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Range of Impingement-Free Abduction and
Adduction Deficit After Reverse Shoulder

Arthroplasty
Hierarchy of Surgical and Implant-Design-Related Factors

By Sergio Gutiérrez, MS, Charles A. Comiskey IV, Zong-Ping Luo, PhD, Derek R. Pupello, MBA, and Mark A. Frankle, MD

Investigation performed at the Phillip Spiegel Orthopaedic Research Laboratory at the
Florida Orthopaedic Institute Research Foundation, Tampa, Florida

Background: Evaluations of functional outcomes of reverse shoulder arthroplasty have revealed variable improvements
in the range of motion and high rates of scapular notching. The purpose of this study was to systematically examine the
impact of surgical factors (location of the glenosphere on the glenoid and tilt angle of the glenosphere on the glenoid)
and implant-related factors (implant size, center-of-rotation offset, and humeral neck-shaft angle) on impingement-free
abduction motion.

Methods: A computer model was developed to virtually simulate abduction/adduction motion and its dependence on five
surgical and implant-related factors. Three conditions were tested for each factor, resulting in a total of 243 simulated
combinations. The overall motion was determined from 0� of abduction until maximum abduction, which would be limited
by impingement of the humerosocket on the scapula. In those combinations in which 0� of abduction could not be
achieved, the adduction deficit was recorded.

Results: The largest average increase in the range of impingement-free abduction motion resulted from a more lateral
center-of-rotation offset: the average increase was 31.9� with a change in the center-of-rotation offset from 0 to 10 mm,
and this change resulted in an increase in abduction motion in eighty of the eighty-one combinations. The position of the
glenosphere on the glenoid was associated with the second largest average increase in abduction motion (28.1� when the
glenosphere position was changed from superior to inferior, with the change resulting in an increase in seventy-one of
the eighty-one combinations). These factors were followed by glenosphere tilt, humeral neck-shaft angle, and prosthetic
size in terms of their effects on abduction motion. The largest effect in terms of avoiding an adduction deficit was provided
by a humeral neck-shaft angle of 130� (the deficit was avoided in forty-nine of the eighty-one combinations in which this
angle was used), followed by an inferior glenosphere position on the glenoid (deficit avoided in forty-one combinations), a
10-mm lateral offset of the center of rotation, inferior tilt of the glenosphere, and a 42-mm-diameter prosthetic size.

Conclusions: An understanding of a hierarchy of prosthetic design and implantation factors may be important to maximize
impingement-free abduction motion as well as to avoid inferior impingement.

Clinical Relevance: A better understanding of these factors may lead to a reduction in inferior scapular notching and
improvements in impingement-free motion after reverse shoulder replacement.

T
he management of patients who have an irreparable
rotator cuff tear and severe glenohumeral arthritis has
been a challenge historically. One of the few options is

reverse shoulder arthroplasty1-8. The uniqueness of reverse
shoulder arthroplasty is its conversion of the humerus into a
socket (humerosocket) and the glenoid into a ball (gleno-
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sphere) with congruency that provides a more stable articu-
lation to compensate for a dysfunctional rotator cuff. Recent
clinical studies have provided evidence of functional improve-
ments as well as decreased pain after these procedures2,4-6.

A primary concern about reverse shoulder arthroplasty
is the variability in functional outcomes after implantation of
this nonanatomic prosthesis. The range of active elevation has
been shown to vary from 30� to 180� and the range of external
rotation has been shown to vary from 10� to 65� after reverse
shoulder arthroplasty2,7. This variation in outcomes may be
related to modifications in surgical technique, the amount of
residual rotator cuff available in each patient, and the under-
lying disease for which the reverse prosthesis was initially se-
lected. Additionally, these differences in the range of motion
may be the result of varying primary arcs of motion and the
inherent impingement related to differences in implant design.
One location where impingement may produce adverse clini-
cal consequences after reverse shoulder arthroplasty is between
the medial edge of the humerosocket and the lateral edge of the
scapula. Impingement of the implant on the inferior aspect of
the scapular neck has been described as the cause of scapular
notching5,9. Typically, this impingement, referred to as an ad-
duction deficit, occurs when the arm is in a resting position.
The reported prevalences of progressive scapular notching, as
seen radiographically, have varied (56% in the study by Valenti
et al.7, 63% in the study by Boulahia et al.2, 65% in the study by
Sirveaux et al.9, 74% in the study by Boileau et al.5, and 96% in
the study by Werner et al.6). Scapular notching has been shown
to correlate with poorer clinical outcomes10 and has even been
implicated as the cause of failure in several patients11.

Impingement after reverse shoulder arthroplasty may also
result in the introduction of prosthetic wear particles, creating
additional long-term concerns12. Retrieval studies of total hip
prostheses have offered evidence linking impingement to ac-
celerated wear and levering-out dislocation13,14. Prosthetic im-
pingement may also be a source of unexplained pain after total
hip arthroplasty. These outcomes may correlate with a potential
for failure of reverse shoulder arthroplasty due to a decrease in
the impingement-free arc of motion. Recent work by Guery
et al. showed a dramatic decrease in pain relief as a function of
time between five and seven years after reverse shoulder ar-
throplasty15. Thus, for long-term clinical success of reverse
shoulder arthroplasty, it may be necessary, and even critical, to
better understand the underlying mechanisms to maximize the
impingement-free arc of motion.

A number of surgical and implant-design-related factors
may play important roles in the range of motion and any asso-
ciated impingement. Two methods have been proposed to avoid
humeral impingement on the inferior aspect of the scapula. One
method involves alteration of the surgical technique by modi-
fying the placement of the glenosphere on the face of the glenoid.
This can be done by placing it in a more inferior position11,12 and/
or by placing it with an inferior tilt angle9. The other method is
to alter the selection of the prosthesis by choosing a glenosphere
with a center of rotation that is lateral to the glenoid surface
(and closer to the anatomic center of rotation) or changing the

angulation of the humeral component4. However, we are not
aware of any study comparing the effectiveness of these factors
with regard to maximizing the impingement-free range of ab-
duction motion and limiting impingement between the inferior
aspect of the scapula and the humerus.

The purpose of this study was to systematically examine
the impingement-free range of abduction motion and the ad-
duction deficit under the regulation of surgery-related factors
(location of the glenosphere on the glenoid and tilt angle of
the glenosphere on the glenoid) and implant-design-related
factors (implant size, center-of-rotation offset, and humeral
neck-shaft angle). A virtual computer model was developed to
simulate abduction/adduction motion and its dependence
on these five factors. The specific questions that we addressed
were (1) what is the hierarchy of these factors in terms of their
effects on the impingement-free range of abduction motion
and the adduction deficit, and (2) which factor combinations
offer a sufficient impingement-free range of abduction motion
without an adduction deficit?

Materials and Methods
Simulated Model

Acomputer-aided-design program, SolidWorks (SolidWorks,
Concord, Massachusetts), was used to model reverse

shoulder arthroplasty and to simulate humeral abduction/ad-
duction in relation to the glenoid in the scapular plane. The
simulated model consisted of a scapula, a mounting block for
the scapula, a glenosphere, a humerosocket, and a humeral shaft
fixed in a humerus. The scapula and humerus were imported from
computed tomography images of a left large Sawbones shoulder
model (Pacific Research Laboratories, Vashon, Washington).
The images were converted into a stereolithography file by the
program Mimics (Materialise, Leuven, Belgium).

The impingement-free range of abduction motion was
measured in the scapular plane as the total degrees of abduc-
tion from the point of inferior impingement to the point of
superior impingement on the scapula or acromion in relation
to the glenoid. Inferior impingement was defined by an adduc-
tion angle that prevented the humerus from resting in a vertical
position—i.e., the arm coming to rest at the side of the body16.
Any adduction past this point, or of <0�, was noted as 0� of, or
no, adduction deficit since such adduction is not anatomically
possible. The model was validated both anatomically and me-
chanically prior to the virtual simulation.

Anatomic Validation
The Sawbones model was validated by comparing the geometry
of its scapula and humerus with that of eleven patients (randomly
selected with use of the website www.randomizer.org) who had
had a reverse shoulder arthroplasty as well as computed to-
mography scans performed preoperatively. All patients had had
rotator cuff deficiency with glenohumeral arthritis, and three of
them had had previous rotator cuff surgery. The average age of
the eight women and three men was 79.9 years. Seven parameters
that had been previously defined in the literature were used for
the comparison: glenoid height, glenoid width, glenoid depth,
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glenoid retroversion, glenoid inclination, distance from the
coracoid base to the articular surface, and radius of the humeral
head17,18. The computed tomography images of the patient’s
scapula as well as the Sawbones scapula were imported into
SolidWorks as three-dimensional virtual models.

Mechanical Validation
Mechanical validation was performed by comparing the
impingement-free range of abduction motion in the virtual
simulations with that in an identically constructed experimental
model19 for twenty-seven combinations, including three center-
of-rotation lateral offsets (0, 5, and 10 mm), three glenosphere
diameters (30, 36, and 42 mm), and three humeral neck-shaft
angles (130�, 150�, and 170�) with the glenosphere placed
centrally on the glenoid without tilting.

Virtual Simulation
The virtual simulation was then performed with a total of 243
(3 · 3 · 3 · 3 · 3) different combinations of three conditions
for each of the five factors: glenosphere diameter (30, 36, and
42 mm), humeral neck-shaft angle (130�, 150�, and 170�),
center-of-rotation lateral offset (0, 5, and 10 mm), glenosphere
location on the glenoid (superior [113 mm], neutral [0 mm],
and inferior [213 mm]), and glenosphere tilt angle (superior
[115�], neutral [0�], and inferior [215�]).

Data Analysis
In the validation of the anatomic model, the patients’ com-
puted tomography measurement was represented by a 95%
confidence interval. According to a power analysis, a sample
size of eleven was sufficient to detect a difference of >0.75
standard deviation in a two-sided test with 80% power (b =
0.2) if a = 0.05. The measurements were made by one observer
on two different occasions. Intraobserver reliability was eval-
uated by calculating the intraclass correlation coefficient be-
tween the two measurements20.

Mechanically, the impingement-free range of abduction
motion was compared between the virtual model prediction
and the experimental measurement for each of the twenty-
seven combinations. Linear regression was used to determine
their correlation.

In the virtual simulation, the hierarchy of factors with
regard to their effect on the impingement-free range of ab-
duction motion was ranked with two measures under fifteen
testing conditions (three conditions multiplied by five factors).
The first measure was the increase (or decrease) in the average
range of motion over the remaining eighty-one (3 · 3 · 3 · 3)
combinations when one of the factors changed from condition
1 to condition 3. For example, for the factor of glenosphere
location on the glenoid, the range of motion was averaged over
eighty-one combinations consisting of three implant sizes, three
center-of-rotation offsets, three humeral neck-shaft angles, and
three glenosphere tilt angles on the glenoid with the gleno-
sphere positioned inferiorly in the glenoid. The same procedure
was repeated to determine the average range of motion with a
superiorly located glenosphere. The difference in the range of
motion between these two positions was then determined. The
second measure used to determine the factor hierarchy was a
direct count of the number of combinations associated with an
increased range of motion when condition 1 was changed to
condition 3. For example, for the factor of glenosphere location
on the glenoid, the number of combinations that were associ-
ated with an increased range of motion when the glenosphere
was moved from superior to inferior was determined.

Similarly, the hierarchy of factors in terms of their effect on
the adduction deficit was quantified with two measures: (1) the
increase (or decrease) in the average adduction deficit over eighty-
one combinations when one of the factors changed from condi-
tion 1 to condition 3, and (2) the number of combinations that
were not associated with an adduction deficit in each condition.

In order to determine the combinations that offered an
impingement-free range of abduction motion without an ad-

TABLE I Comparison of the Computer Model with Anatomic Measurements*

Anatomic Measurement Computer Model

95% Confidence Interval in Population
of Patients with Reverse

Shoulder Arthroplasty

Glenoid height (mm) 37.8 33.0-38.2

Glenoid width (mm) 25 24.2-29.4

Glenoid depth (mm) 2.8 2.4-4.4

Glenoid retroversion (deg) 7.6 6.1-13.3

Glenoid inclination (deg) 11.3 2.5-11.5

Distance from coracoid base to articular surface (mm) 4.0 2.6-4.8

Humeral head radius (mm) 24.2 20.9-24.7

*The computer model was validated anatomically by comparing seven parameters of scapular and humeral anatomy in that model with the same
parameters in eleven randomly selected patients who had undergone a reverse shoulder arthroplasty17,18. The parameters in the model agreed
with those in the patient population, as each was within the 95% confidence interval of the value for the patient population.
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duction deficit, the combinations not associated with an ad-
duction deficit were selected and ranked by the impingement-
free range of abduction motion.

Results
Anatomic Validation

The Sawbones glenoid model was 37.8 mm in height, 25.0
mm in width, 2.8 mm in depth, in 7.6� of retroversion, and

inclined 11.3�; it measured 4.0 mm from the coracoid base to
the articular surface. The humeral head radius was 24.2 mm.
There was no significant difference between any value and its

counterpart in the eleven patients treated with the reverse
shoulder arthroplasty as determined by the 95% confidence
intervals (p > 0.05) (Table I). The average intraobserver reli-
ability over the seven parameters was 0.92.

Mechanical Validation
The virtual simulation of the impingement-free range of ab-
duction motion duplicated what was found in the mechanical
experiment. There was a very strong positive correlation be-
tween the mechanical measurement and the simulation (R2 =
0.994 and p < 0.0001).

Fig. 1

Illustration of the effects of lateral offset of the center of rotation and of the location of the glenosphere on the impingement-free range of abduction

motion and the adduction deficit associated with a 36-mm glenosphere diameter, a 150� humeral neck-shaft angle, and no glenosphere tilting. A: A

superiorly positioned glenosphere with 10 mm of lateral offset. B: A superiorly positioned glenosphere with no offset. C: An inferiorly positioned

glenosphere with 10 mm of lateral offset. D: An inferiorly positioned glenosphere with no offset. The shaded region represents the adduction deficit. The

range of motion, shown by the arrow, is from the point of inferior impingement to the point of superior impingement. The effect of the lateral offset of the

center of rotation can be seen by comparing A with B or C with D. The effect of the glenosphere location can be seen by comparing A with C or B with D.

2609

TH E J O U R N A L O F B O N E & JO I N T SU R G E RY d J B J S . O R G

VO LU M E 90-A d NU M B E R 12 d D E C E M B E R 2008
RA N G E O F IM P I N G E M E N T-F R E E AB D U C T I O N A N D AD D U C T I O N

DE F I C I T A F T E R R E V E R S E SH O U L D E R AR T H R O P L A S T Y



Range of Impingement-Free Abduction Motion
The largest effect on the range of impingement-free abduction
motion was produced by lateral offset of the center of rotation
(Figs. 1 and 2). At the 0-mm position, the average range of
motion (over the remaining eighty-one combinations) was 53.6�
(range, 29.6� to 86.0�). When the glenosphere was moved to the
10-mm position, the average range of motion increased to 85.5�
(range, 38.6� to 118.4�), an effective increase of 31.9�. Eighty
(99%) of the eighty-one combinations were associated with an
increase in the range of motion when the glenosphere was moved
from the 0 to the 10-mm position.

The glenosphere location on the glenoid had the second
largest effect. The range of abduction motion increased an
average of 28.1�, from an average of 56.5� (range, 29.6� [with a
center-of-rotation offset of 0 mm] to 99.7� [with a center-of-
rotation offset of 10 mm]) with the glenosphere in the superior
position to an average of 84.6� (range, 53.9� [with a center-of-
rotation offset of 0 mm] to 118.4� [with a center-of-rotation
offset of 10 mm]) with the glenosphere in the inferior position
(Fig. 1). Seventy-one (88%) of the eighty-one combinations
were associated with an increased range of motion when the
glenosphere was translated from superior to inferior.

A change in glenosphere tilt was associated with a 12.5�
increase in the range of impingement-free abduction. The range
of abduction motion increased from an average of 64.2� (range,
29.6� [with a center-of-rotation offset of 0 mm] to 118.4� [with a

center-of-rotation offset of 10 mm]) with superior tilting to an
average of 76.7� (range, 46.2� [with a center-of-rotation offset of
0 mm] to 113.8� [with a center-of-rotation offset of 10 mm])
with inferior tilting. This increase with the change in glenosphere
tilt occurred in fifty-three (65%) of the eighty-one combinations.

A change in the humeral neck-shaft angle was associated
with a 7.1� increase in the range of impingement-free abduc-
tion, from an average of 65.2� (range, 28.9� [with a center-of-
rotation offset of 0 mm] to 97.4� [with a center-of-rotation
offset of 10 mm]) at an angle of 130� to an average of 72.3�
(range, 29.6� [with a center-of-rotation offset of 0 mm] to
118.4� [with a center-of-rotation offset of 10 mm]) at an angle
of 170�. Forty-nine (60%) of the eighty-one combinations
were associated with an increased range of motion when the
humeral neck-shaft angle was changed from 130� to 170�.

The least sensitive factor was prosthetic size. There was a
6.9� increase in the range of impingement-free abduction,
from an average of 66.2� (range, 33.7� [with a center-of-
rotation offset of 0 mm] to 106.9� [with a center-of-rotation
offset of 10 mm]) for the 30-mm-diameter glenosphere to an
average of 73.1� (range, 29.6� [with a center-of-rotation offset
of 0 mm] to 118.4� [with a center-of-rotation offset of 10
mm]) for the 42-mm-diameter glenosphere. Sixty-one (75%)
of the eighty-one combinations were associated with an in-
creased range of motion when the prosthetic size was changed
from 30 to 42 mm.

Fig. 2

The range of impingement-free abduction motion averaged over eighty-one combinations under each of the fifteen testing

conditions.
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Adduction Deficit
The primary factor affecting the adduction deficit was the hu-
meral neck-shaft angle (Fig. 3). When a 130� angle was used,
the average adduction deficit (over the remaining eighty-one
combinations) was 5.8� (range, 0.0� [with a center-of-rotation
offset of 0 mm] to 35.5� [with a center-of-rotation offset of 0
mm]). When a 170� angle was used, the average adduction
deficit increased by 31.1�, to 36.9� (range, 6.2� [with a center-
of-rotation offset of 10 mm] to 75.0� [with a center-of-rotation
offset of 0 mm]). The 130� neck-shaft angle resulted in the
largest number of factor combinations (forty-nine [60%] of
eighty-one) without inferior impingement (Table II). The 170�
neck-shaft angle was the worst factor: there was no combi-
nation without inferior impingement when that angle was
used.

The glenosphere location had the next largest effect.
There was a 19.1� increase in the average adduction deficit,
from an average of 8.2� (range, 0.0� [with a center-of-rotation
offset of 0 mm] to 32.7� [with a center-of-rotation offset of
0 mm]) at the inferior position to an average of 27.3� (range,
0.0� [with a center-of-rotation offset of 0 mm] to 75.0� [with a
center-of-rotation offset of 0 mm]) at the superior position
(Fig. 1). Use of an inferior glenosphere location resulted in the
second largest number of combinations with no adduction
deficit (forty-one [51%] of eighty-one).

A change in glenosphere tilt was associated with an in-
crease in the average adduction deficit of 16.4�, from an av-

erage of 12.4� (range, 0.0� [with a center-of-rotation offset of
0 mm] to 46.9� [with a center-of-rotation offset of 0 mm])
with an inferior tilt to an average of 28.8� (range, 0.0� [with a
center-of-rotation offset of 0 mm] to 75.0� [with a center-of-
rotation offset of 0 mm]) with a superior tilt (Fig. 4). Inferior
tilting resulted in no inferior impingement in association with
thirty (37%) of eighty-one combinations.

A change in the center-of-rotation offset resulted in a
15.5� increase in the average adduction deficit, from an average
of 12.8� (range, 0.0� to 50.8�) with the 10-mm offset to an
average of 28.3� (range, 0.0� to 75.0�) with the 0-mm offset (Fig.
1). When the 10-mm center-of-rotation offset was used, thirty-
two (40%) of the eighty-one combinations were not associated
with an adduction deficit.

A change in the glenosphere diameter led to a 5.0� in-
crease in the average adduction deficit, from an average of
17.8� (range, 0.0� [with a center-of-rotation offset of 0 mm] to
68.7� [with a center-of-rotation offset of 0 mm]) with the 42-
mm diameter to an average of 22.8� (range, 0.0� [with a center-
of-rotation offset of 0 mm] to 75.0� [with a center-of-rotation
offset of 0 mm]) with the 30-mm diameter. Use of the 42-mm
diameter led to twenty-eight (35%) of eighty-one combina-
tions without an adduction deficit.

Maximum Range of Motion without Adduction Deficit
There were eighteen combinations that allowed a range of
abduction motion of >90� without inferior impingement. In

Fig. 3

The adduction deficit averaged over eighty-one combinations under each of the fifteen testing conditions.
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all but one, the center-of-rotation offset was lateral to the
glenoid (by 5 or 10 mm). There was a 150� neck-shaft angle in
all but three (all of which had a 130� neck-shaft angle). Fifteen
of the eighteen combinations had an inferior position of the
glenosphere on the glenoid. Ten had a 42-mm-diameter gle-
nosphere, and five had a 36-mm-diameter glenosphere. Gle-
nosphere tilt was inferior in seven combinations, neutral in
four, and superior in seven.

Surgical Factors Versus Implant Factors
An analysis of the individual simulations illustrated how sur-
gical factors such as glenosphere placement and tilt on the
glenoid or implant factors such as glenosphere diameter, hu-
meral neck-shaft angle, and center-of-rotation offset can in-
dividually affect the adduction deficit or the impingement-free
range of motion. An example of how surgical factors can in-
fluence the range of motion is the effect of glenosphere posi-
tion on a combination that consists of a 36-mm glenosphere
diameter, a 150� neck-shaft angle, a 0-mm center-of-rotation
offset, and neutral glenoid tilt. When the glenosphere is placed
in a neutral glenoid position, the maximum possible range
of motion is 43� and the adduction deficit is 35�. If, instead,
the glenosphere is placed in an inferior glenoid position, the
maximum range of motion increases to 67� and the adduction
deficit decreases to 9�. If, in the example described above (a
36-mm glenosphere diameter, a 150� neck-shaft angle, and a
0-mm center-of-rotation offset), the glenosphere position is
neutral but the glenosphere tilt is changed to inferior, the
maximum range of motion increases to 54� while the adduc-

TABLE II Number of Factor Combinations with No Adduction

Deficit Under the Fifteen Tested Conditions*

Study Factor and Condition
No. (%) with No Adduction

Deficit

Humeral neck-shaft angle
130� 49 (60)
150� 17 (21)
170� 0

Glenosphere location
Inferior 41 (51)
Neutral 13 (16)
Superior 12 (15)

Glenosphere tilt
Inferior 30 (37)
Neutral 23 (28)
Superior 13 (16)

Center-of-rotation lateral offset
10 mm 32 (40)
5 mm 22 (27)
0 mm 12 (15)

Glenosphere diameter
42 mm 28 (35)
36 mm 21 (26)
30 mm 17 (21)

*A total of eighty-one combinations was tested for each condition.

Fig. 4

Illustration of the effects of glenosphere tilting on the adduction deficit associated with a central location of the glenosphere on the glenoid, a 36-mm

glenosphere diameter, a 10-mm lateral offset of the center of rotation, and a 150� humeral neck-shaft angle. A: Inferior glenosphere tilting, which

resulted in no adduction deficit. B: No glenosphere tilting, which caused inferior impingement and a moderate adduction deficit. C: Superior glenosphere

tilting, which resulted in inferior impingement and a severe adduction deficit.
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tion deficit decreases to 21�. Alternatively, a change in an
implant-related factor such as an increase in the center-of-
rotation offset to 10 mm (under the same conditions stated
above—i.e., a 36-mm glenosphere diameter, a 150� neck-shaft
angle, a neutral glenoid position, and neutral glenoid tilt), the
maximum range of motion increases to 91� while the adduc-
tion deficit decreases to 12�.

Discussion

Reverse shoulder arthroplasty has been used increasingly
for the treatment of rotator-cuff-deficient shoulders with

concomitant osteoarthritis. Initially, it was recommended that
the glenosphere be placed centrally on the glenoid. Over the
last few years, however, various recommendations have been
made to modify the surgical technique in an effort to avoid
potential complications. Inferior placement of the glenosphere
has been stressed in an effort to decrease inferior scapular
impingement9 and improve the overall range of motion1. Ad-
ditionally, placement of the glenosphere with an inferior tilt
has been recommended to improve the biomechanical envi-
ronment between the glenosphere and glenoid bone16.

In spite of these modifications, radiographic evidence of
progressive scapular notching has been reported with a rather
high frequency, ranging from 56% to 96%1,2,14,16,19. Scapular
notching has been shown clinically to have an adverse effect on
the long-term outcomes of reverse shoulder arthroplasty10, and
impingement might induce prosthetic wear and osteolysis12.
Additionally, range-of-motion outcomes after reverse shoulder
arthroplasty continue to vary1-3. To our knowledge, we are the
first to investigate the factors involved in maximization of
impingement-free abduction after reverse shoulder arthroplasty.

The range of motion following reverse shoulder ar-
throplasty has been studied to a limited degree. In a clinical
study in which dynamic fluoroscopy was used, the maximum
active range of abduction motion was 53� in the scapular plane
in patients treated with a Delta-III prosthesis21. In a biome-
chanical study of a Delta-III prosthesis with a 36-mm-diameter
glenosphere, the mean range of abduction motion in the
scapular plane and the mean adduction deficit were 42� and
25�, respectively, when the device was implanted with the
manufacturer’s recommended surgical technique11. When it
was implanted in an inferior position on the glenoid, the mean
range of abduction motion increased to 66� and the mean
adduction deficit decreased to 9�11. Thus, modification of the
surgical technique not only improved the overall motion, but
also helped to limit inferior impingement. That study, how-
ever, was limited to only two glenosphere locations on the
glenoid, and other surgical and implant-related factors were
not examined.

The present study is the continuation of an effort to
better understand the mechanics behind reverse shoulder ar-
throplasty. The goal of this effort is to assist the surgeon in the
selection of the best implants and modifications of the surgical
technique in order to maximize the impingement-free range of
abduction motion, to avoid an adduction deficit, and to
eliminate scapular notching. Five surgical and implant-design-

related factors were systematically tested to determine their
hierarchical relationship to the range of abduction motion and
the adduction deficit. The primary factors that were found to
result in a maximum range of abduction motion without an
adduction deficit were a 5 or 10-mm lateral offset of the center
of rotation, a 150� humeral neck-shaft angle, and an inferior
position of the glenosphere on the glenoid. If, for example, a
system utilizes a glenosphere with a center of rotation at the
glenoid, it is possible to attain maximum motion and to de-
crease instances of scapular notching by positioning the gle-
nosphere inferiorly on the scapula. If the glenosphere cannot
be placed in an inferior position, a humeral neck-shaft angle of
130� or 150�, or a more lateral center-of-rotation offset, can be
used to attain the same increase in motion and avoid scapular
notching.

This study included some implant constructs that are
currently not commercially available (e.g., a 170� humeral neck-
shaft angle) so that we could investigate possible ways to im-
prove the results beyond those currently seen after reverse
shoulder arthroplasties. Our results suggested that the 170�
angle is less desirable than the current 130� or 150� humeral
neck-shaft angle, as the adduction deficit increased. Similarly,
we also tested less desirable (superior) placement of the gle-
nosphere on the glenoid and less desirable (superior) gleno-
sphere tilting. Although a few combinations involving superior
tilting of the component showed a range of abduction motion of
>90�, it has been found biomechanically that such tilting in-
creases the shear stresses at the baseplate-glenoid interface7 and,
as a consequence, we do not advocate placing the glenosphere
in a superiorly tilted position. Clinically, however, there are
instances where the surgeon may not have a choice, and the
information given here can be of value in those situations.

The virtual computer simulation developed in this study
also provided a powerful approach for simultaneous analysis of
multiple factors in reverse shoulder arthroplasty. In a previous
study22, the effects of four factors (glenosphere location, gle-
nosphere size, center-of-rotation offset, and humeral neck-
shaft angle) on the range of abduction motion and on the
adduction deficit were quantified experimentally with use of a
Sawbones shoulder model. The current computational method
accurately duplicated the experimental measures with a sub-
stantial increase in analysis power (with examination of 243
factor combinations instead of the eighty-one combinations
assessed in the experimental study) and a reduction in testing
time. The addition of the fifth factor, glenosphere tilt, into our
study demonstrated the importance of this factor with regard
to the range of motion and, particularly, the adduction deficit.

The limitations of this study need to be addressed. We
took a mechanical approach to the examination of the range of
motion and the adduction deficit associated with five primary
surgical and implant-factor variations. In practice, many fac-
tors are involved in the decision of what components to use
in reverse shoulder arthroplasty. The amount of good bone
available for fixation, stress concentration at the glenosphere-
bone interface, overall stability of the implant, soft-tissue im-
pingement, available space in the shoulder, soft-tissue balance,
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strength of the remaining muscles, and concerns regarding
long-term implant survival all play roles in the selection of the
specific prostheses. Although neither the soft-tissue envelope
nor the bone available for component fixation were taken into
account in this study, these considerations must be kept in
mind when selecting appropriate components for any given
patient.

The range of motion determined in this study was passive
and should be considered the maximum improvement that can
be expected in the active range of motion after surgery. We
identified eighteen combinations that were associated with
>90� of abduction motion and no adduction deficit, and those
combinations may be used clinically. The data also indicated
that a number of other combinations resulted in a poor passive
range of motion and should be avoided. Our determination of
the passive ranges of motion associated with reverse shoulder
arthroplasty will help to improve the active range of motion,
although that is affected by other factors such as soft-tissue
balance at the time of surgery and alteration in muscle power.
Furthermore, we limited the range of motion to abduction/
adduction in the scapular plane because of its primary impor-
tance in reverse shoulder arthroplasty. A more generalized
three-dimensional simulation model may be developed in the
future as other motion components, such as internal and external
rotation, have also been shown to have clinical relevance23.

Another limitation of this model was the omission of the
anatomic variation that is seen among patients. The modeled
scapula and humerus had typical geometric parameters that
matched those in a subset of patients who had undergone
reverse shoulder arthroplasty. The intention was to provide an
initial point of reference to understand how variations in the
humeral neck-shaft angle, glenosphere location, glenosphere

tilt, center-of-rotation offset, and implant size were interre-
lated. Quantifying the role of anatomic variation in the range
of abduction motion and adduction deficits would add a de-
gree of complexity and warrants future study. Additionally, we
controlled for scapular-thoracic motion by fixing the scapula.
Clinically, the variation in scapular-thoracic motion may be
important with regard to the ultimate total shoulder motion
achieved in any individual patient.

In conclusion, this study determined the maximum
impingement-free range of abduction motion and the ad-
duction deficit in association with five independent factors.
Overall, use of a glenosphere with a center of rotation that is
at a greater distance from the glenoid surface and inferior
placement of the glenosphere on the glenoid provide a greater
range of motion. The adduction deficit can best be improved
by selecting a prosthesis with a varus humeral neck-shaft angle
and by inferior placement of the glenosphere on the glenoid.
We identified a number of combinations of independent fac-
tors that could offer a greater range of motion without inferior
impingement. This information will assist in decision-making
with regard to implant selection and surgical procedures and
help with the development of future implant designs. n
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