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Background: Little guidance exists regarding the minimum screw length and screw quantity necessary
to achieve fixation in reverse total shoulder arthroplasty (rTSA); to that end, this study quantified the
displacement of 2 different sizes of glenoid baseplates using multiple different screw lengths and
quantities of screws in a low-density polyurethane bone-substitute model.
Methods: Testing of rTSA glenoid loosening was conducted according to ASTM F 2028-17. To indepen-
dently evaluate the impact of screw quantity and screw length on rTSA glenoid fixation for 2 different
sizes of glenoid baseplates, baseplates were constructed using 2 screws, 4 screws, or 6 screws (with the
latter being used for the larger baseplate only) with 3 different poly-axial locking compression screw
lengths.
Results: Both sizes of glenoid baseplates remained well fixed after cyclic loading regardless of screw
length or screw quantity. Baseplates with 2 screws had significantly greater displacement than base-
plates with 4 or 6 screws. No differences were observed between baseplates with 4 screws and those
with 6 screws (used for the larger baseplate). Both sizes of baseplates with 18-mm screws had signifi-
cantly greater displacement than baseplates with 30- or 46-mm screws. For larger baseplates, those with
30-mm screws had significantly greater displacement than those with 46-mm screws in the superior-
inferior direction.
Discussion: For the 2 different sizes of baseplates tested in this study, rTSA glenoid fixation was
impacted by both screw quantity and screw length. Irrespective of screw quantity, longer screws showed
significantly better fixation. Irrespective of screw length, the use of more screws showed significantly
better fixation, up to a point, as the use of more than 4 screws showed no incremental benefit. Finally,
longer screws can be used as a substitute for additional fixation if it is not feasible to use more screws.
© 2019 The Authors. 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/).

Aseptic glenoid loosening is a common failure mode of reverse
total shoulder arthroplasty (rTSA), with a reported incidence of 1%
to 12% and an average incidence of less than 5%.5'%374345 Adequate
initial fixation is critical to obtain a stable bone-implant interface
and permit osseointegration during the first few months after

No institutional review board approval was required for this study as it was a
biomechanical evaluation in a polyurethane bone-substitute model.
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surgery.*'”?9 Achieving adequate initial glenoid fixation can be
challenging as rTSA is commonly used in elderly patients with
osteoporosis and increasingly used in scapulae with significant
bony defects. It has previously been shown that rTSA glenoid fix-
ation is impaired by its use in lower-density bone or substrates,>®>°
by its use with baseplates of smaller surface area,>>%3° and when
used in glenoids or scapulae with defects of various types and
sizes.:833-35

To aid the surgeon in achieving initial fixation in these various
conditions and morphologies, multiple rTSA baseplate designs of
different sizes are available in the marketplace. These prostheses
offer between 2- and 6-screw options, with each screw hole
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accepting a locking and/or compression screw of varying lengths
between 15 and 50 mm. Despite the availability of multiple implant
sizes, little guidance exists regarding the minimum screw length
and/or minimum quantity of screws necessary to achieve fixation
in rTSA. A biomechanical test method was previously devised to aid
surgeons in comparatively evaluating such questions related to
1TSA glenoid fixation.>*° The goal of this biomechanical study was
to quantify the displacement, before and after cyclic loading, of 2
different sizes of glenoid baseplates associated with multiple
different screw lengths and numbers of screws used to obtain fix-
ation in a low-density (0.24-g/cm>) polyurethane bone-substitute
model.

Materials and methods

Testing of rTSA glenoid loosening was conducted according to
ASTM F 2028-17.2 We quantified the baseplate displacement of the
Equinoxe reverse shoulder prosthesis (Exactech, Gainesville, FL,
USA) for 2 different sizes of glenoid baseplates (Fig. 1) before and
after cyclic loading with an applied load of 750 N for 10,000 cycles.
A 42 x 23—mm glenosphere was used with the standard baseplate
whereas a 40 x 22—mm glenosphere was used with the small
baseplate so that each device lateralized the center of rotation from
the glenoid by approximately 2 mm. To independently evaluate the
impact of screw quantity and screw length on rTSA glenoid fixation
for each baseplate size, the standard baseplates were constructed
using 2, 4, and 6 screws with each of 3 different poly-axial locking
compression screw lengths: 4.5 x 18 mm (n = 15), 4.5 x 30 mm
(n = 15), and 4.5 x 46 mm (n = 15). Five of each of the screw
quantity—screw length configurations were tested for a total of 45
standard baseplate specimens. In addition, the small baseplates
were constructed using 2 and 4 screws with each of 3 different
poly-axial locking compression screw lengths: 4.5 x 18 mm (n =
10),4.5 x 30 mm (n = 10), and 4.5 x 46 mm (n = 10). Five of each of
the screw quantity—screw length configurations were tested, for a
total of 30 small baseplate specimens.

Each of these different configurations was tested in a low-
density (0.24-g/cm>) polyurethane bone-substitute block (part
No. 1521-419, 76 mm x 57 mm x 48 mm; Pacific Research Labo-
ratories, Vashon, WA, USA), conforming to ASTM F 1839. All

baseplates were fully backside supported by the polyurethane
bone-substitute block. This low-density substrate is intended to
mimic the modulus, density, and strength range typical of an
elderly patient with osteoporosis receiving reverse shoulder
arthroplasty, with poor-quality glenoid bone."?'82224 A poly-
urethane bone-substitute block was selected as the best testing
substrate to ensure a uniform comparison between short and long
screws. The use of a polyurethane block was deemed to provide the
most uniform substrate for comparison of the 75 test specimens;
the use of a composite scapula was considered but decided against
as the use of longer screws would have resulted in “bicortical”
fixation in some baseplate positions, whereas shorter screws in the
same position would have only achieved “unicortical” fixation. Each
glenoid baseplate was secured to the polyurethane bone-substitute
block using the same manufacturer-specified surgical technique: A
7.3-mm drill was used to prepare the hole to press-fit the tapered
cage peg, and a 3.2-mm drill was used to create the pilot hole for
each 4.5-mm-diameter compressive screw. Each screw in each
baseplate was always oriented in the center of each hole in the
same direction relative to its placement on the baseplate, regard-
less of the length of screw used. As depicted in Figure 2, the 2-screw
configuration used the most superior and inferior screw holes in
the small baseplate (not shown) and standard baseplate; the 4-
screw configuration used all screw holes in the small baseplate
(not shown) or the most superior and 3 most inferior screw holes in
the standard baseplate; and the 6-screw configuration used all 6
available screw holes in the standard baseplate.

The reverse shoulder glenoid loosening method consisted of 2
tests—a displacement test (Figs. 3 and 4) and a cyclic test (Fig. 5)—
and was conducted in 3 consecutive phases: (1) displacement test
before cyclic loading, (2) cyclic test, and (3) displacement test after
cyclic loading. In the displacement tests before and after cyclic
loading, the axial test machine (Instron, Norwood, MA, USA; reso-
lution of 1 pm) and 2 digital indicators (Mitutoyo, Kawasaki, Japan;
resolution of 1 um) measured displacement as a 100-N compressive
axial load was applied perpendicular to the glenoid and a 357-N
shear load was applied parallel to the face of the glenoid base-
plate along its superior-inferior (SI) axis; this was then performed a
second time, turning the component 90° and loading it along its
anterior-posterior (AP) axis (Figs. 3 and 4). In the cyclic test, a 750-N

Figure 1 Standard glenoid baseplate (34 x 25 mm, left) and small glenoid baseplate (30 x 24 mm, right) used for this reverse total shoulder arthroplasty glenoid fixation test. Each

glenoid baseplate is oriented from superior (top) to inferior (bottom).
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2 Screw Configuration

4 Screw Configuration

6 Screw Configuration

Figure 2 Standard-size glenoid baseplate screw locations used for each of the 2-, 4-, and 6-screw configurations tested for this reverse total shoulder arthroplasty glenoid

fixation test.

axial load was constantly applied through the center of the humeral
liner as the glenosphere, glenoid baseplate, and/or bone-substitute
block were rotated about the humeral component with a stepper
motor to create a sinusoidal angular displacement profile encom-
passing an arc of 55° at 0.5 Hz for 10,000 cycles (Figs. 4 and 5). The
components were cooled with a continuous jet of air with no
lubrication during the cyclic test. Failure was determined by cata-
strophic loosening of the baseplate from the polyurethane bone-
substitute block.

Testing Machine
(Application of Shear Load)

Bone
Substitute

7777

l/ Displacement
<>

Statistical analysis was performed in the Minitab package
(version 18; Minitab, State College, PA, USA) using 1-way analysis of
variance to compare baseplate displacement before and after cyclic
loading in the SI and AP directions relative to the low-density block
for both the standard and small baseplates. A post hoc Tukey pair-
wise comparison was run to determine the difference between
categories and adjust for a type I error. Two-tailed unpaired Student
t tests were used to perform comparisons between the standard
and small baseplates, with significance defined as P < .05.

Figure 3 In the displacement test, shear and compressive loads were applied directly to the baseplate before and after cyclic loading.
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Figure 4 Displacement test. It should be noted that the translational stage is providing
a 100-N compressive force and the actuator of the load frame is providing a 357-N
shear force.

Results

All glenoid baseplates remained well fixed after cyclic loading in
the low-density bone-substitute model, regardless of the baseplate
size, screw length, or quantity of screws used to obtain fixation.
Tables I and II describe the impact of screw quantity on baseplate
fixation for the standard and small glenoid baseplates, respectively.
For standard baseplates, the average displacement with 2 screws
was significantly greater than that with 4 screws in both the AP
(before cyclic loading, P < .0001; after cyclic loading, P < .0001) and
SI (before cyclic loading, P = .0036; after cyclic loading, P =.0414)
directions and was significantly greater than that with 6 screws in
the AP direction before (P = .0017) and after (P = .0002) cyclic
loading. In addition, with standard baseplates, no differences were
observed in displacement before and after cyclic loading between
the 4- and 6-screw configurations in either the SI or AP direction
(Table I). For small baseplates, after cyclic loading, the average
displacement with 2 screws was significantly greater than that with
4 screws in the AP direction (P = .0070), and the difference in
displacement before and after cyclic loading with 2 screws was
significantly greater than that with 4 screws in both the SI (P =
.0025) and AP (P < .0001) directions (Table II).

Tables Il and IV describe the impact of screw length on base-
plate fixation for the standard and small glenoid baseplates,
respectively. For standard baseplates, the average displacement
with 18-mm screws was significantly greater than that with 46-mm
screws in the AP (before cyclic loading, P = .0016; after cyclic
loading, P = .0497) and SI (before cyclic loading, P = .0001; after
cyclic loading, P < .0001) directions and was significantly greater
than that with 30-mm screws in the AP direction before (P =.0412)
and after (P = .0166) cyclic loading, as well as in the SI direction
after cyclic loading (P = .0198). In addition, with standard base-
plates, the average displacement with 30-mm screws was signifi-
cantly greater than that with 46-mm screws in the SI direction
before (P =.0120) and after (P =.0015) cyclic loading (Table III). For
small baseplates, the average displacement with 18-mm screws
was significantly greater than that with 30-mm screws before and
after cyclic loading in the AP (P <.0001 and P =.0005, respectively)
and SI (P < .0001 and P =.0002, respectively) directions. Similarly,
the average displacement with 18-mm screws was significantly
greater than that with 46-mm screws before and after cyclic
loading in the AP (P < .0001 and P < .0001, respectively) and SI (P <
.0001 and P < .0001, respectively) directions (Table 1V). Finally,

Figure 5 Cyclic test, in which a 750-N load is applied through the humeral liner as the
glenoid component is cycled about an arc of 55° at 0.5 Hz for 10,000 cycles.

displacement after cyclic loading in both the AP and SI directions
was similar for the standard and small baseplates, with no differ-
ences observed for 2 and 4 screws between baseplate sizes; the
only difference observed in screw length was with 46-mm screws
in SI (P < .0001) baseplate displacement between baseplate sizes
(Table V).

Discussion

Initial glenoid fixation is critical to achieve long-term fixation in
ITSA. 41729 If I'TSA baseplate displacement is too large, osseointe-
gration will fail to occur. The results of this study demonstrate that
for 2 different sizes of glenoid baseplates, initial fixation is
impacted by both the quantity of screws and the length of screws
used to obtain initial fixation. Regardless of the quantity of screws
used, the use of longer screws was associated with significantly
better fixation before and after cyclic loading. In addition, the use of
at least 4 screws was associated with significantly better fixation
irrespective of screw length, although an interesting finding was
that the use of more than 4 screws showed no incremental benefit.

None of the 75 tested devices catastrophically failed in this low-
density bone-substitute model, demonstrating that adequate
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Table I
Impact of screw quantity on rTSA glenoid baseplate displacement before and after cyclic loading of standard glenoid baseplate in 24-g/cm> bone-substitute substrate
SI AP
Shear Pre Shear Post Post-Pre Shear Pre Shear Post Post-Pre
displacement displacement
Average standard-baseplate shear displacement, pm
2 screws 116 + 36 125 + 44 10 + 26 227 + 80 275 +94 48 + 75
4 screws 82 +22 91 +23 9+13 114 + 33 129 + 35 15+ 12
6 screws 92 +20 108 + 42 16 £ 25 146 + 59 160 + 73 14 + 28
P value
ANOVA .0042" .0489" 6667 <.0001" <.0001" .0928
2 screws vs. 4 screws .0036" 0414" — <.0001" <.0001" —
2 screws vs. 6 screws .0545 2751 — .0017" .0002" —
4 screws vs. 6 screws .1841 1817 — 3269 4840 —

rTSA, reverse total shoulder arthroplasty; SI, superior-inferior; AP, anterior-posterior; Pre, before cyclic loading; Post, after cyclic loading; ANOVA, analysis of variance.

" Statistically significant (P < .05).

fixation can be achieved with as few as two 4.5 x 18—mm screws
for the 2 baseplate designs used in this low-density glenoid loos-
ening model. Previous testing using the same ASTM 2028 glenoid
loosening method in a low-density polyurethane model has shown
that multiple different commercially marketed rTSA baseplate de-
signs have catastrophically loosened, in which loosening during the
cyclic test typically occurred for designs associated with average
baseplate displacement before cyclic loading in both the SI and AP
directions greater than 225 pm.>>%39 It should be noted that none
of the configurations using two 18-mm screws for either the
standard or small baseplate design catastrophically loosened.
However, it is noteworthy that these configurations using two
18-mm screws for both the standard and small glenoid baseplates
were associated with the largest displacement before and after
cyclic loading and with greater variability in fixation, with average
baseplate displacement greater than 225 pum in the AP direction but
not in the SI direction. Although this observed increased baseplate
displacement may portend a greater risk of clinical loosening, it
also suggests that better baseplate fixation in the SI direction may
be more important than that in the AP direction to resist cata-
strophic loosening in this low-density glenoid loosening model.
Proper screw orientation is necessary to use the longest screws
possible; however, the use of longer screws in the wrong orienta-
tion can be potentially hazardous. Molony et al*® performed a
cadaveric study with the Grammont reverse shoulder to analyze
screw placement and reported that 40% of both superior and pos-
terior glenoid baseplate screws can contact a branch of the supra-
scapular nerve. Hart et al'' performed a similar cadaveric study
with the DJO RSP reverse shoulder (DJO, LLC, Dallas, TX, USA) and
reported that 5 of 10 superior screws violated the subscapularis
muscle belly and 3 of 10 posterior screws contacted the supra-
scapular nerve or artery. Similarly, Humphrey et al'* performed a
cadaveric study analyzing screw orientation using both fixed-angle
and variable-angle baseplates and reported that 4 of 10 fixed-angle
baseplates positioned the superior screw near the suprascapular

nerve compared with 0 of 10 variable-angle baseplates. In addition
to variable-angle baseplates, new technologies are available to
improve 1TSA screw positioning and/or length, including
3-dimensional preoperative  planning,'>'%?®  patient-specific
glenoid instruments,'>?>##2  and intraoperative computer
navigation.521264042 If ysed correctly, these new technologies can
also ensure screw placement in the “scapular safe zone” as
described by Shishido and Kikuchi®*® to avoid the suprascapular
nerve and artery. Furthermore, scapular insufficiency fractures
have previously been shown to sometimes propagate from the
superior and/or posterior screw tip.>*%?® As a result, better control
and visualization of screw orientation may offer the potential to
avoid the aforementioned hazards when attempting to use the
longest screws possible to obtain fixation in rTSA.

If the use of 4 screws is not feasible in any particular case, our
results show that the use of longer screws may be an adequate
substitute. Hoenig et al'® performed a cadaveric study evaluating
the impact on fixation when no posterior glenoid screw was used
compared with when a short or long posterior screw was used.
They found that 4 screws were associated with better fixation than
3 screws and the use of a longer posterior screw was associated
with better fixation than the use of a shorter posterior screw. Their
results align well with our findings. Conversely, James et al'® per-
formed a cadaveric study that quantified the initial fixation asso-
ciated with baseplates having 2 and 4 screws up to 300 cycles. They
reported no difference in displacement between baseplates with
2 and 4 screws and concluded that only 2 screws were necessary.
The contradictory findings between the study of James et al and our
study are best explained by the differences in testing methodology.
As described previously by Friedman,” James et al only tested up to
300 cycles and used a non-physiological loading method, and their
study was statistically underpowered. In our study, we found that
the use of more than 4 screws was not necessary as the use of up to
6 screws demonstrated no incremental benefit to fixation after
cyclic loading using the ASTM 2028 methodology. This finding

Table II
Impact of screw quantity on rTSA glenoid baseplate displacement before and after cyclic loading of small glenoid baseplate in 24-g/cm> bone-substitute substrate
SI AP
Shear Pre Shear Post Post-Pre displacement Shear Pre Shear Post Post-Pre displacement
Average small-baseplate shear displacement, um
2 screws 93 + 21 118 £33 25+ 17 197 + 87 244 + 93 47 + 34
4 screws 97 + 12 104 + 22 7+12 160 + 57 162 + 57 2+13
P value for 2 screws vs. 4 screws 5379 1871 .0025" 1788 .0070" <.0001"

rTSA, reverse total shoulder arthroplasty; SI, superior-inferior; AP, anterior-posterior; Pre, before cyclic loading; Post, after cyclic loading.

" Statistically significant (P < .05).
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Table III
Impact of screw length on rTSA glenoid baseplate displacement before and after cyclic loading of standard glenoid baseplate in 24-g/cm> bone-substitute substrate
SI AP
Shear Pre Shear Post Post-Pre Shear Pre Shear Post Post-Pre
displacement displacement
Average standard-baseplate shear displacement, pm
18-mm screws 115+ 39 140 + 45 25+29 213 + 102 240 + 105 26 + 30
30-mm screws 101 = 12 111 + 16 11+14 152 + 35 164 + 47 12+13
46-mm screws 74 + 15 73+8 -1+10 122 + 44 160 + 104 39+77
P value
ANOVA .0001" <.0001" .0032" .0019" .0315" 3422
18 mm vs. 30 mm 2536 .0198" 1193 .0412" 0166° —
18 mm vs. 46 mm .0001 <.0001" .0022" .0016" .0497" —
30 mm vs. 46 mm .0120" .0015" 2530 4445 9921 —

'TSA, reverse total shoulder arthroplasty; SI, superior-inferior; AP, anterior-posterior; Pre, before cyclic loading; Post, after cyclic loading; ANOVA, analysis of variance.

" Statistically significant (P < .05).

offers the potential for both a shorter surgical time and cost savings
and may reduce the occurrence of other complications, such as
scapular fractures®?%?® or suprascapular nerve injury.'"42>44
This study has several limitations. First, it is a biomechanical
analysis using only 2 glenoid baseplates in a low-density poly-
urethane block. Although polyurethane blocks are ideal for their
consistency, they differ in character from cadaveric scapular bone.
As the substrate was of uniform density, we were unable to simu-
late bicortical fixation, which is biomechanically advantageous for
fixation'"'>!%: as such, the uniform low-density substrate used in
our study represents the worst-case condition simulating poor-
quality cancellous bone without bicortical fixation. Thus, the
observed fixation of the tested devices in these low-density blocks
is substantially higher than what would be expected if a higher-
density substrate were used. The uniform 24-g/cm® density of the
polyurethane block best facilitated a direct comparison between all
75 test specimens as this lower density would emphasize the dif-
ferences in test variables. Furthermore, the use of a composite
scapula was considered but decided against as the use of longer
screws would inevitably have resulted in bicortical fixation in some
baseplate screw positions, whereas shorter screws in the same
position would have only achieved unicortical fixation. In addition,
it has been demonstrated that scapular or glenoid deformity and/or
anatomic morphologic variations can impact rTSA glenoid fixa-
tion.”®3-3> As we did not attempt to simulate any glenoid defect in
our study, care should be taken when extrapolating our recom-
mendations to the clinical condition when an rTSA is used with a
significant glenoid defect. Furthermore, all baseplates used in this
study had full backside support. We did not attempt to identify the
impact of screw length or screw quantity when the baseplate was
only partially supported. Moreover, all tested glenoid baseplates of

each configuration had poly-axial locking compression screws;
therefore, we did not evaluate the impact on fixation of locking
screws or compression screws independently as some devices on
the market use either locking screws or compression screws.
Finally, these recommendations may not be applicable to other
I'TSA prosthesis designs as the 30 x 24—mm small baseplate and
the 34 x 25—mm standard baseplate used in this study have large
surface areas relative to other designs.’”>' However, it is interesting
that the findings related to the independent contribution of screw
length and screw quantity to fixation were similar despite the
differences in design and surface area between the standard and
small baseplates; this suggests that our study findings may be
generalizable, which the reader can extrapolate to other glenoid
baseplate styles available in the marketplace. Future work should
evaluate the impact of both screw length and screw quantity for
multiple different prostheses of even smaller surface areas in
different densities of bone with and without glenoid defects to
further generalize our screw length recommendations.

Conclusion

Both the quantity of screws and the length of screws used in
reverse shoulder arthroplasty have an impact on glenoid fixation,
regardless of glenoid baseplate size. Using longer screws and more
screws when securing the rTSA glenoid baseplate was shown to
improve fixation in this low-density glenoid loosening model. If the
use of more than 2 screws is not feasible, then the orthopedic
surgeon can use longer screws as a substitute to achieve greater
baseplate fixation. Finally, the use of more than 4 screws showed no
incremental benefit in fixation and therefore may not be necessary
unless there is a significant glenoid defect.

Table IV
Impact of screw length on rTSA glenoid baseplate displacement before and after cyclic loading of small glenoid baseplate in 24-g/cm> bone-substitute substrate
SI AP
Shear Pre Shear Post Post-Pre Shear Pre Shear Post Post-Pre
displacement displacement
Average small-baseplate shear displacement, pm
18-mm screws 115+ 8 141 + 28 26 + 22 270 + 51 291 + 74 20 + 31
30-mm screws 89+6 102 + 12 13+ 11 136 + 27 174 + 70 38 + 47
46-mm screws 81 +10 89+9 8+12 128 + 23 143 + 22 16 + 17
P value
ANOVA <.0001" <.0001" .0497° <.0001" <.0001" 3252
18 mm vs. 30 mm <.0001" .0002" .1970 <.0001" .0005" —
18 mm vs. 46 mm <.0001" <.0001" .0465" <.0001" <.0001" —
30 mm vs. 46 mm .0983 2810 7431 .8466 4946 —

TSA, reverse total shoulder arthroplasty; SI, superior-inferior; AP, anterior-posterior; Pre, before cyclic loading; Post, after cyclic loading; ANOVA, analysis of variance.

* Statistically significant (P < .05).
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Table V
Comparison of SI and AP baseplate displacement after cyclic loading between the standard and small glenoid baseplates in a 24-g/cm> bone substitute substrate

Baseplate shear displacement, um

SI AP

Standard baseplate Small baseplate P value Standard baseplate Small baseplate P value
2 screws 125+ 44 118 + 33 5889 275+ 94 244 + 93 .3648
4 screws 91 +23 104 + 22 1359 129 + 35 162 + 57 .0728
18-mm screws 140 + 45 141 + 28 9793 240 + 105 291 + 74 1964
30-mm screws 111 + 16 102 + 12 1345 164 + 47 174 + 70 .6745
46-mm screws 73 +8 89+9 <.0001" 160 + 104 143 + 22 6173

SI, superior-inferior; AP, anterior-posterior.

*

Statistically significant (P < .05).
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