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Abstract
Purpose  Accurate glenoid component placement in total shoulder arthroplasty (TSA) remains challenging even with pre-
operative planning, especially for variable glenoid erosion patterns in the coronal plane.
Methods  We retrospectively reviewed 170 primary TSAs in which preoperative planning software was used. After regis-
tration of intraoperative bony landmarks, surgeons were blinded to the navigation screen and attempted to implement their 
plan by simulating placement of a central-axis guide pin: 230 screenshots of simulated guide pin placement were included 
(aTSA = 66, rTSA = 164). Displacement, error in version and inclination, and overall malposition from the preoperatively-
planned target point were stratified by the Favard classification describing superior-inferior glenoid wear: E0 (n = 89); 
E1 (n = 81); E2 (n = 29); E3(n = 29); E4(n = 2). Malposition was considered > 10° for version/inclination errors or > 4 mm 
displacement from the starting point.
Results  Mean displacement error was 3.5 ± 2.7 mm (aTSA = 2.7 ± 2.3 mm, rTSA = 3.8 ± 2.9 mm), version error was 5.7 ± 4.7° 
(aTSA = 5.8 ± 4.4°, rTSA = 5.7 ± 4.8°), inclination error was 7.1 ± 5.6 (aTSA = 4.8 ± 4.8°, rTSA = 8.1 ± 5.7°), and malposi-
tion rate was 53% (aTSA = 38%, rTSA = 59%). When compared by Favard classification, there were no differences in any 
measure; when stratified by TSA type, version error differed for rTSAs (P = .038), with E1 having the greatest version error 
(6.9 ± 5.2°) and E3 the least (4.2 ± 3.4°). When comparing glenoids without wear (E0) and glenoids with superior wear (E2 
and E3), the only difference was greater version error in glenoids without wear (6.0 ± 4.9° vs. 4.6 ± 3.7°, P = .041).
Conclusions  Glenoid malposition did not differ based on coronal glenoid morphology. Although, malposition was relatively 
high, suggesting surgeons should consider alternate techniques beyond preoperative planning and standard instrumentation 
in TSA.
Level of evidence III  Retrospective Cohort Study.

Keywords  Shoulder arthroplasty · Shoulder replacement · Reverse total shoulder arthroplasty · Anatomic total shoulder 
arthroplasty

Introduction

The incidence and prevalence of anatomic and reverse total 
shoulder arthroplasty (aTSA and rTSA) have significantly 
increased within the past 10 years and are projected to con-
tinue to increase at an exponential rate [1]. It is well-known 
that glenoid component positioning is key for successful 
shoulder arthroplasty; hence, implant positioning remains 
an important surgeon-modifiable risk factor [2]. Appro-
priate version can decrease the incidence of loosening in 
both aTSA, and appropriate position in rTSA helps to pre-
vent scapular notching, which can lead to superior clinical 
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outcomes given the deleterious effects of loosening and 
notching [3–6].

Preoperative planning software is frequently used to 
improve glenoid component placement, although limited 
visualization intraoperatively can still make accurate place-
ment a challenge [3]. For this reason, intraoperative com-
puter navigation has gained popularity as an adjuvant for 
glenoid component positioning [3]. Prior cadaveric studies 
have demonstrated improved accuracy and precision of gle-
noid positioning with navigation compared to without, and 
additional studies have demonstrated that navigation allows 
for replication of the preoperatively-planned inclination and 
version [7–9]. However, the potential cost of navigation has 
remained an obstacle to widespread adoption [3, 10]. For 
this reason, further identification of patient risk factors for 
component malposition may allow surgeons to selectively 
utilize navigation [3]. Previously, Hao et al. [3] demonstrated 
that posterior glenoid bone loss (Walch [11] B2 or B3) more 
commonly resulted in glenoid version errors exceeding 10° 
and component malposition in rTSA. Even without signifi-
cant posterior wear, malposition rates were relatively high 
for both aTSA (36%) and rTSA (53%) [3]. However, it is 
unclear whether supero-inferior glenoid morphology influ-
ences surgeons’ success in recreating their preoperative plan 
intraoperatively.

In this study, we sought to determine if surgeons' ability 
to accurately execute their preoperative plan varied based 
on the native inferior-to-superior glenoid morphology as 
determined using the Favard classification [12]. We hypoth-
esized that greater coronal plane deformity would lead to 
increasing error rates of version, inclination, and malposi-
tion when only three-dimensional preoperative planning was 
used in vivo during shoulder arthroplasty.

Materials and methods

This study was first approved by our Institutional Review 
Board. A retrospective review was then conducted of 170 
primary TSAs performed with computer navigation at a sin-
gle institution between September 2017 and March 2020. 
Since 2017, three-dimensional preoperative planning soft-
ware and intraoperative computer navigation (Equinoxe 
Planning App and Exactech GPS; Exactech, Gainesville, 
FL, USA) have been used for nearly all primary aTSAs and 
rTSAs performed at our institution. Subsequently, four fel-
lowship-trained shoulder surgeons have been tracking their 
individual accuracy at placing the glenoid implant based on 
their preoperative plan. Cases of primary aTSA and rTSA 
within the study period were included, and cases for which 
navigation was unable to be performed or screenshots were 
not available for analysis were excluded.

Pre‑operative planning

Commercially available preoperative planning software was 
used in all TSAs with multiplanar 2-dimensional computed 
tomography (CT) and a three-dimensional implant overlay. 
Participating surgeons (always at least one attending, fellow-
ship-trained shoulder surgeon, sometimes with one or more 
upper-extremity fellows) collaborated to use the planning 
software to determine appropriate implant placement based 
on patient-specific glenoid morphology. In all cases, the final 
decision on implant placement was made by the attending 
surgeon. In some cases, full-wedge augments were planned 
based on surgeon discretion. The planned cases were then 
saved and uploaded to the operating room computer naviga-
tion unit for use during surgery.

Operative technique

Each arthroplasty was performed via the deltopectoral 
approach, and the incision was extended approximately 
1–2 cm proximal to the coracoid tip, enabling placement 
of the coracoid tracker for computer navigation. Manage-
ment of the subscapularis was per surgeon preference. The 
humerus was exposed with extension and external rotation 
after an inferior capsular release. For aTSA, the head was 
cut in its native retroversion. For rTSA, the head underwent 
osteotomy in either 20° of retroversion or its native retro-
version, per surgeon preference, using an extramedullary 
guide. The glenoid was then exposed in a routine fashion. 
The biceps if present was routinely tenodesed to the pecto-
ralis major tendon, and the remaining proximal stump and 
labral tissue were removed. Any remaining cartilage was 
carefully removed using a Cobb elevator. Soft tissue was 
released off the anterior glenoid neck. The superior aspect 
of the coracoid was exposed using electrocautery. The cora-
coacromial ligament was preserved. The tracker stand was 
then secured in place with two screws. The glenoid bony 
surface was registered according to the manufacturer's pro-
tocol to link the patient's CT scan and preoperative plan to 
the visualized anatomy.

Study protocol

After registration, participating surgeons with knowl-
edge of the preoperative plan were blinded to the naviga-
tion screen and attempted to implement their preopera-
tive plan by simulating placement of a central-axis cage 
drill (Figs. 1 and 2). Two-hundred thirty screenshots of 
surgeons’ simulated guide pin placement were included 
(aTSA = 66, rTSA = 164). Displacement, error in ver-
sion and inclination, and overall malposition from the 
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preoperatively-planned target point were stratified by the 
Favard classification [12] describing superior-inferior 
glenoid wear: E0 (n = 89) = superior humeral migration 
with no glenoid erosion; E1 (n = 81) = concentric glenoid 
erosion; E2 (n = 29) = glenoid erosion predominantly in 
the superior pole; E3 (n = 29) = global glenoid erosion 
more severe in the superior pole; E4 (n = 2) = glenoid 

erosion predominantly in the inferior pole. All glenoids 
were classified according to the Favard classification [12] 
using preoperative CTs by a single fellowship-trained 
upper-extremity surgeon (R.C.S). Components were con-
sidered malpositioned for version/inclination errors > 10° 
or displacement from the starting point > 4 mm.

Statistical analysis

Displacement, version error, and inclination error were 
compared based on specific glenoid Favard classifica-
tion [12] (E0, E1, E2, E3, E4) using a one-way analysis 
of variance (ANOVA) test and stratified by procedure. 
Malposition rates were compared using Fisher’s Exact 
test. Additionally, we performed a sub-analysis compar-
ing glenoids with no wear (E0) to glenoids with superior 
wear (E2 or E3). We also assessed the proportion of gle-
noids with version and inclination error < 5°, between 5 
and 10°, and > 10°. All statistics were performed using R 
Software (version 4.2.0, R Core Team, Vienna, Austria), 
and the significance was set at a P value of 0.05.

Results

We included 230 simulated guide pin screen shots from 170 

primary TSAs performed during the study period. Seventy 
percent of images were from rTSA cases. The mean age at 
surgery was 69.0 ± 9.1 years (range, 38–86 years), and 53% 
of included patients were female. The Favard classification 
[12] of included images were as follows: E0 in 89; E1 in 81; 
E2 in 29; E3 in 29; E4 in 2.

Fig. 1   Blinded navigation; surgeon placed guide-pin on glenoid prior 
to navigated guidance on screen

Fig. 2   Example of a computer 
navigation screenshot show-
ing surgeon-blinded simulated 
placement of the central-axis 
guide pin (yellow outline), 
attempting to match the pre-
operative plan (blue outline, 
1° of retroversion and 3° of 
superior inclination); the values 
for the starting point location, 
version, and inclination for the 
simulation were then compared 
with the preoperatively planned 
component position to deter-
mine displacement, version and 
inclination error, and malposi-
tion. P, posterior; A, anterior; S, 
superior; I, inferior
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Displacement error

Mean displacement  er ror  was  3 .5  ± 2 .7   mm 
(aTSA = 2.7 ± 2.3 mm, rTSA = 3.8 ± 2.9 mm) (Table 1). 
Displacement error did not differ based on Favard clas-
sification [12] overall (P = 0.829; E0 = 3.5 ± 3.0  mm, 
E1 = 3.4 ± 2.8 mm, E2 = 3.2 ± 1.9 mm, E3 = 3.8 ± 2.4 mm, 

E4 = 2.0 ± 0.4 mm) nor when stratified based on aTSA ver-
sus rTSA. There was no difference in displacement error 
between glenoids without wear (E0) and glenoids with 
superior wear (E2 or E3) (3.5 ± 3.0 vs. 3.5 ± 2.2, P = 0.979) 
(Table 2).

Version error

Mean version error was 5.7 ± 4.7° (aTSA = 5.8 ± 4.4°, 
rTSA = 5.7 ± 4.8°). Mean version error did not differ 
based on Favard classification [12] overall (P = 0.297; 
E0 = 6.0 ± 4.9°, E1 = 6.2 ± 5.0°, E2 = 4.6 ± 3.7°, 
E3 = 4.6 ± 3.7°, E4 = 4.5 ± 4.9°) nor when stratified by aTSA 
versus rTSA. No differences in version error were found 
when grouped (Fig. 3A; P = 0.574). Glenoids without wear 
had greater version error compared to superiorly-worn gle-
noids (6.0 ± 4.9 vs. 4.6 ± 3.7, P = 0.041).

Inclination error

Mean inclination error was 7.1 ± 5.6 (aTSA = 4.8 ± 4.8°, 
rTSA = 8.1 ± 5.7°). Mean inclination error did not dif-
fer based on Favard classification [12] overall (P = 0.764; 
E0 = 7.2 ± 5.6°, E1 = 6.6 ± 5.7°, E2 = 7.4 ± 5.6°, 
E3 = 8.2 ± 5.7°, E4 = 6.0 ± 5.7°) nor when stratified by aTSA 
versus rTSA. No differences in inclination error were found 
when grouped (Fig. 3B; P = 0.833). There was no difference 
in inclination error between glenoids without wear and gle-
noids with superior wear (7.2 ± 5.6 vs. 7.8 ± 5.6, P = 0.527) 
(Figs. 2 and 3).

Table 2   Displacement, version error, inclination error, and malposi-
tion rates for glenoids classified based on the Favard classification as 
E0 versus E2 or E3 and stratified by procedure

aTSA—anatomic total shoulder arthroplasty; rTSA—reverse total 
shoulder arthroplasty
Bold values indicate statistical significance
*As defined by Throckmorton et al.

Favard classification E0 E2 or E3 P

Combined aTSA and rTSA (N) 89 58
  Displacement (mm) 3.5 ± 3.0 3.5 ± 2.2 .979
  Version error (°) 6.0 ± 4.9 4.6 ± 3.7 .041
  Inclination error (°) 7.2 ± 5.6 7.8 ± 5.6 .527
  Malposition* (% [N]) 52.8% (47) 56.9% (33) .735

aTSA (N) 37 6
  Displacement (mm) 2.6 ± 1.5 2.1 ± 1.5 .522
  Version error (°) 6.6 ± 4.6 5.7 ± 4.2 .614
  Inclination error (°) 5.3 ± 4.7 5.3 ± 6.8 .983
  Malposition* (% [N]) 45.9% (17) 33.3% (2) .678

rTSA (N) 52 52
  Displacement (mm) 4.1 ± 3.6 3.6 ± 2.2 .398
  Version error (°) 5.6 ± 5.1 4.5 ± 3.6 .189
  Inclination error (°) 8.6 ± 5.9 8.1 ± 5.5 .667
  Malposition* (% [N]) 57.7% (30) 59.6% (31) 1.000

Table 1   Displacement, version 
error, inclination error, and 
malposition rates for glenoids 
classified based on the Favard 
classification and stratified by 
procedure

aTSA—anatomic total shoulder arthroplasty; rTSA—reverse total shoulder arthroplasty
Bold values indicate statistical significance
*As defined by Throckmorton et al.

Favard classification E0 E1 E2 E3 E4 P

Combined aTSA and rTSA (N) 89 81 29 29 2
  Displacement (mm) 3.5 ± 3.0 3.4 ± 2.8 3.2 ± 1.9 3.8 ± 2.4 2.0 ± 0.4 .829
  Version error (°) 6.0 ± 4.9 6.2 ± 5.0 4.6 ± 3.7 4.6 ± 3.7 4.5 ± 4.9 .297
  Inclination error (°) 7.2 ± 5.6 6.6 ± 5.7 7.4 ± 5.6 8.2 ± 5.7 6.0 ± 5.7 .764
  Malposition* (% [N]) 52.8% (47) 50.6% (41) 48.3% (14) 65.5% (19) 0.0% (0) .381

aTSA (N) 37 23 4 2 2
  Displacement (mm) 2.6 ± 1.5 3.1 ± 3.3 1.4 ± 1.3 3.6 ± 0.8 2.0 ± 0.4 .249
  Version error (°) 6.6 ± 4.6 4.5 ± 4.1 3.5 ± 3.1 10.0 ± 1.4 4.5 ± 4.9 .111
  Inclination error (°) 5.3 ± 4.7 3.9 ± 4.7 2.5 ± 1.7 11.0 ± 11.3 6.0 ± 5.7 .471
  Malposition* (% [N]) 45.9% (17) 30.4% (7) 0.0% (0) 100.0% (2) 0.0% (0) .076

rTSA (N) 52 58 25 27 NA
  Displacement (mm) 4.1 ± 3.6 3.6 ± 2.6 3.4 ± 1.9 3.9 ± 2.5 NA .677
  Version error (°) 5.6 ± 5.1 6.9 ± 5.2 4.8 ± 3.8 4.2 ± 3.4 NA .038
  Inclination error (°) 8.6 ± 5.9 7.7 ± 5.7 8.2 ± 5.7 8.0 ± 5.4 NA .885
  Malposition* (% [N]) 57.7% (30) 58.6% (34) 56.0% (14) 63.0% (17) NA .966
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Glenoid malposition

The malposition rate was 53% (aTSA = 38%, rTSA = 59%). 
Although the malposition rate was mildly greater in E3 
glenoids, there were no statistically significant differences 
found based on Favard classification overall (P = 0.381; 
E0 = 53%, E1 = 51%, E2 = 48%, E3 = 66%, E4 = 0%) nor 
when stratified by aTSA versus rTSA. There was no dif-
ference in the malposition rate between glenoids without 
superior wear and those with (53% vs. 57%, P = 0.735).

Discussion

Preoperative planning software has been increasingly used 
to improve glenoid component placement [3]. Given these 
reported benefits, we sought to determine if surgeons' ability 

to accurately execute their preoperative plan varied based on 
the native coronal plane glenoid morphology as determined 
using the Favard classification [12]. Our findings suggest 
that increasing coronal plane deformity does not reduce 
surgeon’s ability to replicate their preoperative plan when 
standard instrumentation is used, as glenoid component 
displacement, version error, inclination error, and overall 
malposition did not differ based on coronal glenoid mor-
phology. Still, malposition rates were relatively high in this 
cohort (53%).

Proper glenoid implant position remains critical as failure 
rates are increased with component malposition [3, 7]. Hus-
sey et al. [13] in their study of 344 TSAs found that native 
glenoids with eccentric wear preoperatively are associ-
ated with a greater than twofold increased rate of glenoid 
component loosening compared with glenoids with con-
centric wear in aTSA. Subsequently, Hao et al. [3] dem-
onstrated in 170 primary TSAs that an increased error in 
version from the preoperative plan for glenoids with poste-
rior wear compared to those without for rTSA (8.1° ± 5.6° 
vs. 4.7° ± 4.0°; P < 0.001), but not aTSA (5.7° ± 3.8° vs. 
5.8° ± 5.0°, P = 0.875) when the baseplate was placed with 
preoperative planning and standard instrumentation alone. 
If glenoid loosening is further substantiated to result from 
glenoid malpositioning, technologies such as patient-specific 
instrumentation and intraoperative navigation may be ben-
eficial for optimal glenoid placement to improve implant 

survivorship [13, 14]. While the optimal implant position-
ing remains debated, superior placement or improper tilt of 
the glenosphere has been associated with increased rates of 
scapular notching in rTSA [5, 6, 15], which in-turn may lead 
to less favorable patient outcomes and decreased range of 
motion in flexion and abduction [4]. In patients with difficult 
surgical exposure or complex glenoid morphology, intraop-
erative navigation in addition to preoperative planning may 
provide a substantial benefit [9, 16–18]. However, our results 
suggest supero-inferior glenoid morphology alone does not 

Fig. 3   Version (A) and inclination (B) error based on Favard classification when grouped based on whether the simulated center pin was 
>10°,  >5°, or within 5° of the preoperative plan
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confer a differential rate of component placement error or 
overall malposition.

Three-dimensional imaging provides a clear advantage 
over two-dimensional radiographs for assessment of glenoid 
morphology, extent and location of glenoid bone loss, and 
planning of ideal implant geometry and placement [19]. 
These factors facilitate improved placement of the glenoid 
component in the desired location [19, 20]. Neutral version 
of the glenoid implant in aTSA and avoidance of retroversion 
of the glenoid in rTSA can decrease the incidence of loos-
ening [3, 4]. Previously, utilizing the Walch classification 
[11] for glenoid morphology and comparisons, Hao et al. 
[3] following their findings of significantly greater version 
error in rTSA for glenoids with posterior wear than for those 
without, concluded that in order to limit potential complica-
tions such as implant loosening, use of intraoperative navi-
gation or patient-specific instrumentation should be strongly 
considered in rTSA cases with posterior glenoid bone loss. 
Further, Sadoghi et al. [10] in a meta-analysis including 247 
shoulders from five studies found that glenoid version was 
significantly more accurate when computer navigation was 
used compared with standard instrumentation alone.

Version error has been shown to be significantly higher 
for retroverted glenoids (Walch B2/B3) [3]. Contrarily, in 
the coronal plane, glenoids without superior wear (E0) had 
greater version error compared to superiorly-worn glenoids 
(E2, E3) (P = 0.041), but no difference in displacement error, 
inclination error, or malposition rate. It is possible this has 
to do with easier access for placement of the guide pin with 
the approach and exposure if there is superior wear. Unfor-
tunately, bone loss is a continuum and involves complex 
multiplanar patterns than do not always fit uniformly into 
the Walch [11] or Favard [12] classification. Even in the 
hands of high volume fellowship-trained surgeons, malpo-
sitioning can occur in more than one third of cases [7]. It is 
in these cases of significantly altered anatomy that surgeons 
may consider the use of navigation or patient-specific guides 
in order to minimize component malposition and the subse-
quent long term sequalae that may lead to poorer outcomes 
and/or revision surgery. In the case of glenoid deformity and 
bone loss, these advantages may be more important.

However, there are limitations to the current study. It is 
possible that selection bias exists in the dataset, as cases with 
difficult exposure, limiting visualization, may have limited 
the use of navigation or caused data collection steps to be 
missed. While the single institution design with all surgeons 
following the same protocol allows for the generation of a 
homogenous dataset but may limit generalizations outside 
the institution. In addition, both fellowship-trained attend-
ing surgeons and current fellow trainees were involved in 
the study, which may have contributed to elevated malposi-
tion rates, but also represents real world practice where low 
volume surgeons perform the majority of TSA in the United 

States [21]. Additionally, non-fellowship trained surgeons 
also routinely perform this procedure and are at increased 
risk of malposition errors compared to attending surgeons 
(58% vs. 38%, P = 0.047) [7]. Of note, the evaluation of sur-
geon ability to replicate the preoperative plan was based on 
hand position in space at the time of implant central-axis 
boss preparation, not on final implant position; however, this 
replicates many current systems that use a central-axis guide 
pin for glenoid preparation. Postoperative CT scans to evalu-
ate final glenoid implant position were not obtained. How-
ever, prior CT studies have demonstrated excellent accuracy 
of the navigation system with final implant position within 
5° of the preoperative plan [9]. Finally, the current study 
did not assess clinical outcomes such as implant survivor-
ship. Hence, conclusions regarding the clinical benefit of 
intraoperative navigation during shoulder arthroplasty could 
not be made.

Conclusion

Glenoid component displacement, inclination error, and 
overall malposition did not differ based on coronal plane 
glenoid morphology as defined by the Favard classification. 
Version error was higher in glenoids without superior wear 
compared to those with superior wear. Malposition was rela-
tively high in our cohort, suggesting that surgeons should 
consider alternate techniques beyond preoperative planning 
and standard instrumentation when performing shoulder 
arthroplasty. Further studies are needed to determine the 
clinical benefit of the improved glenoid position obtained 
via intraoperative navigation.
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