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ARTICLE INFO

Background: Preoperative templating software and intraoperative navigation have the potential to
impact baseplate augmentation utilization and increase screw length for baseplate fixation in reverse
total shoulder arthroplasty (rTSA). We aimed to assess their impact on the (1) baseplate screw length, (2)
number of screws used, and (3) frequency of augmented baseplate use in navigated rTSA.
Methods: We compared 51 patients who underwent navigated rTSA with 63 controls who underwent
conventional rTSA at a single institution. Primary outcomes included the screw length, composite screw
length, number of screws used, percentage of patients in whom 2 screws in total were used, and use of
augmented baseplates.
Results: Navigation resulted in the use of significantly longer individual screws (36.7 mm vs. 30 mm,
P <.0001), greater composite screw length (84 mm vs. 76 mm, P =.048), and fewer screws (2.5 + 0.7 vs.
2.8 + 1, P =.047), as well as an increased frequency of using 2 screws in total (35 of 51 patients [68.6%] vs.
32 of 63 controls [50.8%], P = .047). Preoperative templating resulted in more frequent augmented
baseplate utilization (76.5% vs. 19.1%, P < .0001).
Conclusion: The difference in the screw length, number of screws used, and augmented baseplate use
demonstrates the evolving role that computer navigation and preoperative templating play in surgical
planning and the intraoperative technique for rTSA.
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Reverse total shoulder arthroplasty (rTSA) has become a main-
stay of treatment for patients with rotator cuff arthropathy and is
becoming more common for some patients with glenohumeral
arthritis. The indications for rTSA are still evolving and are
continuing to expand. In general, most available rTSA designs
include a glenoid baseplate that is secured by a central peg, keel, or
screw in the glenoid vault, with a variety of screw arrangement
designs for supplemental fixation into scapular bony corridors.
These supplemental screws can be locking or nonlocking and var-
iable or fixed angle. Secure fixation of the baseplate is paramount to
prevent glenoid component loosening.>” Inadequate initial glenoid
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baseplate fixation has been shown to lead to early glenoid loos-
ening from micromotion and a lack of osseous integration.” Rates of
baseplate loosening from 1.2 to 5% have been reported.**° Secure
fixation of the baseplate to the glenoid has been attributed to a
number of factors including bone quality, number of screws, screw
length, arrangement and angle of divergence of screws, and central
peg length. Numerous studies have attempted to examine the
impact of these factors on fixation, with mixed results.>!%!113-17
However, it appears that, in general, longer screws that achieve
bicortical purchase in dense bone provide the best fixation.'"'*!”
Computer-assisted intraoperative navigation and preoperative
planning software applications in rTSA have only recently been
described in the orthopedic literature because of the relative in-
fancy of the technology.’!*>?7 Patient-specific instrumentation and
3-dimensional (3D) imaging and templating technologies improve
the accuracy of glenoid component placement in accordance with a
preoperative plan."*'>?02627 I addition, 3D templating may
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Figure 1 The Equinoxe Planning App preoperative planning software is shown, demonstrating the ability to virtually construct the ideal glenoid baseplate type and position for
each patient’s scapular anatomy. Post Aug, posterior augment; Post-Sup, posterosuperior augment; 10° Sup Aug, 10° superior augment; Anat., anatomic baseplate.

increase the accuracy of screw placement relative to the preoper-
ative plan.?> To our knowledge, only 1 previous study has evaluated
the difference in achievable baseplate screw length between
navigated and conventional rTSA."°

We sought to evaluate the impact of preoperative templating
software and intraoperative navigation on baseplate component
specifications by comparing the (1) average screw length, (2)
composite screw length (ie, combined length of all screws), (3)
average number of screws used, (4) percentage of patients in whom
2 screws in total were used, and (5) frequency of augmented
baseplate use. Operative time was examined as a secondary vari-
able. We hypothesized that intraoperative navigation assistance
would allow the primary surgeons to use longer and fewer screws
to achieve what they deemed secure baseplate fixation, as
compared with secure baseplate fixation when intraoperative
navigation assistance was not used.

Materials and methods
Surgical technique

All patients underwent rTSA with the Exactech Equinoxe system
(Exactech, Gainesville, FL, USA), which has a design that uses a
medialized glenoid and lateralized humerus.’* Augmented base-
plates were available for use throughout the study period; these
included baseplates with a superior, posterior, or superior-posterior
augmentation, a small baseplate size, or an extended central peg.
All standard-sized baseplates (including augmented baseplates)
have 6 screw hole options (superior, inferior, superior-anterior,
superior-posterior, inferior-anterior, and inferior-posterior),
whereas the small baseplate has 4 screw hole options (superior,
inferior, inferior-anterior, and inferior-posterior).

In the large majority of non-navigated cases, the decision to use
a standard or augmented glenoid baseplate component was made
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using a preoperative computed tomography (CT) scan (if available)
combined with an intraoperative assessment of glenoid
morphology. The Equinoxe Planning App preoperative planning
software and ExactechGPS Total Shoulder Application intra-
operative navigation system (Exactech) were used for all navigated
cases (Fig. 1). This technology offers the surgeon a 3D rendered
model of the patient’s scapula, created from the preoperative CT
scan. The software then allows the surgeon to place sized-to-scale
renderings of all baseplate options onto the scapula model and
make adjustments in baseplate positioning in all planes in 1-mm
and 1° increments. The presurgical plan is saved and uploaded to
the intraoperative navigation system prior to surgery. Regardless of
the use of navigation, the baseplate-glenoid interface was inspec-
ted intraoperatively to ensure a flush fit.

A standard deltopectoral approach was performed with a 1- to
2-cm cranial extension of the incision for coracoid exposure in
patients who underwent navigated rTSA. Navigation was not
available for placement of the humeral component. Therefore,
humeral head osteotomy, reaming, broaching, and placement of the
humeral component were performed in similar fashions in both
groups.

In the non-navigated group, the baseplate central peg posi-
tioning and reaming of the glenoid were performed using a stan-
dard technique.® When navigation was used, the superior and
inferior aspects of the coracoid were dissected with cautery to
allow for placement of a tracker that corresponded with the
intraoperative navigation screen. The tracker was then placed on
the superior coracoid with 2 self-tapping screws. It was linked to
the intraoperative monitor, and several points on the glenoid and
coracoid were registered using a stylus. An additional tracker that
corresponded with the intraoperative navigation screen was
attached to the base of the ExactechGPS reamer handle, and the
corresponding drills and reamers for each step in the procedure
were attached to this reamer handle. Locating the center point of
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Figure 2 The ExactechGPS navigation screen is shown, demonstrating the real-time, intraoperative drill bit trajectory in relation to the patient’s scapula, rendered from a pre-

operative computed tomography scan.

the glenoid, drilling of the center peg hole, and glenoid reaming
were carried out under navigation, according to the preoperative
plan. The selected baseplate component was then impacted onto
the glenoid.

The variable-angle compression screws were drilled using the
adjustable-angle drill guide with a standard 3.2-mm drill bit for the
non-navigated cases and with an ExactechGPS-specific drill bit for
the navigated cases. The navigation screen displays the trajectory of
the drill bit in relation to coronal and sagittal CT images of the bony
scapula in real time, which allows the surgeon to aim in a manner
that will access the longest bony corridor provided by each pa-
tient’s unique glenoid and scapular anatomy (Fig. 2). Pre-drill
aiming also allows the surgeon to avoid areas of the scapula that
could endanger soft-tissue structures, such as the suprascapular
notch.? The compression screws are available in sizes from 18 to 46
mm in 4-mm increments. Both the standard and ExactechGPS drill
bits have color-coded, etched markings on them that correspond to
these increments. Regardless of navigation status, the hole depth
was gauged by noting the drill bit depth marking that was flush
with the drill guide at the time of cortical breakthrough. Cortical
breakthrough was determined using tactile feel regardless of nav-
igation status. However, the navigation technology also provided
real-time, intraoperative animation on the navigation screen that
allowed the surgeon to visualize the drill bit nearing the far cortex
and the cortical breakthrough event.

Superior and inferior screw positions on the baseplate were
used first in all cases. The decision to place additional screws was
made intraoperatively, based on the surgeon’s tactile assessment of
purchase of the first 2 screws. Essentially, the quality of “bite” of the
first 2 screws determined whether additional screws were used.
Locking caps were then placed over each screw head, and the
glenoid component was completed by placing the glenosphere
according to the technique guide® The humeral polyethylene
component size was chosen based on soft-tissue tensioning; the
humeral component was then secured following the technique
guide. The wound was closed in standard layered fashion.
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Study design

This study was a case-control, retrospective review of 114 rTSAs
performed in 108 patients at a single institution by 1 of 2
fellowship-trained, board-certified, experienced primary surgeons.
The non-navigated study group consisted of 63 surgical procedures
performed from January 2018 to July 2019. Computer-assisted
intraoperative navigation technology became available at our
institution in October 2018. The navigated study group consisted of
51 surgical procedures performed from October 2018 to July 2019.
Since navigation technology became available at our institution, 6
patients have been prevented from undergoing a navigated rTSA.
This was because of either a lack of preoperative CT scans or
anatomic factors that were not conducive to coracoid tracker
placement, such as a small coracoid size or previous coracoid
fracture. These patients were included in the non-navigated group.
Preoperative surgical indications included rotator cuff arthropathy,
fracture malunion, and complications from prior humeral hard-
ware, as well as 1 chronic shoulder dislocation (listed as “other”)
(Table I). The exclusion criteria included any prior major glenoid
reconstruction or instrumentation, revision of prior rTSA, or con-
version to rTSA.

A review of the electronic medical record was performed to
obtain patient age, sex, height, weight, and body mass index (BMI).
A review of the operative notes was performed to record laterality
of surgery, baseplate type used, number of screws used, individual
screw lengths, and length of procedure. Each patient’s preoperative
CT scan, if available, was then used to describe the patient’s glenoid
anatomy. Glenoid retroversion was first measured from CT images
using the technique described by Friedman et al® and Rouleau
et al.”®> The posterior subluxation index was calculated from CT
scans as well, using the method described by Walch et al.>’ Each
glenoid was then classified using the modified Walch classifica-
tion.” There were 14 patients in the non-navigated group for whom
glenoid morphology could not be evaluated as they did not undergo
CT scans prior to surgery. For patients with CT scans in both groups,
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Table I
Descriptive statistics of study population

Variable Frequency (%)
ITSA
Non-navigated 63 (55.3)
Navigated 51 (44.7)
Surgery indication
Rotator cuff arthropathy 106 (93)
Fracture 3(2.6)
Hardware complication 4(3.5)
Other 1(0.9)
Walch classification
Al 47 (47.5)
A2 12 (12.1)
B1 8(8.1)
B2 9(9.1)
B3 7(7.1)
C 1(1.0)
D 15 (15.2)
Baseplate type used
Standard 63 (55.3)
Extended cage 1(0.9)
Posterior augmentation 16 (14.0)
Superior augmentation 17 (14.9)
Posterior-superior augmentation 16 (14.0)
Small 1(0.9)
Total No. of screws used
2 67 (59)
3 25(21.9)
4 18 (15.8)
5 4(3.5)

rTSA, reverse total shoulder arthroplasty.

the complexity of glenoid morphology was assessed by comparing
the frequency of glenoids classified as Walch type A and those
classified as non—Walch type A (Walch type B, C, or D). The com-
posite screw length was calculated by summing all screw lengths.
This measure was used as a means to quantify the total screw fix-
ation length independent of the number of screws used.

Statistical analysis

SAS software (version 9.4; SAS Institute, Cary, NC, USA) was used
for statistical analysis. Sample characteristics were described using
descriptive statistics. Frequencies and percentages were used to
describe categorical variables. Means and standard deviations or
medians and ranges were used to describe continuous variables.
Bivariate analysis was performed for patient-specific variables and
operative variables. We performed y? tests for sex, laterality, Walch
classification, surgeon, and baseplate type. Two-sample t tests were
performed for age, posterior subluxation index, and operative time.
We performed Wilcoxon rank sum tests for height, weight, BMI,
glenoid retroversion, number of screws used, individual screw
length, composite screw length, and frequency of 2 screws used in
total. The significance level was set to P < .05 for all tests.

Results

Frequencies and percentages of categorical variables are pro-
vided in Table 1. Bivariate comparisons of patient-specific variables
are presented in Table II. The navigated and non-navigated groups
showed statistically significant differences in median glenoid
retroversion (4.1° [interquartile range, 47.1°] vs. 8.4° [interquartile
range, 46.7°], P =.016) and the mean posterior subluxation index
(0.50 + 0.1 vs. 0.57 + 0.1, P = .002). The 2 groups did not have
statistically different glenoid morphology by the Walch classifica-
tion (P =.743). Moreover, there were no other statistically signifi-
cant differences between the groups for patient-specific variables,
including age, height, weight, BMI, sex, and laterality.
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Bivariate comparisons of the operative variables are presented
in Table III. There was no significant difference in the frequency of
procedures performed by surgeon 1 vs. surgeon 2 between the
groups (P =.380). The average individual screw length was signif-
icantly higher in the navigated group (36.7 mm vs. 30 mm,
P < .0001). The median composite screw length was also higher in
the navigated group (84 mm vs. 76 mm, P =.048), despite the use of
significantly fewer screws per case (2.5 + 0.7 vs. 2.8 + 1, P =.047).
The frequency of using 2 screws in total was significantly higher in
the navigated group (35 of 51 patients [68.6%] vs. 32 of 63 controls
[50.8%], P = .047). The frequency of augmented baseplate use (39
[76.5%] vs. 12 [19.1%], P < .0001) and the operative time (98.6 + 19.5
minutes vs. 85.8 + 18.7 minutes, P =.001) were significantly higher
in the navigated group.

Discussion

The patient-specific variables of the 2 study groups in this report
were well matched with respect to age, sex, laterality, and BMIL A
statistically significant difference of 4.3° of median glenoid retro-
version (8.4° vs. 4.1°, P = .017) was found in the non-navigated
group. However, both groups had median retroversion within the
normal range for anatomic glenoid retroversion (1°-9°), and the 2
study groups did not have statistically different glenoid
morphology by the modified Walch classification (P =.744).'® The
modified Walch classification was used to characterize glenoid
morphology because it is a well-known CT-based system that was
most translatable when assessing the glenoid using the 3D pre-
operative templating software.

A longer individual screw length was attained using intra-
operative navigation technology (36.7 mm vs. 30 mm). A longer
screw length (36 vs. 18 mm), specifically in the anterior and inferior
screw positions, has been associated with biomechanically stronger
initial fixation, but the number of screws (2 vs. 4) and angle of
screw divergence (0° vs. 27°) have not.” The finding of an improved
screw length with navigation technology is in concordance with
the results of Nashikkar et al.!° However, the improvement was
isolated to the anterior and posterior screws with a much shorter
maximum screw length (20 mm) in comparison to our study. This
difference is likely due to surgeon-dependent variation in preop-
erative goals for screw position and length. Obtaining the
maximum screw length may be seen as having secondary impor-
tance to placing screws into the areas of highest bone density in the
scapula, particularly the base of the coracoid, the scapular pillar,
and the scapular spine.!’ Nashikkar et al routinely placed screws in
at least 4 of the 5 screw holes with maximal screw divergence,
possibly leading to a shorter maximum attainable length for each
screw.

In contrast, the surgeons involved in this study routinely look to
minimize the number of screws used. Two screws were placed in
the inferior and superior positions, at a minimum. On the basis of
tactile assessment of screw purchase, or bite, the surgeon decided
whether to add a third or fourth screw. Fewer screws were used on
average with the use of navigation technology, with 2 screws in
total used more frequently. The increased frequency of the use of 2
screws in total is not biomechanical evidence of improved fixation
but does reflect increased surgeon confidence in the level of fixa-
tion intraoperatively. Improved screw length and visual confirma-
tion of intraosseous placement of the screws using the navigation
technology likely contributed to this increased confidence. A longer
individual screw length has been shown to provide significantly
better baseplate fixation after cyclic loading, regardless of the
number of screws used.”? The post hoc planning in this study al-
leviates potential concerns that the surgeons used fewer screws for
the sole purpose of obtaining significant results. We cannot draw
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Table II
Bivariate comparison of patient-specific variables in non-navigated and navigated rTSA groups
Non-navigated r'TSA (n = 63) Navigated rTSA (n = 51) P value
Mean + SD or frequency (%) Median Mean =+ SD or frequency (%) Median
(interquartile range) (interquartile range)
Age, yr 721 +79 36 (70.6) 6733
Height, cm 165.1 (48.2) 15(29.4) 167.6 (33) 3559
Weight, kg 87.5(100) 715+79 81.6 (75.8) 9183
BMI, kg/m? 30.8 (31.6) 29.2 (22.9) 7442
Sex 2634
Male 24 (52.2) 22 (47.8)
Female 39 (62.9) 23 (37.1)
Laterality 1576
Right shoulder 38 (61.3) 24 (38.7)
Left shoulder 25 (48.1) 27 (51.9)
Glenoid morphology
Glenoid retroversion, ° 8.4 (46.7) 4.1(47.1) .0166*
Posterior subluxation 0.57 + 0.1 0.50 + 0.1 .0020*
index
Walch classification 7437
A 30 (50.9) 29 (49.2)
B,C orD 19 (47.5) 21 (52.5)
rTSA, reverse total shoulder arthroplasty; SD, standard deviation; BMI, body mass index.
" Statistically significant (P < .05).
Table III
Bivariate comparison of operative variables in non-navigated and navigated rTSA groups
Non-navigated rTSA Navigated rTSA P value
Mean + SD or frequency (%) Median (range) Mean =+ SD or frequency (%) Median (range)
Surgeon .3808
Surgeon 1 49 (77.8) 36 (70.6)
Surgeon 2 14 (22.2) 15(29.4)
Baseplate screws
No. of screws used 28 +1 25+0.7 .0472%
Individual screw length, mm 30 (20) 36.7 (22) <.0001*
Composite screw length, mm 76 (90) 84 (86) .0481*
Frequency of 2 screws used 32 (50.8) 35 (68.6) 0472
in total
Baseplate type <.0001*
Standard 51(81) 12 (23.5)
Augmented 12 (19.1) 39 (76.5)
Operative time, min 85.8 + 18.7 98.6 + 19.5 .0006*

rTSA, reverse total shoulder arthroplasty; SD, standard deviation.
" Statistically significant (P < .05).

any biomechanical conclusions based on these data, but these re-
sults do reflect a significant change in practice at our institution
because of intraoperative navigation.

The relationship between the number of screws used and
biomechanical strength in baseplate fixation is unclear, with some
evidence supporting the use of more screws and some refuting
their use.>'®!>"1> The complex interplay between the implant
design and the importance of screw trajectory to biomechanical
strength makes it difficult to fully evaluate the impact of using
additional screws. Theoretically, using fewer screws might preserve
scapular bone stock in case revision surgery is necessary in the
future. Notably, the use of fewer screws in this study did not result
in loss of the average composite screw length, with 8 mm of
additional average composite screw length using navigation.

Unexpectedly, we found a drastic increase in augmented base-
plate use from 19.1% to 76.5% (P < .0001) in the navigated group.
Preoperative templating software has been shown to increase the
awareness of glenoid bone loss and the need for augmented glenoid
baseplates to achieve post-implantation version of 0°-10° of
retroversion for anatomic total shoulder arthroplasty.'? Even so, our
use of augmentations in 76.5% of navigated shoulders is much
greater than that in previous studies of rTSA and anatomic total
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shoulder arthroplasty.'? The decision to use augmentation is left to
surgeon discretion. True optimal post-implantation glenoid version
in r'TSA has yet to be defined, and long-term outcome studies are
necessary to better define the indications for augmented baseplate
use. A recent study by Parsons et al’! detailed significant variation
in the criteria for augmented baseplate utilization among 9 sur-
geons but found a uniform rate of overall utilization of augmen-
tations, at 79%. The surgeons in our study attempt to implant the
baseplate perpendicular to the Friedman line to achieve what is
essentially neutral version. With this goal in mind, we attribute the
drastic increase in the use of augmentation to the use of the 3D
animated preoperative planning software. The software provides
3D feedback on the projected baseplate version relative to the
Friedman line, possibly granting a better appreciation of glenoid
morphology and final baseplate version. The use of this technology
and augmented baseplates has been shown to allow for correction
to neutral version in 63% of cases.”! The surgeons in our study
anecdotally found that the use of augmentation allowed them to
rely less on reaming to achieve their desired version. However, the
amount of required reaming and the accuracy with which the
implanted baseplate’s version matched the preoperative plan were
not assessed. Multiple studies have confirmed that simply using 3D
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technology platforms to virtually implant glenoids preoperatively
is helpful in improving surgeon accuracy in baseplate positioning
intraoperatively,"*1%:28:29

The use of navigation increased the operative time by 12.8 mi-
nutes (98.6 + 19.5 minutes vs. 85.8 + 18.7 minutes, P =.001). The
extra steps of coracoid dissection, coracoid tracker placement, and
glenoid registration with the stylus likely contributed to this in-
crease in operative time. However, the time was likely inflated by
the learning curve associated with the use of new instrumentation
and a new technique. Prior studies using the same system and a
similar technique documented 1.2- and 6-minute increases in
operative time."?® The decreased intraoperative time cited in these
studies likely better represents our current practice, post-learning
curve.

There are a number of limitations to our study. Because of the
lack of preoperative CT scans, 14 patients in the non-navigated
group were not able to be included in the analysis of glenoid
morphology. There were differences between the 2 cohorts in
terms of glenoid retroversion and the posterior subluxation index.
Although the differences were statistically significant, they were
unlikely to be clinically significant. The finding of an increased
individual screw length with use of navigation must be inter-
preted with caution, as we were unable to assess the actual
intraosseous length of the screws without subjecting patients to
additional CT scans. We did not quantify screw length per screw
position in our study, which may be of biomechanical relevance.
This study does not provide biomechanical evidence of increased
glenoid baseplate stability or accuracy of final implant position
using augmented baseplates. However, our results do reflect the
impact that navigation technology has had on the practice of the
surgeons involved in this study. Long-term follow-up is the next
logical step in our investigation. Further studies will examine
clinical outcomes and early loosening rates associated with
navigated rTSA.

Conclusion

Intraoperative computer navigation allowed for a longer indi-
vidual screw length, an increased composite screw length, fewer
total screws used, and an increased frequency of 2 screws used in
total. Preoperative templating software led to a drastic increase in
augmented glenoid baseplate use. The role of navigation and pre-
operative templating in rTSA is still evolving, but their use in this
study significantly impacted surgical planning and the intra-
operative technique.

Disclaimer
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funding from outside sources. Publication fees were provided by
Exactech Incorporated. The authors, their immediate families, and
any research foundations with which they are affiliated have not
received any financial payments or other benefits from any com-
mercial entity related to the subject of this article.
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