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Aims

The liner design is a key determinant of the constraint of a reverse total shoulder arthroplasty
(FTSA). The aim of this study was to compare the degree of constraint of rTSA liners between
different implant systems.

Methods

An implant company’s independent 3D shoulder arthroplasty planning software (mediCAD
3D shoulder v. 7.0, module v. 2.1.84.173.43) was used to determine the jump height of
standard and constrained liners of different sizes (radius of curvature) of all available
companies. The obtained parameters were used to calculate the stability ratio (degree of
constraint) and angle of coverage (degree of glenosphere coverage by liner) of the dif-
ferent systems. Measurements were independently performed by two raters, and intra-
class correlation coefficients were calculated to perform a reliability analysis. Additionally,
measurements were compared with parameters provided by the companies themselves,
when available, to ensure validity of the software-derived measurements.

Results

There were variations in jump height between rTSA systems at a given size, resulting in
large differences in stability ratio between systems. Standard liners exhibited a stability ratio
range from 126% to 214% (mean 158% (SD 23%)) and constrained liners a range from
151% to 479% (mean 245% (SD 76%)). The angle of coverage showed a range from 103° to
130° (mean 115° (SD 7°)) for standard and a range from 113° to 156° (mean 133° (SD 11°))
for constrained liners. Four arthroplasty systems kept the stability ratio of standard liners
constant (within 5%) across different sizes, while one system showed slight inconsistencies
(within 10%), and ten arthroplasty systems showed large inconsistencies (range 11% to
28%). The stability ratio of constrained liners was consistent across different sizes in two
arthroplasty systems and inconsistent in seven systems (range 18% to 106%).

Conclusion

Large differences in jump height and resulting degree of constraint of rTSA liners were
observed between different implant systems, and in many cases even within the same
implant systems. While the immediate clinical effect remains unclear, in theory the degree of
constraint of the liner plays an important role for the dislocation and notching risk of a rTSA
system.

Take home message reverse total shoulder arthroplasty (rTSA)
- Significant variations in jump height and liners are evident both between different
the resulting degree of constraint in
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Fig. 1

Example of a humeral liner for reverse total shoulder arthroplasty made out of polyethylene (Univers Reverse; Arthrex, USA).

Abstand 12,29 mm

Fig. 2

Screenshot of a measurement on mediCAD 3D shoulder. Left: axial view; the liner is positioned strictly parallel to the axial plane; the centre of the
liners’ concavity is determined by using a best-fit circle. Right: frontal view; first a tangential line is drawn on top of the concavity (blue line). Then, the
jump height is determined by drawing an orthogonal line (red) from the middle to the bottom of the concavity.

implant systems and, in many cases, within the same
system.

- While the immediate clinical impact is still unclear, theoreti-
cally, the degree of constraint plays a crucial role in influenc-
ing the risk of dislocation and notching in a rTSA system.

Introduction

Reverse shoulder arthroplasty (rTSA) is an effective surgical
option to relieve pain and improve shoulder function for a
variety of indications.' Surgical technique and implant design
have evolved over the last decade, which has led to an
overall decrease in complication rates.> However, peripros-
thetic instability is still one of the most commonly repor-
ted complications following rTSA.>* Factors reported to be
associated with periprosthetic instability include patient-rela-
ted factors such as male sex, BMI > 30 kg/m? decreased
bone mineral density, subscapularis deficiency, soft-tissue
pathologies (e.g. Ehler-Danlos), Parkinson’s disease, and prior
surgery or trauma of the affected limb.*'° Furthermore, the risk
of periprosthetic instability is influenced by various implant
configuration aspects, such as centre of rotation (COR) offset,
glenosphere diameter, humeral length, inclination and torsion,
as well as the degree of constraint of the liner.>*'""* To our

knowledge, the degree of constraint of liners of different rTSA
systems has not been systematically compared (Figure 1).

The stability ratio of a ball and socket joint is defined
as the ratio between the maximum translational force against
which the joint offers resistance, and dislocation at a given
concavity compression force. In the past, a mathematical
formula to calculate the stability ratio of a shoulder joint based
on jump height and radius measurements has been published
and validated.'*"® The same formula can be used to determine
the stability ratio of different ball and socket joints including a
ITSA.

The aim of this study was to measure the jump height
and determine the stability ratio of different RTSA liners,
allowing comparisons of the degree of constraint of liners
between different implant systems.

Methods

The measurements were performed using the implant-pro-
vider independent 3D planning software mediCAD 3D
shoulder v. 7.0; module v. 2.1.84.173.43 (mediCAD Hectec,
Germany). Measurements were performed for all 13 rTSA
systems available as templates on the software. The included
rTSA systems were:
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Fig.3

lllustration of a reverse total shoulder arthroplasty: radius (r) of the
glenosphere and concavity depth (d) or jump height of the liner
are required to calculate the liner stability ratio (LSR) using the
aforementioned formula. Yellow area: the extent of the glenosphere
covered by the liner; yellow striped line: angle of coverage (degree of
glenosphere coverage by the liner).

« Affinis Inverse Ceramys and CoCrMo Inlay (Mathys, Switzer-
land)

« Comprehensive Shoulder Arthroplasty System (Zimmer
Biomet, USA)

+ 8 XTEND Prothesis (DePuy Synthes, USA)

+ Embrace Shoulder System - UHMWPE and Enduro-S
(CoCrMo)-Inlay (Link, Germany)

+ Equinoxe Shoulder Reverse System (Exactech, USA)

- Perform Reversed (Stryker, USA)

+ Reverse Shoulder Prosthesis (Enovis, USA)

+ Reverse Shoulder System (Medacta International, Switzer-
land)

+ SMR Reverse Shoulder (LimaCorporate, Italy)

+ Trabecular Metal Shoulder Arthroplasty System (Zimmer
Biomet)

+ Unic Reverse (Evolutis, France)

+ Univers Reverse Shoulder System (Arthrex, USA)

+ Verso shoulder System (Innovative Design Orthopaedics,
UK)

Moreover, the official measurement parameters of
liners from the companies themselves could be obtained
for Equinoxe Shoulder Reverse System (Exactech), Reverse
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Fig.4

Diagrams illustrating the liner stability ratio of different reverse
total shoulder arthroplasty systems across glenosphere/cup sizes.
The reference lines (shades of grey) represent the standard change
in stability ratio per increase in jump height for different cup/
glenosphere sizes. a) Standard liners. b) Constrained liners.

Table I. Comparison between the measured jump heights and jump
heights provided by companies.

Reverse total

shoulder Cup/ Company

arthroplasty  glenosphere jump Measured

system size Inlay type height, mm height, mm
38 Standard 82 8.2
42 Standard 8.5 8.4
38 Constrained 1.7 11.6

Equinoxe

(Exactech) 46 Constrained 123 12.2
32 Standard 6.4 6.4
36 Standard 7.2 7.1

Reverse

Shoulder 39 Standard 7.8 7.8

System

(Medacta) 42 Standard 8.4 84
36 Standard 9.8 9.7
39 Standard 10.6 10.6
42 Standard 1.4 114

. 36 Constrained 123 123

Univers Reverse

Humeral 39 Constrained 13.1 13.0

Prosthesis

(Arthrex) 42 Constrained 13.9 13.9

Shoulder System (Medacta), and Univers Reverse Shoulder
System (Arthrex).

All available glenosphere/cup sizes were analyzed and
both constrained and standard liners were evaluated. Ten out
of the 13 systems provided both a standard and a constrained
liner, whereas three systems only provided standard liner
options. Two systems had two different material types of
standard liners, which were evaluated separately.
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Table IlI. Standard liner jump height, liner stability ratio, and angle of
coverage of different reverse total shoulder arthroplasty systems.

Cup/ Jump

Reverse total shoulder glenosphere  height, Stability Angle of

arthroplasty system size mm ratio,%  coverage, °
36 7.5 139 109
39 8.6 148 112

Affinis Inverse (Ceramys) Inlay

(Mathys) 42 9.9 160 116
36 79 147 m
39 9.0 156 115

Affinis Inverse (CoCrMo) Inlay

(Mathys) 42 10.4 170 119
36 9.5 187 124

Comprehensive Shoulder

Arthroplasty (Zimmer Biomet) 41 9.6 160 116

3 XTEND (DePuy Synthes) 38 83 147 12
42 9.4 151 113
39 89 155 114

Embrace Shoulder System -

Enduro-S (CoCrMo) Inlay (Link) 42 8.8 141 109
36 89 169 119
39 8.9 155 114

Embrace Shoulder System

UHMWPE Inlay (Link) 42 9.0 144 110
38 8.2 144 110
42 8.4 134 107

Equinoxe (Exactech) 46 8.7 126 103
32 8.7 193 125
36 9.9 197 126
40 10.9 194 126

Reverse Shoulder Prosthesis

(DJO/Encore) 44 12.0 197 126
32 6.4 134 107
36 Dol 132 106
39 7.8 134 106

Reverse Shoulder System

(Medacta) 42 84 133 106

SMR Reverse shoulder

(LimaCorporate) 36 104 214 130
40 89 150 113

SMR Reverse shoulder - HP

(LimaCorporate) 44 8.8 134 107
36 8.1 153 114

Trabecular Metal Reverse

(Zimmer Biomet) 40 7.7 128 104
33 7.3 150 113
36 8.0 149 112

Tornier Perform Reversed

(Stryker) 39 85 146 m
42 9.9 160 116

Unic (Evolutis) 33 7.9 164 17
37 8.4 154 114
36 9.7 193 125
39 10.6 194 125

Univers Reverse Humeral

Prosthesis (Arthrex) 42 1.4 194 125

Verso shoulder sys- 36 8.0 149 112

tem (Innovative Design

Orthopaedics) 41 104 175 121

Within the planning programme, the templates of the

liners’ concavity was determined using a best-fit circle. The
resulting frontal plane passing through the midpoint was used
for further measurements. After drawing a tangential line on
top of the concavity, the middle of its diameter was marked,
and an orthogonal line drawn until reaching the bottom of
the concavity. The length of the orthogonal line resembled the
jump height. The radius was determined by dividing the size
of the glenosphere/cup combination by two (Figure 2).

The measurements were performed independently by
an orthopaedic fellow (ES) and a medical student (JP). The
average of both raters was used for further calculations.

rTSA stability ratio
A mathematical formula, as previously described,”” was
validated for calculating the bony shoulder stability ratio
(BSSR),'® and adapted to calculate the liner stability ratio (LSR).
The BSSR quantifies the shoulder’s bony stability by calculat-
ing the ratio of the maximum translational force (T) that can
be resisted by a given compressive force (C), based on the
geometry of the glenoid concavity and the humeral head. It is
derived using Pythagorean trigonometric identities, incorpo-
rating the radius of the glenoid (r) and the concavity depth
(d) to model the ball-and-socket configuration of the joint.
To adapt the BSSR to the LSR, the humeral head radius was
replaced by the glenosphere radius, and the glenoid depth by
the jump height of the liner. The LSR approximates the ratio
of the maximum translational force that can be withstood by
the rTSA at a given compression force before a dislocation will
occur (Figure 3).

The final formula was:

V- (5

Liner stability ratio (LSR) = ——————

r—d
r

To calculate the degree of glenosphere coverage by the
liner, the following formula is used:

Angleof Coverage =2xarccos<1 - %) X %

Statistical analysis

All measurements were performed by both raters independ-
ently and the average of the measurement results was used for
comparisons against industry presented data. The normal-
ity of the distribution of the differences was tested using
QQ plots using the MatPlotLib PyPlot package in Python.
Intraclass correlation coefficient (ICC) estimates and their 95%
Cls were calculated using the Pingouin statistical package in
Python. For comparison of rater agreement in MediCad, a
two-way single random raters ICC model (ICC2) was used.”
For comparison of MediCad measurements and company-pro-
vided measurements, a two-way single fixed raters ICC model
(ICC3) was used.” To assess agreement between the aver-
age rater measurement in MediCad and company provided
measurements, Bland-Altman plots were created with the
Pingouin package in Python. All stability ratio calculations
were performed with Excel v. 16.76 (Microsoft, USA). Only the
measured data, not the industry-presented data, were used for
stability ratio calculation purposes.

Results

. . L . . . mp height m remen mparison ween rater
different liners were positioned with their concavity surface Jump  heig t_ easurement  co pa son  bet ee' aters
. . . showed a high concordance with excellent intraclass
strictly parallel with the axial plane. Then, the centre of the
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Table Ill. Constrained liner jump height, liner stability ratio, and angle
of coverage of different reverse total shoulder arthroplasty systems.

Angle of

Reverse total shoulder Cup/glenosphere Jump Stability  coverage,

arthroplasty system size height, mm ratio, % °

Comprehensive Shoulder 36 12.6 315 145

Arthroplasty (Zimmer

Biomet) 41 11.7 209 129

3 XTEND (DePuy Synthes) 38 12.0 251 137
42 13.2 248 136

Equinoxe (Exactech) 38 11.6 235 134
42 12.2 217 131
46 12.8 201 127
32 9.9 244 135
36 1.1 243 135
40 124 245 136

Reverse Shoulder

Prosthesis (DJO/Encore) 44 13.7 244 135
40 9.8 169 119

SMR Reverse shoulder - HP

(LimaCorporate) 44 9.9 151 113
36 9.7 193 125

Trabecular Metal Reverse

(Zimmer Biomet) 40 9.1 153 14

Tornier Perform Reversed

(Stryker) 33 9.6 216 130
36 9.8 194 126
39 10.5 191 125
42 11.0 184 123

Unic (Evolutis) 37 11.9 264 139
36 123 300 143
39 13.0 281 141

Univers Reverse Humeral

Prosthesis (Arthrex) 42 13.9 277 140

Verso shoulder system 36 13.9 426 154

(Innovative Design

Orthopaedics) 41 16.3 479 156

correlation coefficient (0.9998 (95% Cl 0.9997 to 0.9999)).
There was also high concordance between the measured jump
heights and the provided company data (Table I). The mean
of differences was 0.05 mm (95% Cl 0.02 to 0.08) and the 95%
limits of agreement were -0.04 mm (95% Cl -0.09 to 0.00) to
0.15 mm (95% CI 0.10 to 0.20). The ICC was 0.9998 (95% ClI
0.9993 t0 0.9999).

There were variations in jump height between rTSA
systems at a given size resulting in large differences in stability
ratio between systems (Tables Il and Ill). Standard liners
exhibited a stability ratio range from 126% to 214% (mean
158% (SD 23%)) and constrained liners a range from 151% to
479% (mean 245% (SD 76%)).

Four arthroplasty systems maintained a consistent
stability ratio for standard liners across the different sizes
(within 5%). Slight inconsistencies (within 10%) were seen
in one system. Ten arthroplasty systems exhibited notable
inconsistencies in the range of 10% to 28%. For the inconsis-
tency group, we analyzed the trend of the stability ratio as
glenospheres increased in size. An increase in stability ratio
with larger sizes was noted in three systems, a decrease in

822

Table IV. Stability ratio for standard liners across their own different
sizes.

Arthroplasty system Trend
Stable stability ratio (< 5%)

& XTEND (DePuy Synthes) &
Reverse Shoulder Prosthesis (DJO/Encore) o]
Reverse Shoulder System (Medacta) (o]
Univers Reverse Humeral Prosthesis (Arthrex) o]

Slight inconsistencies (5% to 10%)

<]

Unic (Evolutis)

Notable inconsistencies (> 10%)

Affinis Inverse Ceramys Inlay (Mathys)

Affinis Inverse CoCrMo Inlay (Mathys)

Comprehensive Shoulder (Zimmer Biomet)

Embrace Shoulder System; Enduro-S Inlay (Link)
Embrace Shoulder System; UHMWPE Inlay (Link)
Equinoxe (Exactech)

SMR Reverse shoulder HP liners (LimaCorporate)
Trabecular Metal Reverse Arthroplasty (Zimmer Biomet)

(7]

Tornier Perform Reversed (Stryker)

B kENENENANENEABNDN

Verso shoulder system (IDO)

seven systems, and a wavering trend was seen in one system
(Table IV and Figure 4).

The stability ratio of constrained liners was constant in
two arthroplasty systems, and inconsistent in seven systems,
with a range of 18% to 106%. One system showed an increase
in stability ratio with larger sizes, while six showed a decrease
(Figure 4).

The angle of coverage had a range of 103° to 130°
(mean 115° (SD 7°)) for standard and 113° to 157° (mean
133° (SD 11°)) for constrained liners. The maximum variance of
the angle of coverage between the different sizes within one
implant system was 9.7° for standard and 16° for constrained
liners.

Discussion

The instability rate of rTSAs varies between 2.3% and 5%.*'*”'
Many implant properties have been studied and modified to
reduce complications and improve stability after rTSA. The
usage of larger glenospheres,? an inferior baseplate inclina-
tion of 10,°* and glenoidal eccentricity were proven to lower
the risk of rTSA dislocation.”*** Moreover, humeral lengthening
results in higher compression forces, which increases stability
but may have a negative effect on the deltoid muscle.>* Other
than compressive forces provided by the muscles, the liner
depth is the second most important stability-generating factor
in rTSA.** A deepening of the concavity leads to a steep
increase in stability ratio, which becomes exponential as the
concavity depth approaches the joint radius."

In this present study, a wide spread of liner-depend-
ent stability ratios was observed when comparing different
arthroplasty models from various providers. The variation is
so pronounced that constrained liners of some companies
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offer the same degree of constrained than the standard liners
of other companies. Moreover, in a single implant system,
the stability ratio increased by an additional 106% with a
change in glenosphere/cup size. Certain companies exhibit a
decreasing trend in the degree of constraint as glenospheres
increase in size. This challenges the belief that larger gleno-
spheres inherently result in greater stability by means of
increased soft-tissue tensioning compared to smaller sizes,”
due to the concomitant loss of constraint on the liner side.

Certainly, the stability ratio created by a concave liner is
affected by the tilt of the liner in comparison to the direc-
tion of the dislocation force. Therefore, humeral component
inclination and version also has an effect in clinical real-
ity. Nonetheless, the range of inclination of humeral compo-
nents is limited, with systems generally exhibiting comparable
angles within the range of 135° to 155°, and mostly the version
of all systems is 0° with few exceptions allowing for 10° tilt.

Although a higher stability ratio can reduce disloca-
tion, a potential consequence of greater jump height may be
increased scapular notching. Depending on the arm position,
the likelihood of inferior scapula impingement grows.?®*
Repetitive impaction of the prothesis’s humeral component
against the bone leads to erosion on the scapula neck,
primarily occurring during arm adduction,”®**° but also seen
in anteversion and external rotation.>'? Nonetheless, in a
clinical matched-cohort study,” no differences in range of
motion (ROM) in rTSA using standard or constrained liners
in a system with lateralized glenoid design and 135° hum-
eral neck shaft angle were observed supporting the use of
liners with a higher jump height and degree of constraint
in lateralized rTSA designs.® The negative effect of a con-
strained liner on notching might, however, be more pro-
nounced in a Grammont-style rTSA system. Depending on
various studies the positioning of the glenosphere,* as well
as its eccentricity and the humeral cup design, influences
the risk of inferior scapula notching.’* In theory, the greater
glenosphere coverage of more constrained liners decreases
impingement-free ROM; however, this depends on the amount
of glenosphere overhang over the glenoid.** Accordingly,
another clinical study showed that constrained liners were
not necessarily associated with a higher risk of scapular
notching than conventional liners.>®> Moreover, subcoracoid
and subacromial impingement should not be affected by the
degree of constraint of the liner.

Considering the unexpected inconsistencies in liner
design between different and even within the same implant
systems, it becomes apparent that this may not only
impact stability, but also potentially influence notching. This
underscores the need for further analysis and potential
adjustments by companies to ensure optimal stability and
performance.

Limitations

A limitation of this study is the dependence on the accu-
racy of the templates provided by the implant companies to
the mediCAD software. However, we validated the measure-
ments by comparing the performed measurements on the
software with available actual measurement data of compa-
nies showing no relevant differences. Furthermore, reliability
of the measurement process between raters was confirmed
by our data. An additional limitation is the fact that the

glenosphere size was used to determine the radius, while
in reality usually the cup has a minimally larger radius than
the glenosphere, to allow for production tolerances. As this
was the same for all analyzed rTSA systems, comparability is
not compromised. Furthermore, the differences in radius are
minimal and thus do not affect the actual values to a relevant
degree.

In conclusion, large differences in jump height and
resulting degree of constraint of rTSA liners were observed
between different implant systems, and in many cases even
within the same implant systems. While the immediate clinical
effect remains unclear, in theory the degree of constraint
of the liner plays an important role in the dislocation and
notching risk of a rTSA system.
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