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Posterior and inferior glenosphere position in
reverse total shoulder arthroplasty supports
deltoid efficiency for shoulder flexion and
elevation
Michel Meisterhans, MSca,*, Samy Bouaicha, MDb,
Dominik C. Meyer, MDb
aUniversity of Zurich, Zurich, Switzerland
bDepartment of Shoulder and Elbow Surgery, Balgrist University Hospital, Zurich, Switzerland
Background: For humeral flexion and elevation, most relevant for daily activities with reverse total
shoulder arthroplasty, the anterior and lateral deltoid muscles are most important. However, how this di-
rection of movement is best supported with the glenosphere position is not fully understood. We hypoth-
esized that both inferior positioning and posterior positioning of the glenosphere may best support this
direction of movement.
Methods: A validated, anatomic biomechanical shoulder model was modified to host a reverse shoulder
prosthesis. The glenoid baseplate was altered to allow inferior, lateral, and posterior center-of-rotation
(COR) offsets. An optical tracking system was used to track the excursion of ropes simulating portions
of various shoulder muscles during humeral abduction, elevation, and flexion.
Results: The inferior CORoffset resulted in a significant increase in the deltoidmoment arm in all 3 planes
of motion. The lateral COR offset showed a significantly lower posterior deltoid moment arm during hu-
meral abduction and a significantly lower lateral deltoid moment arm during humeral elevation. The pos-
terior offset showed significantly larger anterior and lateral deltoid moment arms during humeral flexion.
Discussion and conclusion: Owing to the oblique direction of the deltoid muscle across the shoulder
joint, an inferior offset of the COR in reverse total shoulder arthroplasty increases the deltoid moment
arm during abduction, elevation, and flexion, whereas it mainly supports humeral flexion at a posterior
offset. For humeral elevation and flexion, favorable positioning of the glenosphere may, therefore, be
defined by a more inferior and posterior placement compared with the non-offset position.
Level of evidence: Basic Science Study; Biomechanics
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Despite the undisputed success and benefit of reverse
shoulder arthroplasty, complications remain, such as acro-
mial fracture, implant loosening, scapular notching, and
dislocation.4,5,11,20,24,27,31 Such unwanted events and the fact
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that there is still considerable variability in the active move-
ment of patients suggest that not all aspects of the biome-
chanics of reverse shoulder prostheses are fully understood.

Comparisons between the anatomic shoulder and reverse
total shoulder arthroplasty (RTSA) regarding muscle
moment arms, muscle forces, and range of motion (ROM)
have been reported in a variety of biomechanical, cadav-
eric, and computational studies. These concluded on an
inferior-medialized center of rotation (COR) compared
with the anatomic shoulder, leading to an increased deltoid
moment arm and reduced ROM.1,3,14,15,21,30 An increased
deltoid moment arm improves deltoid efficiency to achieve
humeral elevation.13 In RTSA, the anterolateral deltoid
muscle is the most important abductor in the case of a ro-
tator cuff tear.1 Therefore, the influence of RTSA design
parameters on the moment arm of this portion of the deltoid
muscle appears to be particularly important.

There have been studies that analyzed lateralization of the
COR14 and superior and lateral CORdisplacement,15 as well as
humeral lateralization, concluding that humeral lateralization
counters some of the negative effects of COR lateralization.10

Other studies have evaluated the effect of a posterior humeral
offset in terms of ROM6 and moment arm analysis.22 Reduced
ROM and better teres minor tensioning could be recorded, but
no moment arm analysis of the deltoid was stated.22 Humeral
offset mechanically has the same effect on shoulder muscle
moment arms as offset of the glenosphere owing to a relative
change in COR in both situations. However, nowork has taken
into consideration isolated displacement of the glenosphere and
the COR particularly in the posterior or inferior direction in
relation to the deltoid moment arm.

The purpose of this study was to analyze the influence of
changing the COR by offsetting the glenosphere 11 mm
inferiorly, 5 mm laterally, or 5 mm posteriorly on the del-
toid moment arm as represented by ropes in an in vitro
validated model. We hypothesized that (1) an inferior offset
of the COR in RTSA would result in a larger deltoid
moment arm during arm movement in different planes, (2)
a posterior offset of the COR in RTSA would result in a
larger anterior deltoid moment arm during humeral flexion
and consequently reduce the required deltoid muscle forces
to elevate the arm, and (3) lateralization of the COR in
RTSA would decrease the deltoid moment arm during arm
movement in different planes.
Materials and methods

Adjustable RTSA implant

In this vitro biomechanical study, it was possible to measure
moment arms of shoulder muscles and to investigate the effect of
COR offsets in different directions on the moment arms. To test
the hypotheses independently of the limited implant configura-
tions commercially available, a customized glenoid component
was designed (Fig. 1).19
As described by Meisterhans,19 the baseplate from the
Anatomical Shoulder Replacement System (Zimmer, Warsaw, IN,
USA) was replaced by a custom baseplate that allowed offset of the
COR into superior-inferior, anterior-posterior, and lateral directions
(Fig. 1, C). A 5-mm-thick aluminum baseplate with a 29-mm
diameter, equipped with a 4-mm screw on the back to allow fixation
to the glenoid of the scapula, was designed. The glenoid was reamed
to the extent that the distal face of the baseplatewas on the same level
as the Zimmer baseplate of the Anatomical Shoulder Replacement
System. A 40-mm trial glenosphere from the Anatomical Shoulder
Replacement System was modified with a centered 4-mm pin
instead of the original oval peg to allow a push-fit connection with
the custom baseplate (Fig. 1, A). With the help of this centered pin,
the glenosphere can be inserted into designated holes at the front of
the baseplate, allowing a neutral position or a displacement of either
5, 7, 9, or 11 mm into inferior-superior and anterior-posterior di-
rections. For the lateral offset of the COR, 5- and 10-mmspacers can
be used (Fig. 1, B).19 In this study, only a neutral position of the
glenosphere and 11-mm inferior, 5-mm lateral, and 5-mm posterior
offsets were analyzed to assess the stated hypotheses.

A size 9 stem from the Anatomical Shoulder Replacement
System was implanted in 20� of humeral retroversion, and a 6-mm
off-center humeral trial cup was used.7 The glenoid component
was implanted in neutral version, with the border of the custom
baseplate placed flush with the inferior border of the glenoid rim
to achieve optimal glenoid component positioning.7,21
Biomechanical shoulder model

A validated and previously described biomechanical shoulder
model was used to host the custom adjustable RTSA implant
described earlier.7-9 A fresh, adult cadaveric specimen with no
pathology was used as a basis to create a realistic 3-dimensional
model of the thorax, scapula, and proximal humerus (Fig. 2).7,8

Braided cords were used to simulate the tendons. Broad muscles
were divided into multiple segments because the moment arm
length and direction of tendon action can vary considerably within
muscles with broad insertions. The biomechanical model allows
investigation of the moment arms of the following muscles: del-
toid, supraspinatus, infraspinatus, latissimus dorsi, teres major,
teres minor, subscapularis, pectoralis major, and coracobrachialis.
However, for this study, only the moment arms of the deltoid
muscles were investigated. For the deltoid muscles, subregion 1
corresponds to the anterior deltoid; subregions 2, 3, and 4 corre-
spond to the lateral deltoid; and subregions 5 and 6 correspond to
the posterior deltoid.8 To derive moment arm values for the
anterior, lateral, and posterior deltoid regions, the median of the
defined subregion groups was taken at each arm angulation.

The scapula was fixed to the thorax with a 30� angulation from
the coronal plane in the anterior direction (Fig. 2, D).7,8 The hu-
meral shaft, simulated by a steel rod, was led by a guiding arc,
allowing the humerus to be moved in the predefined plane of
elevation (Fig. 2, A and B). The humerus was additionally fixed to
a linear rail that constrained axial rotation of the humerus and
furthermore defined the arm elevation in degrees (Fig. 2, C).19

The tendon excursion method, widely accepted in biome-
chanical shoulder studies,1,2,23 was used to determine the moment
arm length of the shoulder muscles. The cords, simulating the
muscle tendons, were bundled in 3 groups and directed over a
scaled background. In front of the scaled background, digital



Figure 1 (A) A 40-mm trial glenosphere from the Anatomical Shoulder Replacement System was modified with a centered 4-mm pin,
which allows a push-fit connection to the predrilled holes in the baseplate. (B) A 5-mm spacer allows a 5-mm lateral offset of the gle-
nosphere with predrilled holes in a similar configuration to the baseplate. Two 3-mm metric threaded screws fix the spacer to the baseplate.
(C) Baseplate with predrilled holes for neutral position and 5-, 7-, 9-, 11-mm offsets in anterior-posterior and inferior-superior directions
depending on rotation of baseplate. A 4-mm metric threaded rod fixes the baseplate to the scapula. (D) Scapula with reamed cone and
threaded insert in glenoid.

Figure 2 (A) Biomechanical shoulder model with arm elevation guide. (B) The 2 curved metal rods allow guidance of the humerus. (C)
A vertical linear rail is fixed to the humerus via a pivotable joint to adjust the arm elevation and rotation. (D) The epoxy scapula is fixed to
the plastic thorax. The cords, which are simulating the tendons, are running over the reverse shoulder prosthesis and are loaded with a
weight of 2 N. (E-G) A scaled background is provided, in front of which digital reflex cameras mounted on tripods detect the excursion of
the cords for every increment of arm elevation conducted.
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Figure 3 Deltoid moment arm lengths of anterior, lateral, and
posterior deltoid subregions averaged over entire shoulder
abduction range from 20� to 60� during glenohumeral abduction
in coronal plane. Mean data are shown with standard deviations
(error bars). Significantly different results compared with reverse
total shoulder arthroplasty in the baseline position (P0) are
marked: P < .05 (*) or P < .001 (**). P11inf, 11-mm inferior
offset; P5lat, 5-mm lateral offset; P5post, 5-mm posterior offset.
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reflex cameras (Alpha 550; Sony, Tokyo, Japan), with 1 camera
for each of the 3 groups, were mounted on tripods. They detected
the excursion of the cords for every increment of arm elevation
conducted (Fig. 2, E-G). The image processing tool ImageJ (Na-
tional Institutes of Health, Bethesda, MD, USA; http://imagej.net/)
was used to derive the tendon excursion from the collected pic-
tures with the help of a semiautomated algorithm, which selected
the marked cords with a cursor in front of the scaled background
and exported their coordinates. The derived tendon excursion
allowed calculation of the moment arm for every increment of arm
elevation.19

Testing protocol

Four custom RTSA configurations with a neutral glenosphere
position and 5-mm posterior, 11-mm inferior, and 5-mm lateral
offsets of the glenosphere were tested, in this order. For each
configuration, glenohumeral abduction in the coronal plane, gle-
nohumeral elevation in the scapular plane, and glenohumeral
flexion in a plane rotated 60� from the coronal plane were con-
ducted with 10� increments from 10� to 70� of glenohumeral
elevationda range that all configurations achieved, except for the
5-mm posterior glenosphere offset during glenohumeral abduction
in the coronal plane, which was limited to 60� of abduction
because of acromiohumeral impingement. This allowed a moment
arm derivation for every 10� increment from 20� to 60� of arm
elevation using the tendon excursion method.19 To verify repro-
ducibility of the measurements, the measurements were repeated 3
consecutive times for all given arm angulations. This resulted in
10,200 measurement points in total.

Outcome variables and statistical analyses

A 2-way analysis of variance was conducted to compare mean
moment arms of each muscle subregion through the range of arm
elevation in 3 planes in different COR offset positions. The
moment arm was the dependent variable, with arm angulation and
glenosphere position as independent variables. The level of sig-
nificance was defined as P < .05, and a 95% confidence interval
was used. The Tukey honestly significant difference was used to
perform pair-wise post hoc comparisons between mean moment
arm lengths in different COR positions. SPSS software (version 24;
IBM, Armonk, NY, USA) and Microsoft Excel (Microsoft, Red-
mond, WA, USA) were used to conduct the analysis. This statis-
tical analysis approach was chosen based on published studies.1,30
Results

Abduction

The lateral deltoid segment registered the highest moment
arms of all the deltoid segments for all the different gle-
nosphere offsets. The inferior offset of the glenosphere by
11 mm (P11inf) showed significantly larger moment arms
in all 3 deltoid regions compared with the baseline position
(P0) for the mean values, as well as for the individual
moment arms over the abduction range of 20� to 60� (22 �
6 mm for anterior deltoid, P ¼ .02; 46 � 4 mm for lateral
deltoid, P < .001; and 16 � 3 mm for posterior deltoid, P <
.001; Figs. 3 and 4). For the lateral offset of the glenosphere
by 5 mm (P5lat), a significantly lower moment arm was
registered for the posterior deltoid region compared with P0
(6 � 2 mm for posterior deltoid, P ¼ .036; Fig. 3). The
moment arm for a 5-mm posterior offset of the glenosphere
(P5post) was significantly lower compared with P0 for the
anterior deltoid region (10 � 6 mm for anterior deltoid, P ¼
.028; Fig. 3). P5lat and P5post showed lower deltoid
moment arms at 20� of abduction for all 3 deltoid regions
compared with P0 (Fig. 4). At 60� of abduction, acromio-
humeral impingement occurred for P5post owing to contact
between the greater tuberosity and the acromion (Fig. 4).

Elevation

The lateral deltoid segment showed the largest moment arm
of all the deltoid segments for all the different glenosphere
offsets. In comparison with P0, P11inf showed significantly
higher moment arms in all 3 deltoid regions for the mean
values, as well as for the individual moment arms over the
elevation range of 20� to 60� (31� 6mm for anterior deltoid,
P ¼ .021; 41 � 4 mm for lateral deltoid, P < .001; and
2 � 7 mm for posterior deltoid, P ¼ .011; Figs. 5 and 6).
P5lat showed significantly lower moment arms for the lateral
deltoid region compared with P0 for the mean value
(30 � 3 mm for lateral deltoid, P ¼ .006; Fig. 5). P5lat
showed a lower deltoidmoment arm at 40� of elevation for all
3 deltoid regions compared with P0 (Fig. 6).

Flexion

The anterior segment showed the largest moment arm of all
the deltoid segments for all the different glenosphere off-
sets. P11inf showed significantly increased moment arms

http://imagej.net/


Figure 4 Anterior, lateral, and posterior deltoid moment arms
are plotted during a glenohumeral abduction range from 20� to 60�

in the coronal plane for the baseline position (P0), 11-mm inferior
offset (P11inf), 5-mm posterior offset (P5post), and 5-mm lateral
offset (P5lat) of the center of rotation in reverse total shoulder
arthroplasty. Significant results compared with reverse total
shoulder arthroplasty in P0 are marked: P < .05 (*) or P < .001
(**). For visual simplification, no error bars for standard de-
viations are included in the graphs.

Figure 5 Deltoid moment arm lengths of anterior, lateral, and
posterior deltoid subregions averaged over entire shoulder eleva-
tion range from 20� to 60� during glenohumeral elevation in
scapular plane. Mean data are shown with standard deviations
(error bars). Significantly different results compared with reverse
total shoulder arthroplasty in the baseline position (P0) are
marked: P < .05 (*) or P < .001 (**). P11inf, 11-mm inferior
offset; P5lat, 5-mm lateral offset; P5post, 5-mm posterior offset.
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compared with P0 for the anterior and lateral deltoid seg-
ments (41 � 6 mm for anterior deltoid, P ¼ .001, and 33 �
6 mm for lateral deltoid, P < .001; Fig. 7). The deltoid
moment arms over the glenohumeral flexion range of 20� to
60� were significantly higher for P11inf than for P0 in
every deltoid segment (Fig. 8). P5lat showed a lower pos-
terior deltoid moment arm at 60� of flexion compared with
P0 (Fig. 8). P5post showed significantly larger moment
arms than P0 for the anterior and lateral deltoid segments
(39 � 3 mm for anterior deltoid, P ¼ .021, and 31 � 3 mm
for lateral deltoid, P ¼ .015; Fig. 7). During assessment of
glenohumeral flexion from 20� to 60�, P5lat showed a
higher lateral deltoid moment arm compared with P0 at 30�

and 50� of flexion (Fig. 8).
Discussion

Even though the position of the COR is a decisive factor for
the success of RTSA, the effects of altering its position
have not been investigated systematically beyond the con-
figurations available in commercial implants. The major
findings of this study were as follows: First, an inferior
offset of the COR by 11 mm led to a significant increase in
the anterior and lateral deltoid moment arms during hu-
meral abduction, elevation, and flexion (Figs. 3-8). This
finding is explained by the mostly oblique direction of the
deltoid muscle across the shoulder joint. Second, a 5-mm
posterior offset of the COR also increased the moment arms
of the anterior and lateral deltoid subregions significantly
during humeral flexion (Figs. 7 and 8), supporting the
muscle area that is most used in activities of daily living. To
our knowledge, this finding has not been previously re-
ported. Third, lateralization of the COR by 5 mm had a
significantly decreasing effect on the moment arms for
humeral elevation and abduction (Figs. 3, 4, 5, and 6). The
last finding is supported by reports that have shown detri-
mental effects on the deltoid moment arm due to gleno-
humeral lateralization.14,15 Henninger et al14 mentioned a
significant cumulative deltoid force increase during eleva-
tion in the scapular plane for every increment of COR
lateral offset from 5 to 15 mm compared with the RTSA
baseline. Hoenecke et al15 found similar results, with 6- and
13-mm lateral COR offsets leading to a decrease in the



Figure 7 Deltoid moment arm lengths of anterior, lateral, and
posterior deltoid subregions averaged over entire shoulder flexion
range from 20� to 60� during glenohumeral flexion in plane
rotated 60� from coronal plane. Mean data are shown with stan-
dard deviations (error bars). Significantly different results
compared with reverse total shoulder arthroplasty in the baseline
position (P0) are marked: P < .05 (*) or P < .001 (**). P11inf, 11-
mm inferior offset; P5lat, 5-mm lateral offset; P5post, 5-mm
posterior offset.

Figure 6 Anterior, lateral, and posterior deltoid moment arms
are plotted during a glenohumeral elevation range from 20� to 60�

in the scapular plane for the baseline position (P0), 11-mm infe-
rior offset (P11inf), 5-mm posterior offset (P5post), and 5-mm
lateral offset (P5lat) of the center of rotation in reverse total
shoulder arthroplasty. Significant results compared with reverse
total shoulder arthroplasty in P0 are marked: P < .05 (*) or P <
.001 (**). For visual simplification, no error bars for standard
deviations are included in the graphs.
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deltoid moment arm and increased total muscle force dur-
ing abduction, respectively.

A strength of the underlying biomechanical shoulder
model is that it has previously been validated in 3 different
studies7-9 but with the limitation that it is based on only 1
specimen.7 Even though it has been considered acceptable
to conclude biomechanical generalities from a single
specimen with certain restrictions, as stated by Veeger
et al,26 the results may not be representative of all RTSA
designs. Furthermore, the influence of other shoulder
muscles, such as the pectoralis major, supraspinatus, and
coracobrachialis, should be investigated because it has been
reported that clavicular fibers of the superior pectoralis
major contribute to arm abduction and flexion in RTSA.1 It
has been reported that the subscapularis acts as a partial
abductor in RTSA compared with an adductor in the native
shoulder.1 This implies the question of how an inferior
COR offset in RTSA influences the moment arm of the
subscapularis and the remaining rotator cuff muscles.

As stated by Favre et al,7 a simplification of the model
used is fixation of the scapula in its anatomically neutral
position to the thorax. This was considered acceptable
because for the deltoid muscle, studied in this article, the
directions of action of the muscle do not change based on
the scapulothoracic movement because the deltoid links the
humerus to the scapula.

Humeral abduction of 90� measured in a thoracic co-
ordinate system under consideration of the scapulohumeral
rhythm ratio of 1.3:1 for RTSA corresponds to gleno-
humeral abduction of 50� relative to the scapula.18,29 The
reduced ROM due to acromiohumeral impingement at 60�

of glenohumeral abduction for the 5-mm posterior gleno-
sphere offset position supports the findings of Onstot
et al,22 in which acromiohumeral impingement was re-
ported for posterior-superior humeral offset in RTSA dur-
ing abduction.

As stated by many studies,1,3,14,15,21,30 RTSA results in
medial and inferior positioning of the COR of the gleno-
humeral joint relative to the native shoulder; however, no
study, to our knowledge, has analyzed the influence of an
isolated inferior COR offset in RTSA on deltoid moment
arms. In our study, compared with the baseline position in
RTSA, an 11-mm inferior COR offset increased the deltoid



Figure 8 Anterior, lateral, and posterior deltoid moment arms
are plotted during a glenohumeral flexion range from 20� to 60� in
plane rotated 60� from coronal plane for the baseline position
(P0), 11-mm inferior offset (P11inf), 5-mm posterior offset
(P5post), and 5-mm lateral offset (P5lat) of the center of rotation
in reverse total shoulder arthroplasty. Significant results compared
with reverse total shoulder arthroplasty in P0 are marked: P < .05
(*) or P < .001 (**). For visual simplification, no error bars for
standard deviations are included in the graphs.
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moment arm by 33% during abduction, 33% during eleva-
tion, and 39% during flexion and showed the highest
moment arms of all configurations in every plane of move-
ment. However, it should also be considered that an 11-mm
inferior offset of the COR in RTSA, on the one hand, may
reduce inferior notching and, on the other hand, may lead to
baseplate overlapping of the outer inferior glenoid rim,
creating problems fixing the baseplate to the glenoid. An
inferior eccentric glenosphere, as used in this study, could
provide sufficient baseplate fixation in the glenoid vault
without sacrificing the positive effects of the inferior offset
of the COR. An eccentric glenosphere, however, might
experience an increased moment arm acting on the base-
plate-bone interface.12 Furthermore, how muscle length-
ening influences the muscle’s ability to generate force cannot
be predicted in this model. Deltoid lengthening beyond its
effective length might lead to a reduced ability to generate
force28 and may counteract the positive effect of the inferior
COR offset on the deltoid muscle.

L€adermann et al16,17 listed excessive humeral length-
ening as a possible risk factor for acromial fractures in
RTSA but failed to prove this hypothesis. A recent cohort-
controlled study showed that lesser distalization of the
COR is associated with acromial fractures.25 Wong et al32

even reported reduced acromial stress due to inferior
positioning of the glenosphere in RTSA. On the basis of
these studies, an inferior offset of the COR in RTSA should
not negatively affect the occurrence of acromial fractures.

During activities of daily living, however, most of the time,
arm elevation is taking place in a plane between the scapular
and sagittal planes, corresponding to humeral flexion in this
study. During humeral flexion, the lowest deltoid moment
arm values have been recorded, with strongly negative
antagonistic activity of the posterior deltoid, requiring more
anterior deltoid muscle effort to elevate the arm compared
with the other planes of motion. Considering our study find-
ings, a promising glenosphere position may therefore be a
combination of an inferior position and posterior position.
This condition has not yet been mechanically tested in our
model as we limited the tests to the basic directions of the
coordinate system. However, if such a combination is
attempted, anatomic limitations of the glenoid vault regarding
fixation of the baseplate should be taken into consideration.
Conclusion
Owing to the mostly oblique direction of the deltoid
muscle across the shoulder joint, an inferior position and
posterior position of the glenosphere in RTSA both lead
to a significant improvement in the deltoid moment arm.
This results in an improvement in muscle efficiency for
the direction of shoulder motion most relevant for
common tasks of daily living. In contrast, however,
isolated lateralization of the glenosphere decreases the
deltoid moment arm during humeral elevation.
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