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isks of loosening of a prosthetic glenoid implanted in
etroversion
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steoarthritis of the shoulder is frequently associated
ith posterior glenoid wear, which may be difficult to
orrect during shoulder arthroplasty. This study was
esigned to evaluate the risks that a prosthetic glenoid

mplanted in retroversion will loosen. The scapula, the
umerus, the rotator cuff, and a total shoulder prosthe-
is were reconstructed with a 3-dimensional finite ele-
ent model. The glenoid was placed in 5 different
ngles of retroversion (0°, 5°, 10°, 15°, and 20°).
ocation of the glenohumeral contact point, articular
ressure, bone and cement stress, and micromotion
round the glenoid implant were calculated during

nternal and external rotation. Glenoid retroversion
nduced a posterior displacement of the glenohumeral
ontact point during internal and external rotation, in-
ucing a significant increase of stress within the ce-
ent mantel (�326%) and within the glenoid bone

�162%). Furthermore, a major increase of micromo-
ion was measured at the bone-cement interface
�706%). According to this study, glenoid retroversion
xceeding 10° should be corrected during total shoul-
er arthroplasty. If the correction is impossible, not
eplacing the glenoid should be considered. (J Shoul-
er Elbow Surg 2006;15:521-526.)

steoarthritis of the shoulder is frequently associated
ith posterior glenoid wear.6,15,23 The reasons remain
nclear, but are probably multifactorial. The excessive
tiffness of the anterior soft tissues after previous surgical
rocedures performed through an anterior approach is
lassically recognized as a cause of posterior glenoid
rosion.1,7,13 Posterior glenoid wear is also frequently
een without any previous surgery, however. In recent
ears, primary glenoid dysplasia, associated with in-
reased glenoid retroversion and sometimes with a
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tatic posterior subluxation, has also been evoked as a
ause of shoulder osteoarthritis.24,25 Among the other
ossible causes, the effects of muscular imbalance (eg,

n association with neurologic problems) and the influ-
nce of the humeral side of the joint (especially retrover-
ion of the humeral head) are less frequently reported.

During shoulder arthroplasty, correction of a retro-
erted or posteriorly eroded glenoid is a difficult task.
eaming of the anterior part of the glenoid14 may
ignificantly reduce bone stock, leading to concerns
bout the stability of the prosthetic component. Fur-

hermore, this procedure will medially displace the
enter of rotation, which may provoke impingement
etween the coracoid process and the humeral head.
one grafting of the posterior glenoid,9,16,19 associ-
ted or not with an osteotomy, is an alternative. This
ption is often technically difficult, making the proce-
ure significantly more complex; furthermore, the re-
ults are also unpredictable.9 Consequently, glenoid
etroversion is sometimes not, or only partially, cor-
ected during total shoulder replacement.

Malposition of the prosthetic components has been
eported as a cause of unsatisfactory results after total
houlder arthroplasty.8 Experimental and numeric
tudies have shown that misalignment of the glenoid
ay lead to asymmetric load of the component and
ement failure.10,17,18 The specific consequences
f posterior glenoid retroversion on the survival of the

mplant are still not well known. Particularly, the ef-
ects on micromotion at the bone-cement interface
nd the stress transmitted to the underlying bone have
ot yet been studied. The objective of this work was,
herefore, to analyze, by the mean of a finite element
odel, the biomechanics and the risks of loosening of
glenoid implanted with different angles of retrover-

ion. The amount of retroversion to correct was also
valuated.

ATERIALS AND METHODS

houlder model

A 3-dimensional finite element model of the shoul-
er was developed2,3 and specifically adapted for

his study. Data were obtained from an intact cadaver
houlder without any macroscopic or radiologic signs
f pathology. Computed tomography sequences al-
owed reconstruction of bone shapes and density,
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nd accurate dissection showed the precise location
f the muscle insertions. This computer model in-
luded the proximal half of the humerus, the entire
capula, and the 3 major rotator cuff muscles (in-
raspinatus, supraspinatus, and subscapularis).

A total shoulder prosthesis was numerically im-
lanted into the model, according to the surgeon’s

ndications (Figure 1). The metallic prosthetic humeral
ead was a portion of a sphere (length, 46 mm;
eight, 17 mm; radius of curvature, 24 mm), recon-
tructing anatomically the proximal humerus, as im-
lants of the third generation do. The glenoid compo-
ent, made of polyethylene, was keeled and had a
at back. The articular surface was spherical (radius
f curvature, 34 mm); therefore, the radial mismatch
etween the humeral head and the glenoid was 10
m. The center of the prosthetic glenoid was placed
t the center of the natural glenoid. In the reference
osition (0° of retroversion), orientation of the pros-

hetic and natural glenoids was identical. The same
mplant was then numerically placed in 4 other posi-
ions of retroversion: 5°, 10°, 15°, and 20°. When
laced in 15° or 20° of retroversion, the extremity of

he keel perforated the anterior bony cortex. A 1-mm
olymethylmethacrylate cement layer was placed be-

ween glenoid and bone.
In this study, the humerus was considered as a

igid body, whereas an inhomogeneous elastic law
escribed the scapula, taking into account the bone
ensity distribution.20 An incompressible, hyperelas-

ic exponential law characterized the mechanical be-
avior of the muscles. The implant-cement interface
as bonded, whereas micromotion was allowed at

he cement-bone interface.

oading conditions

The neutral position of the glenohumeral joint (0° of
otation) was defined as the position in which the

igure 1 Finite element model of the shoulder, including the total
rosthesis.
enter of the humeral articular surface faced the cen- r
er of the glenoid fossa. A progressive displacement
f the scapular extremity of the subscapularis (respec-

ively, the infraspinatus) was imposed to generate 60°
f internal rotation (respectively, 30° of external rota-

ion). These displacements, which represented the
uscles’ contraction, resulted in a maximal force of
4 N in the subscapularis and 42 N in the infraspi-
atus at 60° of internal rotation, and 16 N in the
ubscapularis and 21 N in the infraspinatus at 30° of
xternal rotation. The supraspinatus, which sustained
constant force of 1 N, acted as a stabilizer in the

nferior and superior directions. Boundary conditions
mposed on the distal part of the humerus were cho-
en to allow movements of flexion, extension, abduc-
ion, or adduction.

The effects of prosthetic glenoid retroversion on the
isks of implant loosening and failure were analyzed
hrough different mechanical variables: the glenohu-
eral contact point and pressure, the cement stress,

he relative micromotion at the cement-bone interface,
nd the osseous glenoid stress. These values were
alculated throughout the full range of external and
nternal rotation.

ESULTS

lenohumeral contact point and location

Glenoid retroversion influenced the location of the
ontact point (Figure 2), which moved posteriorly with
ncreasing angles of retroversion in internal as well as
n external rotation. On the other hand, retroversion
ad only a moderate effect on the maximal contact
ressure, which slightly decreased (�16%). Without
etroversion, peaks of stress within the glenoid com-
onent were symmetric and mainly located in the
enter of the implant. As retroversion increased to
0°, peaks of stress moved to the posterior aspect of

he glenoid component.

ement stress

The glenoid retroversion increased the peaks of
ement stress (Figure 3) up to 326% at 20° of retro-
ersion. The maximum principal stress reached 9.4
Pa at 60° of internal rotation and for 20° of retro-

ersion. Furthermore, the implant orientation had an
ffect on the stress distribution. Without retroversion,
eaks of stress were symmetrically located at the
nterior and posterior edges between the keel and

he glenoid back. With increasing angles of retrover-
ion, peaks of stress developed mainly in the posterior
art of the cement mantel.

icromotion

Micromotion (Figure 4) generated at the bone-
ement interface was strongly influenced by glenoid

etroversion. Above 10° of retroversion, there was an
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xponential increase of maximal (�706%) and mean
�669%) micromotion for external and internal rota-
ions. Without retroversion, micromotion was distrib-
ted all around the bone-cement interface. At 20° of
etroversion, however, peaks of tangential micromo-
ion (slipping) were mainly located at the anterior side
f the keel and perpendicular micromotion (debond-
ng) was located under the anterior back of the gle-
oid. These above observations were similar for inter-

Figure 2 Contact pressures of the humeral head on
(middle), and 30° of external (bottom) rotation for the

igure 3 Maximal stresses (maximal principal stress) generated in
he cement layer at 0° and 20° of retroversion (at 60° of internal
otation).
al or external rotation. l
tress in glenoid bone

Retroversion of the implant had also an effect on
he stress developed within the glenoid bone (Figure
). Increasing angles of retroversion induced larger
on Mises stress (�162%), mainly in the posterior
spect of the glenoid. Furthermore, the volume sub-
itted to high stresses was significantly larger.

ISCUSSION

Glenoid loosening is still a matter of concern and
ay preclude good results after total shoulder re-
lacement. Loading conditions of the glenoid influ-
nce the stresses developed within and around the
omponents and, consequently, the survival of the
mplants. Because loading conditions depend on the
mplant orientation, posterior erosion of the glenoid
ue to shoulder osteoarthritis could be an important
eature associated with glenoid loosening, if not cor-
ected. Accordingly, this study was designed to eval-
ate the consequences of glenoid orientation on
houlder biomechanics.

Our results showed that all the mechanical vari-
bles relevant for the mechanisms of loosening were
egatively influenced by the glenoid retroversion. The
tress within cement and bone as well as the micro-
otion around the implants increased significantly
ith retroversion, especially for angles of more than
0°. When the articular surface of the glenoid was no

glenoid surface at 60° of internal rotation (top), 0°
gles of glenoid retroversion.
the
onger perpendicular to the axis of the rotator cuff, as
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appens in retroversion, the net glenoid reaction
orce had a posterior component (Figure 6). This
osterior force displaced the contact point between

he humeral head and the glenoid posteriorly, creat-
ng an asymmetric load on the posterior glenoid. The
osterior force was present in external as well as in

nternal rotation. Consequently, as this study has
learly demonstrated, the deleterious effect of glenoid
etroversion will be expressed in internal as well as in
xternal rotation.

The posterior load on the glenoid generated an
ncrease of stress and micromotion. Because the
ean and the maximal micromotion follow the same

rend, the increase should not be considered as a
ocal phenomenon. At 20° of retroversion, the distri-
ution of micromotion showed a peak of perpendic-
lar micromotion (debonding) under the anterior back
f the glenoid component and a peak of tangential
icromotion (slipping) along the anterior part of the
eel. This fact is clearly a consequence of the well-
nown rocking-horse effect. It is, therefore, the most
robable cause of the biomechanical changes ob-
erved in our study, which leads to concern about the
ong-term survival of the implant. The loosening of the
mplant is a progressive phenomenon, however,
hich the present numeric model did not take into

Figure 4 Maximal (top) and mean (bottom) tangentia
function of the glenoid retroversion at 60° of internal
ccount. To analyze the time progression of the loos- n
ning process, a bone remodeling law4 should be
ncluded with the finite element model.

Clinical studies have emphasized the importance
f glenoid retroversion or wear on the results after
houlder arthroplasty. Levine et al12 found that pros-
hetic shoulder replacement for osteoarthritis gave
ess satisfactory results if the glenoid had posterior
ear12; however, the study was limited to hemiarthro-
lasties. Iannotti and Norris11 examined the influence
f preoperative factors on the outcome of shoulder
rthroplasty for osteoarthritis. They found that, in the
ase of preoperative posterior glenoid wear, the out-
ome was better after total shoulder replacement than
fter hemiarthroplasty. They did not analyze the post-
perative radiographs, however, and were thus un-
ble to correlate the results with the correction of the
osterior wear. They also reported worse results in
ases of posterior humeral head subluxation without
entioning if the situation had been addressed dur-

ng the surgical procedure.
The importance of component positioning during

houlder arthroplasty is now recognized and has
ecently led to many studies. In a clinical review of
nsatisfactory results after total shoulder arthroplasty,
asan et al8 found that malposition of the components
as present in 28% of the cases. However, they did

ping) micromotion at the cement-bone interface as a
nd 30° of external (right) rotation.
l (slip
ot mention if the glenoids or the humeral stems were
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ot placed correctly. Oosterom et al18 showed in an
xperimental study that superior inclination of the
lenoid might lead to cranial displacement of the
umeral head and asymmetric loading of the glenoid
uring abduction but did not analyze the effects of
omponent malposition in the axial plane. In a ca-
aver study, Nyffeler et al17 found that glenoid ver-
ion provoked a displacement of the glenohumeral
ontact point, inducing a tilting moment on the gle-
oid during rotations. Hopkins et al,10 in a numeric
tudy, analyzed the effects of glenoid alignment on
he cement mantel during abduction and found that
isalignment, especially in superoinferior position,
ight lead to failure of the cement mantel. A similar
onclusion can be derived from the present work
ecause cement stress exceeded its fatigue limit5 for
0° of retroversion; therefore, the stress generated
ithin the cement is an important factor for implant

tability. Cement thickness, which also influences ce-
ent stress distribution, was not specifically evaluated

n this study; however, the use of a 1-mm cement

igure 5 Glenoid intraosseous stresses (Von Mises) at 60° of
nternal rotation for the 5 different retroversions.
hickness seems to be favorable.21 n
Maximal and mean micromotion increased expo-
entially when the retroversion angle exceeded 10°
or internal or external rotation. Maximal micromotion
74.2 �m) led to concerns about long-term stability of
he prosthesis. A strict correlation between distribu-
ion/occurrence of micromotion and clinical observa-
ions (radiolucent lines) was not possible because
here is no clinical study of the specific location of
adiolucent lines related to the orientation of the pros-
hetic glenoid. Walch et al,26 in a clinical multicentric
tudy, reported the occurrence of radiolucent lines
round the prosthetic glenoid. However, they corre-

ated their results to the mismatch between the hu-
eral head and the glenoid but not to the glenoid

etroversion, although a significant number of patients
ad preoperatively posterior glenoid erosion. The
resent numeric model was used in another study22

hat also evaluated the effect of the articular mismatch
n micromotion at the bone-cement interface. Our
ain conclusion was that retroversion of the glenoid
ad a more significant effect than the mismatch.

The main limitation of this study is the movements
imulated: only rotations were analyzed. However,
lthough abduction forces are usually preferred to
odel typical glenohumeral joint loading, pure rota-

ions were more relevant for analyzing the conse-
uences of glenoid retroversion because they occur in

he same plane as the implant misalignment. The
resent study was therefore deliberately limited to a

ypical specific clinical situation, glenoid retroversion,
hich is frequently associated with glenohumeral os-

eoarthritis.
Another limitation is that the numeric results were

igure 6 Effects of the retroversion on the net reaction force
xerted by the glenoid on the humeral head. Without any retrover-
ion (A) the net reaction force is perpendicular to the glenoid. In the
etroverted case (B), the net reaction force has a posterior
omponent.
ot validated against direct experimental measure-
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ents. However, it is commonly accepted that, pro-
iding the different material properties are correctly
escribed, finite elements technique may be used
ithout any further experimental assessments to cal-
ulate the motion and stress state of deformable struc-
ures. Furthermore, it should be noted that the present
odel has also been applied to analyze other biome-
hanical aspects of the shoulder pathology and pro-
ided results that were in agreement with clinical
bservations.

LINICAL RELEVANCE

This work highlights the importance of glenoid
omponent retroversion after shoulder arthroplasty;
bove 10° of retroversion, major biomechanical al-

erations were observed that could significantly in-
rease the risks of glenoid loosening. According to
his study, retroversion measured with computed to-
ography before surgery should be corrected to re-
ain below 10°. If correction is impossible, not re-
lacing the glenoid should be considered.
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