.91 7.50 5.00 11.00
 Postoperative version 4 − 3.50a 2.8 − 3.50a − 6.00a 0.00
 Postoperative inclination 4 3.50 2.42 3.50 1.00 5.00

Table 7  Comparison between patients with and without navigation 
considering the position of the screws within the glenoid vault

Proportion of 
screw out

Navigated (N, 
column %)

Standard (N, 
Column %)

Total (N, Column %)

None 8 (50%) 4 (23.5%) 12 (36.4%)
1/3 7 (43.8%) 11 (64.7%) 18 (54.5%)
2/3 1 (6.2%) 2 (11.8%) 3 (9.1%)
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Based on our experience and data in the literature, we 
conclude that posterior augmented baseplates in RSA 
may be a viable treatment option for Walch glenoids B2, 
B3, and C with retroversion greater than 10°, especially if 
positioned via intraoperative navigation. However, large, 
long-term clinical and radiographic follow-up would be 
needed to confirm these promising short-term results.

This study also found that there were no differences in 
screw migration between navigated and standard groups. 
Several authors suggested screw placement is crucial for 
initial fixation, implant stability, and prevention of compli-
cations such as soft tissue damage or impingement [1, 7, 8]. 
In particular, the inferior screw is crucial for early fixation. 
It is recommended to place it in correspondence with the 
abutment of the scapula, an area with excellent grip and 
bone stock [7]. In cases of difficult glenoid exposure or bone 
deficiency of the inferior margin of the glenoid, the screws 
can be misplaced and even be outside the cortex. In accord-
ance with the findings of Verborgt et al., in both navigated 
and standard patients of the current study, the inferior screw 
always remained within the glenoid vault [30]. Due to a rela-
tive small sample size, this study was likely underpowered 
to determine if navigation plays a role in appropriate inferior 
screw fixation, within the glenoid vault. However, a larger 
study by Nashikkar et al., suggests that intraoperative navi-
gation allows for easier positioning of the central taproot 
within the glenoid vault [12].

In the current study, in over 60% of the cases at least 
one screw was had at least 1/3 of the screw length outside 
of the glenoid, without a statistically significant difference 
between the two groups. Therefore, in the patients with real-
time intraoperative navigation, an attempt was made to posi-
tion the screw long enough to anchor the second cortex, thus 
obtaining greater stability. In one patient with posterosupe-
rior glenoid deficiency (Walch B2, Favard E2) who received 
intraoperative navigation, the superior screw was positioned 
more than 1/3 outside the glenoid vault but with the correct 
angulation and axis. In the standard group, even though 19 
patients (57.6%) had Walch type A1 glenoids, it was not 
possible to position the screws completely inside the gle-
noid vault, probably due to limited visibility of the scapula 
during surgery. In two patients from the standard group, the 
superior screw was positioned with a completely wrong axis 
such that 50% of the screw was found outside the glenoid 
vault. The design and placement of the baseplate may also 
have played a role, as prior biomechanical studies suggest 
differences in screw micromotion and fixation strength based 
on glenoid tilt, oval versus circular baseplate frames, and 
curved back versus flat back fixation stems [31, 32]. A mal-
positioned screw can also cause damage to surrounding soft 
tissues, such as the axillary nerve (inferior screw), supras-
capular nerve (superior screw), or blood vessels [33]. Nota-
bly, despite the radiographic evidence of screw malposition 

reported within the study cohort, no short-term complica-
tions were found on the adjacent peripheral nervous and 
vascular structures.

One potential concern involved with intra-operative navi-
gation includes the possibility of fracturing of the tracker 
mounting site and loosening of the tracker itself. Although 
no coracoid fractures were reported in this cohort, the current 
study may have been underpowered to detect the effect of navi-
gation on this complication. As reported by Nashikkar et al., 
the incidence of coracoid fracture and tracker mobilization is 
low (2 cases out of 35), but still highlights the importance of 
considering bone quality when choosing the most appropriate 
surgical approach [12]. Further investigation is warranted to 
better assess the risk of this complication in large cohorts and 
determine how surgeon experience or bone quality may play a 
role in safe patient selection for navigated procedures.

Another concern for widespread adoption of navigated 
RSA is the additional time and costs associated with this 
newer technology. In the current study, navigation only took 
6 min longer than standard screw placement. This is similar 
to the findings of a prior clinical trial of navigation, which 
demonstrated similar or reduced surgical time with naviga-
tion, depending on the surgeon’s familiarity with the system 
[34]. The Youderian et al. multicenter study further validates 
this finding [25]. Although this may seem counterintuitive 
given the additional time needed to set up the navigation sys-
tem, retrospective studies of navigated RSA suggests fewer 
and longer screws are used than in standard RSA, which may 
account for the minimal difference in operating time [25, 
35, 36]. Unfortunately there is a paucity of data regarding 
the cost effectiveness of computer navigation in RSA [37], 
nor were these data assessed in the current analysis. Future 
cost-effectiveness studies are warranted to help determined 
the meaningful use of navigation technology in RSA.

This study has several strengths. Firstly, all surgeries 
were performed by the same experienced shoulder sur-
geon, maximizing the internal validity of these findings. 
Secondly, this study provides comprehensive radiographic 
and clinical assessment of a prospective cohort of patients 
receiving navigated versus standard RSA, including patients 
with posteriorly augmented baseplates. Finally, all patients 
were assessed via three-dimensional (3D) CT assessments 
intraoperatively and at follow-up, with the same device, to 
identify appropriate reference points for the version and tilt 
angles. While the authors of the current study propone the 
use of 3D imaging to provide as detailed information as pos-
sible about component positioning, it is important to note 
that the superiority of 3D imaging over two-dimensional 
(2D) imaging is debated. Some authors have shown that 
3D reconstructions increase agreement among raters and 
questioned the accuracy of 2D measurements, while others 
have reported that 3D reconstructions are not advantageous 
[38–40].
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Limitations

There are several limitations that affect this study. Since the 
outcomes of interest were component positioning, screw 
fixation, early complications, and clinical outcomes, this 
cohort was only followed for an average of 16 months fol-
lowing surgery. Studies assessing the time to achievement 
of key outcomes following RSA suggest that over 80% of 
the improvement in pain occurs within 6 weeks and over 
85% of patients plateau in improvements on common PROM 
instruments after 6 months [41]. In fact, multiple studies 
suggest that the treatment of effects of RSA on PROM scores 
change little between 1 and 5 years following surgery, with 
the greatest improvements in the first 3 months [42, 43]. 
Therefore, the authors argue that the follow-up, albeit short, 
is sufficient to capture the outcomes of interest. Another 
limitation consists in the non-randomized study design and 
the risk of treatment bias between groups. There were dif-
ferences in baseline Walch glenoid classifications between 
groups, in part related to the lack of randomization. How-
ever, there were a greater number of B1 and B2 glenoids in 
the navigation group, which may have artificially suppressed 
the treatment effect of navigation on postoperative inclina-
tion and version. The authors argue these baseline differ-
ences in fact strengthen the argument that navigation may 
assist in restoring appropriate joint positioning. Finally, the 
sample size of this study was relatively small (33 patients). 
Therefore, this study was likely underpowered to detect sig-
nificant differences between groups. However, this is not a 
routine surgery and accrual rates for eligible patients were 
low. While patients receiving RSA for other indications 
(e.g., fractures) could have been included to expand the sam-
ple size, it would be complex to apply computer navigation 
technology to these cases. Therefore, the non-significant 
results between groups should be interpreted with caution, 
and future work should use the information presented here 
to design adequately powered comparisons.

Conclusions

There were no statistically significant differences in range 
of motion or patient reported outcomes at a short-term fol-
low-up between the group of patients receiving RSA with 
real-time intraoperative navigation and standard procedure. 
Both groups of patients expressed a high degree of post-
operative satisfaction. Despite a greater number of Walch 
B1 and B2 or Favard E2 and E3 glenoids in the navigated 
group, all patients were able to achieve an appropriate neu-
tral axis following surgery. Navigation use was associated 
with greater accuracy of screw placement in the coronal 

plane, demonstrating smaller differences between planned 
and final inclination angles. Although over half of all screws 
in both navigated and standard RSA were positioned outside 
the second cortex, there were no complications related to 
impingement or soft tissue structural damage. These results 
are encouraging for the continued validation of intraopera-
tive navigation in RSA, but cost effectiveness studies are 
warranted to improve the meaningful use of this technology.
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