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iomechanical evaluation of a novel glenoid design in total
houlder arthroplasty
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he amount of articular curvature mismatch providing
ptimal performance in total shoulder arthroplasty
TSA) is unknown. The objectives of this study were to
uantify glenohumeral joint mechanics before and af-

er TSA and to compare the performance of 3 glenoid
omponents: (1) nonconforming, (2) conforming, and
3) a novel design featuring a conforming center ex-
ending into a nonconforming periphery. Six fresh-fro-
en cadaveric shoulders (mean age, 43 years) were
echanically tested on a custom apparatus by use of

imulated muscle forces and a coordinate-measuring
achine to determine joint kinematics. B-spline models
f the natural and prosthetic articular surfaces were
enerated, and joint contact was computed by use of
proximity criterion. During both centered (P � .02)

nd eccentric (P � .05) loading protocols, glenoid
ontact migrated posteriorly in conforming implants.
o statistical differences in kinematics and contact
ere found among the nonconforming design, the new
esign, and the natural joint. Therefore, adding a cen-

ral region of conformity does not compromise the abil-
ty of nonconforming TSA components to reduce rim
oading. (J Shoulder Elbow Surg 2005;14:
29S-140S.)

rosthetic replacement of the glenohumeral joint
GHJ) articular surfaces is a highly successful surgical
echnique performed for pain relief and restoration of
ormal joint function, with greater than 90% of total
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houlder arthroplasty (TSA) procedures providing
atisfactory results with a relatively low revision
ate.5,6,11,14,25,26,30,38,42 Common indications for
rthroplasty include osteoarthritis (primary or second-
ry), rheumatoid arthritis, trauma, avascular necrosis,
nd cuff tear arthropathy.39 Neer’s conforming pros-

hesis enjoyed widespread popularity and success
pon its introduction in the mid 1970s and featured a
umeral head and glenoid component with equal
adii of curvature.39 In retrospective studies of pa-
ients fitted with conforming implants, loosening of the
lenoid component, though rare, is the most common
omplication of TSA, with studies suggesting a mean
ncidence of 5% for a mean follow-up time of 3 to 5
ears.12,40,53

The prevalence of nonconforming GHJ implants
as risen dramatically as surgeons seek to reduce the
ncidence of glenoid loosening and joint instability;
ndeed, fully nonconforming glenohumeral prosthetic
omponents (in which the radius of curvature of the
umeral head is smaller than that of the glenoid)9,10

ave become the preferred choice among many or-
hopaedic surgeons today. Still, major controversy
xists with regard to selection of the optimal degree of
lenohumeral mismatch in TSA. A conforming design

deally minimizes humeral head translations and pro-
ides maximal contact area with the glenoid. How-
ver, in extreme arm positions. such as hyperexten-
ion or flexion or with pathologic conditions such as
otator cuff tears,15,19,43 subluxation of the humeral
ead may lead to rim loading of the glenoid and
roduce an undesired mechanical moment—the so-
alled rocking-horse effect.5,20,32,34,44 In contrast, a
onconforming joint theoretically allows for some hu-
eral head subluxation without rim loading; how-
ver, the relative contact area is decreased, and
onsequently, a higher contact stress is transmitted to
he glenoid component. This increase in stress can
ead to greater polyethylene deformation and wear or
ven catastrophic failure of the component.18 To in-
egrate the perceived advantages of both the con-
orming and nonconforming designs, 2 of us (L.U.B.
nd E.L.F.) recently developed a novel glenoid, the
igliani-Flatow (BF) design,54 a hybrid design featur-
ng an articular surface with 2 distinct radii of curva-

ure: an inner, perfectly congruent region extending
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nto an outer, incongruent region or “translation
one” (Figure 1).

Previous experimental investigations of shoulder
rthroplasty biomechanics have studied the role of
omponent conformity on joint stability. Friedman22

bserved posterior humeral migration during flexion-
xtension movements in patients with conforming gle-
ohumeral prostheses. Karduna et al33 reported that
islocation forces were significantly affected by com-
onent conformity, although the differences were
mall (3%). This study implied that the wall length was
he most important factor in determining joint stability.
he same authors found that, on average, prosthetic
omponents of less conformity tended to better repli-
ate the kinematic patterns of the natural joint.32

arduna et al34 and Anglin et al1 conducted analyses
n the load-deformation response of GHJ implants of
arying conformity and showed favorable agreement
etween their experimental results and theoretic pre-
ictions from rigid-body mechanics. Whereas the ef-
ects of component size, conformity, and constraint on
lenohumeral stability have been separately studied

n numerous cadaveric models,1,8,27,32-34,45,49 few,
f any, experimental studies have examined changes
n prosthetic articular contact patterns associated with
arying component conformity. As small humeral
ead translations can dramatically affect the location
nd size of the corresponding glenoid contact
rea,17 studying contact patterns after TSA may facil-

tate the localization of glenoid edge loading. More-
ver, by simultaneously studying the kinematics, gle-
oid contact areas, and resultant GHJ forces after
SA, the consequences of altering component confor-

Figure 1 Computer representations of BF glenoid. No
region of nonconformity in both the side (A) and artic
ity may be more fully understood. n
In previous unpublished finite-element studies, we
xamined the peak von Mises stresses for conforming
nd nonconforming glenohumeral components, as
ell as for the new BF design, under conditions of
oth centered loading (750 N) and prescribed pos-

erior humeral head subluxation. When the head was
entered in the glenoid, the nonconforming compo-
ents (ie, 3-mm radius of curvature mismatch) experi-
nced elevated peak stresses (10 MPa) compared
ith the conforming (approximately 1 MPa) and BF

1.3 MPa) designs. After an imposed humeral poste-
ior subluxation of 1.0 mm, the peak von Mises
tresses for the BF design (30.8 MPa) were found to
e intermediate to those of the nonconforming
11.5 MPa) and conforming (43.2 MPa) designs.
hese finite-element analyses assumed a linear stress-
train response for ultrahigh–molecular weight poly-
thylene (Young’s modulus, EY � 930 MPa; Poisson’s
atio, � � 0.46) and did not account for stress yield-
ng or creep. To supplement these data in a more
linically relevant fashion, we expanded our studies
o a cadaveric shoulder model using muscle forces to
osition the humeral head on the glenoid so that the
esulting kinematics and contact patterns could be
etermined experimentally.

The objective of the present study is to quantify and
ompare normal GHJ mechanics with that after TSA
ith 3 separate glenoid components: a perfectly con-

orming glenoid, a nonconforming glenoid, and the
F design. The specific aims of this investigation are

o quantify the kinematics of the humeral head, the
rticular contact of the humeral head on the glenoid,
nd the resultant joint forces associated with both

glenoid’s central region of conformity and peripheral
B) views.
te the
atural and prosthetic joints and to evaluate the effect
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f articular-surface conformity on joint stability under
onditions of both centered and eccentric joint load-
ng. We hypothesized that elevation in the scapular
lane, representing a mode of centered joint loading,
ould produce minimal translations of the humeral
ead and centered contact on the glenoid. For eccen-
ric positions outside of the scapular plane, we hy-
othesized that contact would occur closer to the
lenoid rim in conforming joints in comparison to
onconforming joints, with the BF design exhibiting
n intermediate response.

ATERIALS AND METHODS

The experimental model used in this study is based on
hat developed by Soslowsky et al47 for glenohumeral
ontact studies and adapted by Kelkar et al36 for kinematic
tudies.

pecimen preparation
Six fresh-frozen cadaveric shoulders (mean age, 43 �

2 years; range, 22-54 years) were tested in this study. All
houlders underwent radiography and were examined for
vidence of fractures, osteoarthrosis, or bony abnormali-
ies, which would otherwise render them inadequate for
nclusion in the study. Furthermore, any specimen found to
ave soft-tissue pathology (ie, rotator cuff tear or evidence
f prior surgery) or that demonstrated an abnormal limited
ange of motion at the time of dissection was also excluded.

After a 12-hour thawing process, each shoulder was
issected down to the GHJ, removing all soft tissue except
or the subacromial bursa, coracohumeral and coracoacro-
ial ligaments, and deltoid and rotator cuff muscles. During
issection, preparation, and testing, the joint was regularly
oistened with a physiologic saline solution to retard spec-

men degradation. The muscle bellies of the supraspinatus,
nfraspinatus, teres minor, and subscapularis were dis-
ected off the scapula and upon careful inspection of their
uscle fiber directions, an eye screw was placed at the
pproximate centroid of each muscle origin near the medial
order of the scapula. Dissection of rotator cuffs proceeded

aterally, and their tendons were carefully separated from
he underlying and confluent joint capsule by use of sharp
issection, with care taken to preserve their insertions on the
roximal humeral tuberosities. Each rotator cuff muscle was

hen transected 3 to 4 mm medial to its musculotendinous
unction, and a woven Dacron strip was sutured to the
edial tendon edge. Because of their similar lines of action
nd adjacent insertion sites, the infraspinatus and teres
inor were modeled as a single, summed musculotendi-
ous unit. To simulate the rotator cuff lines of action, small
riangular clamps were first looped through the Dacron
trips to provide uniform loading across the tendon width.
lexible cables were then secured to each clamp, threaded
hrough the eye screws on the scapula, and redirected over
ulleys to worm gear mechanisms in series with calibrated
pring scales. The precise tensile force applied to each
endon in all testing positions was recorded from the spring
cales (resolution, 0.6 N) for subsequent calculation of
esultant joint forces.
The 3 muscle bellies of the deltoid (anterior, middle, and t
osterior) were identified and traced to their origins along
he distal clavicle, acromion, and scapular spine. The cen-
roid of each of the 3 origins was marked on the bone and
he origin of the entire deltoid resected. Each third of the
eltoid was sharply dissected off its insertion on the distal
umerus while the distally extending footprint of the inser-
ion was marked with India ink as it was resected. Then a
ortical bone screw was drilled through the humerus at the
entroid of the 3 distal-most tendon insertions. To simulate
he anatomic lines of action of the deltoid, flexible cables
ffixed to the cortical screws at the deltoid insertions were
outed through eyebolts positioned at the approximate an-
tomic origin of each head of the deltoid and redirected
ver pulleys to worm gear mechanisms in series with cali-
rated spring scales.

A lightweight alignment plate was attached to the distal
umerus to facilitate measurement of the angle of humeral
otation. The glenohumeral abduction angle was measured
uring experimentation with a goniometer centered behind

he humeral head. The lower third of the scapula was potted
n polymethyl methacrylate (PMMA) cement with the plane
f the scapula tilted anteriorly by 20° and its medial border
ertical, to simulate its in vivo orientation with the arm at the
ide.36,47 The joint was then mounted onto a custom joint-
esting rig24 that facilitated the experimental modeling and
easurement of GHJ motion.35

Both the scapula and humerus were instrumented with 2
igid triads for geometric and kinematic analyses.35,51 On
he scapula, triads were placed in the scapular spine near
he acromion as well as in the anterior coracoid; to accom-
odate the length of the stem used for the humeral prosthe-

is, the more proximal of the 2 humeral triads was typically
nserted 140 mm from the articular margin of the humeral
ead. Each triad consisted of three 6.35-mm-diameter pre-
ision metallic spheres (Industrial Tectonics, Inc, Dexter,
I).
On the basis of anthropometric data for a 68.2-kg

uman being (representing a mean weight of male and
emale subjects), a 3.1-kg mass simulating the weight of the
ntire arm was attached at its center of gravity, 25.7 cm
rom the proximal end of the humerus.52 As the scapula
emained stationary during testing, scapulothoracic motion
as simulated by adjusting the line of action of the arm
eight vector originating from the distal humerus at each
osition of elevation.36,47 Glenohumeral abduction angles
ere converted to total arm elevations in accordance with
revious reports.16,21,43

uscle loading
For each shoulder, the natural joint was actively posi-

ioned in each of 7 orientations (described below) by use of
oordinated muscle force application. The patterns of
uscle loading incorporated during testing were based
n reported electromyographic data and muscle lever
rms.37,41 The joint capsule was vented in each shoulder to
liminate the effect of loss of intraarticular pressure that
ccurs at higher elevations.

As the principal objective of this investigation was to
uantify the differences in GHJ mechanics associated solely
ith changes in articular geometry, the applied muscle

oads used for the natural joint configuration were consis-

ently maintained across all testing configurations in a
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articular specimen. The mean muscle forces for each test
osition are listed in Table I. After testing of the natural joint,

passive-assisted active loading protocol was imple-
ented, whereby the shoulder was manually (ie, passively)
ositioned while muscle forces were adjusted toward their

argeted values. For a given test position, adjustments to
ithin 10% of the standard force for a particular tendon
ere permitted to maintain the desired elevation and rota-

ion. With the exception of 1 test position for the conforming
rosthesis of specimen 1, the standard load criterion was
niformly satisfied.

oint loading and kinematic measurement
A coordinate-measuring machine (CMM) (No. CX-652-

2; Mitutoyo, Paramus, NJ) with a rated accuracy of 50 �m
er axis was used to identify the precise location and
rientation of both the humerus and the scapula throughout

esting.35,51 The CMM axes were visually aligned with the
natomic axes of the scapula before testing. At each test
osition, the 3 spheres on each humeral and scapular triad
ere digitized for post-experimental kinematic and joint
ontact analyses. During digitization, the coordinates of the
phere centers were automatically computed and written to

data file on a personal computer interfaced with the
MM.

A 6–degree-of-freedom load transducer (JR3, Inc,
oodland, CA) with repeatability better than 3 N (load)

nd 20 N-cm (torque) per axis was secured to the specimen-
ounting pipe, offset medially from the scapula, to measure

he resultant force and moment vector components resulting
rom external loads applied to the specimen-mounting pipe
uring testing. Very good agreement was found between

he measured and calculated resultant force vector compo-
ents for each anatomic axis, thus providing confidence in
he resultant joint force computations. The equations of the
inear regressions relating computed (y) to measured (x)
orces were as follows: y � 0.99x � 6.51 (R2 � 0.98, P �
001) (medial-lateral [M-L]), y � 0.99x � 3.85 (R2 � 0.93,
� .001) (superior-inferior [S-I]), and y � 0.96x � 1.69

R2 � 0.95, P � .001) (anterior-posterior [A-P]). The result-
nt joint force data reported in this investigation are those
fter adjustment to measured values in accordance with the
egression equations.

esultant joint force calculation
The GHJ reaction force was calculated for each test

able I Mean applied muscle forces at each test position (n � 6 sp

Test
position

Subscapularis
(N)

Supraspinatus
(N)

In

SR at 30° 15.8 � 2.3 32.6 � 5.6
SR at 90° 13.7 � 2.6 61.2 � 11.5
SR at 120° 14.2 � 5.3 48.1 � 10.5
SR at 150° 13.6 � 4.0 45.3 � 19.6
SR at 90° 17.9 � 6.5 58.3 � 14.1
IR at 90° 42.8 � 5.3 56.4 � 14.6
IR at 90° 45.3 � 8.6 52.7 � 13.9

abels for test positions indicate humeral orientation and arm elevation ang
osition based on a free-body diagram analysis of the t
umerus in its experimental configuration. To satisfy static
quilibrium (ie, sum of vector forces � 0), the joint reaction
orce must counteract the resultant force due to (1) the vector
um of the 3 rotator cuff forces, (2) the vector sum of the 3
eltoid forces, and (3) the force resulting from the weight of

he arm acting at the distal humerus. Post-experimentally,
fter joint disarticulation, muscle origins and insertions
ere digitized together with their associated triads such

hat the calculated centroids could be transformed to their in
itu coordinates. For each test position, force vectors for
ach individual muscle were computed from the 3-dimen-
ional coordinates of its insertion and origin and by multi-
lying the unit vector by the magnitude of the applied force.
ectors representing the forces resulting from the weight of

he arm were calculated by use of data recorded from
igitization of the arm weight cable at each kinematic
osition during experimentation. Forces due to capsular

ension or impingement of the rotator cuff tendons beneath
he acromion were neither measured nor modeled. How-
ver, on the basis of the above equations demonstrating
lose agreement between measured and computed joint
orces, we believe that the potential contributions of capsu-
ar and impingement forces were small.

est protocol
On the basis of our laboratory and clinical experience,

s well as the literature on GHJ kinematics,7,28,29,31,36,51 a
otal of 7 test positions were selected for the experimental
rotocol. To test our hypotheses for concentric loading,
0°, 90°, 120°, and 150° of scapular-plane arm elevation
ere chosen on the basis of our previous kinematic stud-

es,36,51 which demonstrated minimal translation of the
umeral head center of curvature. These arm elevations
ere performed in starting rotation (SR),36,47 which is the
mount of external humeral rotation allowing maximal ab-
uction in the scapular plane. An at-risk elevation angle for
atients with instability, 90° arm elevation, was selected for

he following 3 eccentric loading positions: horizontal ex-
ension in starting rotation (ESR), internal rotation in the
capular plane (SIR), and forward flexion with internal
otation (FIR). Flexion and extension were oriented approx-
mately 30° anterior and posterior from the scapular plane,
espectively. These 3 test positions were expected to translate
he humeral head along the anterior-posterior axis of the
oint28,29,51 to produce loading near or at the glenoid rim.

To accommodate the study design, which featured bio-
echanical testing of 3 prosthetic glenoids per specimen,

ns)

inatus
)

Anterior
deltoid (N)

Middle
deltoid (N)

Posterior
deltoid (N)

� 3.8 28.5 � 6.4 30.7 � 6.1 22.8 � 6.5
� 3.5 54.9 � 16.4 54.4 � 7.4 22.1 � 11.9
� 3.1 54.0 � 19.1 48.5 � 5.3 20.8 � 10.9
� 8.8 59.5 � 19.5 46.2 � 12.7 17.0 � 6.7
� 6.8 29.9 � 10.0 58.1 � 7.0 46.4 � 8.3
� 4.8 34.3 � 12.0 59.7 � 9.2 34.9 � 3.3
� 6.1 62.6 � 13.5 48.5 � 11.8 22.3 � 9.6
ecime

frasp
(N

14.7
18.2
19.3
22.7
27.5
16.8
17.2
he joint capsule was incised and immediately repaired.
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uture loops were sewn along the incised edges of the
apsule and then secured to eye screws inserted in the
capular neck; the length of each loop was adjusted such
hat the approximate tension of the intact capsule was
estored for each test configuration. The extent to which the
apsular repair restored the distribution of tension within the
apsule was not evaluated quantitatively. Rather, a qualita-
ive comparison was performed to verify that the passive
ange of rotation and elevation were preserved after cap-
ular release and repair. In all experiments we could not
etect an alteration of capsular tension throughout the
uration of the entire testing protocol. The capsular repair
llowed the replacement of multiple glenoid prostheses and
acilitated the restoration of capsular tension for all test
ositions. After capsular repair, the natural joint was tested
rst, and the kinematics and force transducer readings were
ecorded for the 7 test positions described above. Stereo-
hotogrammetry (SPG) was then performed on the glenoid
nd humeral head cartilage surfaces2,46 to quantify their
rticular-surface topographies for joint contact and kine-
atic analyses.3,36,47 During SPG, the joint remained rig-

dly mounted to the testing rig to preserve the orientation of
he simulated muscle forces.

SA
After SPG, GHJ replacement was performed by use of

tandard arthroplasty techniques, as detailed by Zimmer,
nc (Warsaw, IN).54 For each specimen, a standard-sized
obalt-chromium-alloy humeral head component of either
8 or 21 mm in thickness with a radius of curvature of 23
r 26 mm was selected. Keeled, ultrahigh–molecular
eight polyethylene glenoid components were used, with
niform radii of curvature of 23, 26, or 29 mm (represent-
ng conforming and nonconforming articulations with the
umeral head components), whereas the available BF gle-
oids exhibited a central region radius of curvature of 23 or
6 mm. Uniform curvature glenoid components were cus-

om made by Zimmer, Inc and shared the same keel design
s the BF. In this study, for a humeral head component with
adius of curvature RH, the corresponding radii of mating
onforming and nonconforming glenoids were defined as
H and RH � 3, respectively. Among the 6 specimens
ested, 3 were fitted with humeral components measuring
1 � 46 mm (head height and head diameter, respec-

ively), 2 were 18 � 46 mm, and 1 was 21 � 52 mm.
To prepare the specimens for prosthetic implantation,

ach GHJ was disarticulated and the incised capsule was
eflected laterally and secured with sutures beneath the
argins of the humeral articular surface. A custom align-
ent guide54 was inserted onto the humeral reamer to

acilitate anatomic resection of the native humeral head at a
ead-shaft angle of 135° while maintaining 30° of humeral
etroversion. Immediately after selection of the prosthetic
ead, 3 glenoids—conforming, nonconforming, and BF—
ere randomly assigned the generic labels A, B, and C by
single investigator. A different investigator, blinded to the

dentities of glenoids A, B, and C, then selected the testing
equence (eg, C-A-B) for these components. After removal
f the native glenoid articular cartilage and reaming of the
lenoid fossa to a uniform radius of curvature matching that
f the back of the glenoid component, the first keeled

lenoid was cemented into place. The technique of cement- p
ng, removing, and recementing multiple glenoids was re-
ned during our pilot experiments. When the first 2 gle-
oids were implanted in each specimen, a conservative
mount of cement was used for fixation. A 90-minute period
as allocated for curing of the bone cement before kine-
atic testing of each glenoid component. Our PMMA prep-
ration resulted in minimal bone loss, and therefore, subse-
uent components could be consistently implanted within

he bony vault. No visual glenoid loosening was detected
uring any of the experiments.

urface registration of implants
After the 7 kinematic positions were tested in the first TSA

reparation, the joint capsule was reopened and the hu-
erus reflected superiorly to expose the glenoid surface.
he CMM was used to digitize points on the articular and
ide surfaces of each glenoid component, as well as the
oordinates of the spheres fixed to the scapular triads, for
ubsequent surface registration. After digitizing, the glenoid
as removed, and the glenoid vault was prepared for

mplantation of the second glenoid component, which was
ested by use of the identical protocol as the natural joint
nd first implant; this procedure was again repeated for the
nal glenoid. At the conclusion of testing, the capsule was
ully resected, the joint was disarticulated, and the pros-
hetic humeral head was digitized along with its reference
riads. Typically, prosthetic surface registration required
igitizing a minimum of 150 and 80 points on each hu-
eral head and glenoid, respectively.

alculation of joint kinematics and contact areas
Natural joint surfaces. For the natural joint configura-

ion, the relative positions of the glenoid and humeral head
rticular surfaces during experimentation were determined
y use of the methodology described by Kelkar et al.36

rom SPG analysis, 3-dimensional geometric models of the
lenoid and humeral head were obtained with their asso-
iated humeral and scapular triad coordinates. By use of a
east squares optimization procedure, the spatial orienta-
ion of both the humeral head and glenoid cartilage sur-
aces, as well as the coordinates of their centers of curva-
ure, was determined for each respective test position.36,47

n situ joint contact areas were calculated by use of the
roximity criterion described previously.4

Prosthetic components. To conduct kinematic and con-
act analyses of the implants, accurate geometric models of the
HJ prosthetic components were first created before their use

n experiments. After articular curvature measurements were
ecorded from a CMM with a rated accuracy of 5 �m per axis
MicroVal 343; Brown and Sharpe, North Kingstown, RI),
odels were constructed by use of I-DEAS Master Series 7.0

olid modeling software (Electronic Data Systems, Plano, TX).
A series of sequential surface alignment procedures was

erformed to align the glenoid and humeral component
urfaces into each of their respective in situ testing positions.
n each test configuration, to obtain the orientation (and
enter of curvature) of the glenoid and humeral head com-
onents relative to their scapular and humeral reference

riads, respectively, a least squares optimization technique
as used to align their corresponding I-DEAS model to the

oints obtained from direct digitization of these prosthetic
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omponents. To provide a common reference frame for the
urpose of reporting results, all prosthetic and natural joint
urfaces were aligned to the 90° scapular-plane SR position
n the natural joint configuration.

Kinematic reference points. Reference points for kine-
atic calculations were obtained after alignment of the SPG
r I-DEAS model of each glenoid to its experimental in situ
osition. The anatomic axes for the natural joint configura-

ion were taken to be those of the CMM, as it was not
ossible to select a nonarbitrary set of coordinate axes for

he SPG surfaces (which are portions of spheres). In con-
rast, anatomic axes were easily assigned to the computer
odels of the prosthetic glenoid components because of the
eometry of these designs (ie, lengths � widths).

In the natural joint, the reference point for reporting
ranslations of the humeral head on a stationary glenoid
as computed from the following formulas (valid for left

houlders):

cML � aML � (RG � RH)cos�

cSI � aSI

cAP � aAP � (RG � RH)sin�

n which cML, cSI, and cAP are the M-L, S-I, and A-P coordi-
ates of the reference point, respectively, and aML, aSI, and
AP are the coordinates of the glenoid center of curvature.
G and RH are the radii of curvature of the glenoid and
umeral head articular surfaces, respectively, and � is the
lenoid retroversion.

The reference point for the conforming prosthetic glenoid
nd the BF (whose central region is congruent with the
umeral head) was the center of curvature of the glenoid
omponent. For nonconforming implants, the reference
oint cgi was adjusted by an amount proportional to the
adial mismatch by use of the following formula (valid for
eft shoulders):

(cgi
)m � (cgc

)m � (RG � RH)nm

n which cgc is the center of curvature of a congruent
lenoid, and n is the unit normal of the (nonconforming)
lenoid surface. The subscript m denotes the anatomic
irections (M-L, S-I, and A-P) for each implanted glenoid.
he results from right shoulders were converted to left-
houlder equivalents for comparison purposes.

tatistical analysis
A generalized linear model analysis of variance with

epeated measures was performed by use of SAS for Win-
ows (version 8.0; SAS Institute, Cary, NC). The statistical
actors were test configuration (natural joint and 3 glenoid
ypes) and arm position (30°, 90°, 120°, and 150° for
entered loading and ESR, SIR, and FIR for eccentric load-
ng), whereas the dependent variables included the compo-
ent resultant joint forces, humeral head translations, and
lenoid contact area centroids. When significant differ-

nces were detected by use of the generalized linear l
odel, a Student-Newman-Keuls multiple-range compari-
on was used to detect differences among levels of a factor.
roup means for the 3 implant configurations were com-
uted for statistical comparisons (ie, paired t tests) between
atural and prosthetic joints. Statistical significance was
ssumed for P � .05.

ESULTS

esultant joint forces

For the concentric loading positions, no significant
ifferences (P � .4) were found among test configu-
ations for the total resultant force magnitude or for
he M-L, S-I, or A-P resultant force components. Simi-
arly, no significant differences could be detected
mong total resultant forces (P � .35) or the M-L (P �
45) and S-I (P � .28) force components when eccen-
ric loading positions were analyzed. However, A-P
orces demonstrated significant differences in the FIR
osition, as nonconforming implants experienced
ore posteriorly directed forces (52 � 23 N) when
ompared with the natural joints (35 � 18 N) (P �
037). Across all test configurations, the mean total
esultant force magnitude ranged from a minimum
alue of 81 � 12 N (30°, nonconforming implant) to

maximum value of 194 � 16 N (flexion with
nternal rotation, conforming implant).

umeral head translation

During centered loading, the kinematics of the
enter of curvature of the humeral head was similar
mong natural and prosthetic glenoids, with the ex-
eption of the conforming prosthesis, which tracked
ignificantly posteriorly (P � .005), particularly in the
id-range elevations (Figure 2, A). For all glenoids,

he humeral head tended to migrate anteroinferiorly
ith elevation in the scapular plane (Figure 2). The
ean position of the humeral head center was more

uperior with prosthetic glenoids in comparison to the
atural joint (3.7 � 3.8 mm vs 2.2 � 2.6 mm, P �
017). Though not statistically significant, natural
oints tended to track more anteriorly compared with
mplants (1.5 � 3.0 mm vs 0.8 � 2.0 mm, P � .09).

During eccentric loading, all 3 glenoid designs
romoted similar kinematics to that of the natural joint
Figure 3). For all glenoids, characteristic trends were
bserved in the A-P direction, with progressive (P �
02) posterior translation observed as the humerus
as moved from extension into flexion (Figure 3, A).
ontrary to our hypothesis, A-P translations for the
onforming glenoid were similar to the BF, noncon-
orming, and natural joint (P � .27). Similar to the
entered loading mode, implants translated more su-
eriorly than the natural joint (4.1 � 4.0 mm vs 1.6 �
.9 mm, P � .001) under conditions of eccentric
oading. However, A-P translations were very similar
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P � .9) between prosthetic and natural joints (mean
osterior translation, 0.5 mm).

lenoid contact centroids

Centroids for the prosthetic glenoid contact areas
re presented in the anatomic coordinate system of

heir I-DEAS models. For consistency, the contact cen-
roids in the natural joint were likewise expressed in
his coordinate system. During concentric loading, the
ontact area centroid behaved similarly to the motion
f the center of the humeral head. For the noncon-
orming, BF, and natural joints, the contact centroid
emained centered or slightly anterior as well as
uperior to the joint center (Figure 4). However, the
onforming glenoid demonstrated statistically signifi-
ant (P � .02) posterior contact (Figure 4, A), consis-
ent with the kinematic findings. S-I centroid transla-
ions were not influenced by glenoid type (P � .3)
Figure 4, B). Glenoid contact in implants was signif-
cantly more posterior than in the natural joints (�1.2

4.4 mm vs 1.6 � 3.8 mm, P � .001), whereas S-I
entroids were approximately the same (P � .8; mean
uperior location, 8.8 mm).

Figure 2 Mean A-P (A) and S-I (B) translation of the
loading. Error bars represent SDs. NJ, Natural joint; C

Figure 3 Mean A-P (A) and S-I (B) translation of the
loading. Error bars represent SDs. NJ, Natural joint; C
Movement of the humerus from extension to flexion c
aused the centroid to migrate posteriorly (P �
0006) and inferiorly (P � .003) for all glenoid
onfigurations (Figure 5). The conforming glenoid
roduced significantly (P � .05) more posterior con-

act than the natural joint, particularly in the position
f flexion with internal rotation, where the contact
ccurred closer to the rim (Figures 5, A and 6).

nterestingly, in all cases joint contact was predomi-
antly in the superior region of the glenoid compo-
ent (Figure 5, B). Prosthetic joint contact centroids
ere more superior (8.3 � 5.3 mm vs 4.8 � 6.2 mm,
� .069) and significantly more posterior (�3.2 �
.9 mm vs �0.4 � 5.6 mm, P � .0038) than for
atural joints.

ISCUSSION

Foremost among the objectives of total shoulder
eplacement are to restore motion and strength and to
liminate pain. Over the past 3 decades, modern TSA
as been highly successful in the treatment of GHJ
egeneration. However, there remains considerable
ontroversy in determining the amount of component

r of curvature of the humeral head during concentric
nforming; NC, nonconforming.

er of curvature of the humeral head during eccentric
nforming; NC, nonconforming.
onformity that optimizes implant performance in
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ivo. Neer’s original unconstrained TSA design fea-
uring conforming glenohumeral components has
ong been considered the standard for GHJ replace-
ent because of its clinical efficacy and durabil-

ty.11,38,48 Today, long-term follow-up studies con-
inue to cite glenoid component loosening as the most
requent indication for revision surgery.13,53 These
esults may be responsible for shoulder surgeons’
ncreasing preference for nonconforming components
which, by design, are less likely to produce glenoid
im loading) despite the risk of increased contact
tresses during centered loading. Recently, the inno-
ative BF glenoid design (Zimmer, Inc) was intro-
uced, featuring a conforming central geometry and
onconforming peripheral region, in contrast to other
esigns that are either fully conforming or fully non-
onforming. The present study is among the first re-
orts assessing ex vivo joint biomechanics after shoul-
er arthroplasty with the BF system.

Figure 4 Mean A-P (A) and S-I (B) translation of gleno
graphs, the y-axes correspond to the typical 24-mm A-
0 mm of translation indicating the glenoid center for e
conforming; NC, nonconforming.

Figure 5 Mean A-P (A) and S-I (B) translation of gle
represent SDs. NJ, Natural joint; CF, conforming; NC
The experimental protocol developed for this study s
ncluded test positions (30°-150° arm elevation) in the
capular plane that we hypothesized would produce
inimal translations and centered joint contact with
o significant differences among glenoid implants.
hroughout elevation in the scapular plane, the con-
act centroid for the conforming glenoid was dis-
laced posteriorly (P � .017) by 3 mm or more
elative to the natural joint, the BF, and the noncon-
orming glenoids, which demonstrated centered con-
act over these same elevations (Figure 4, A). An
qually surprising finding was that conforming joints
xhibited a marked and significant (P � .005) (Figure
, A) posterior translation during concentric loading.
-I translations, meanwhile, demonstrated similar ki-
ematic patterns among the implants, particularly
bove 30°, with a trend (P � .1) for native humeral
eads to be closer to the joint midline (Figure 2, B). In
ight of these findings, we reject the hypothesis that
oncentric motion is achieved with all glenoids during

ntact centroid during concentric loading. In these lines
th or 36-mm S-I length of the prosthetic glenoids, with
axis. Error bars represent SDs. NJ, Natural joint; CF,

contact centroid during eccentric loading. Error bars
conforming.
id co
P wid
capular-plane elevation.
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Three additional loading positions (flexion, exten-
ion, and scapular-plane internal rotation) were se-
ected to promote humeral head contact on or near
he anterior-posterior glenoid rim. In response to these
ccentric applied loads, the BF’s ability to “contain”
im loading, given its hybrid design, was expected to
e intermediate to that of the perfectly congruent and

ncongruent glenoids. As GHJs were progressively
oaded from extension into flexion, despite the lack of
tatistically significant differences in humeral head
inematics, conforming joint contact centroids mi-
rated closer to the posterior glenoid rim (Figure 5,
). Posterior translation has previously been shown in
ormal cadaveric joints in which simulated muscle
orces were used to achieve flexion.7 We believe that
he combined effects of muscle forces (Table I) and
lenoid component geometry led to the observed
atterns of posterior humeral translation in our study.
he BF, natural joint, and nonconforming glenoids
ppeared to control rim loading under these eccentric

oads when compared with the conforming glenoid (P
.05) (Figures 5, A, 6, 7, and 8). The similarity in

ontact patterns between the BF and nonconforming
lenoids suggests that, under the experimental load-

ng conditions, contact typically occurred in the outer,
onconforming portion of the BF (Figures 7 and 8).
nterestingly, all glenoids exhibited contact primarily
uperior to the component center, although these
entroids were no closer than 5 mm from the superior
lenoid rim (Figure 5, B). We, therefore, confirm the
ypothesis that eccentric loading of conforming im-

igure 6 Representative contact map for conforming glenoid in
ccentric loading positions. White crosshairs denote contact cen-
roid. S, Superior; P, posterior.
lants produces contact near the glenoid edge. With t
he numbers available, no significant differences in
lenohumeral motion and contact could be detected
mong the BF and nonconforming designs as well as

he natural joint.
Under conditions of uniformly applied muscle

orces across the 4 test configurations, statistically
ignificant differences in calculated resultant applied
orces were found only with forward flexion, where

igure 7 Representative contact map for nonconforming glenoid
n eccentric loading positions. White crosshairs denote contact
entroid. S, Superior; P, posterior.

igure 8 Representative contact map for variable conforming (ie,
F) glenoid in eccentric loading positions. White crosshairs denote
ontact centroid. S, Superior; P, posterior.
he nonconforming design experienced greater pos-
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erior loads than the natural joint (P � .037). The
ean magnitude of the maximum resultant joint forces

o which the implants were subjected in this study was
94 N (less than one-third body weight for a 76-kg

ndividual). During independent experiments in our
aboratory, a prosthetic humeral head was statically
oaded (200 N) onto a mating glenoid by use of a
ervohydraulic testing system, and minimal (�0.15
m) creep deformation of the polyethylene glenoids
as noted. Therefore, it was not likely that ultrahigh–
olecular weight polyethylene creep influenced the
iomechanical results of the present study.

Care was taken to minimize confounding experi-
ental variables during testing. We used a blinded
nd randomized testing approach for the prosthetic
lenoids, and we could not attribute our results to

esting sequence, as there did not exist meaningful
isparities among glenoids. In each specimen, posi-

ioning of successive glenoid implants was consistent
s a result of the minimal loss of bone associated with
ur recementing techniques. Hence, we do not be-

ieve that our results are attributable to glenoid mal-
osition. The capsular release and repair, which
ere necessitated by our articular-surface registration

echniques, were performed before any kinematic
esting. A tight or lax capsule would be expected to
lter joint motion with all glenoids, whereas in this
tudy statistically significant posterior humeral migra-
ion was found only for the conforming glenoid. Ad-
itional pilot studies were conducted to investigate

he influence of muscle forces on joint stability for the
test positions examined. We observed that incre-
ental muscle force loading afforded a propriocep-

ive ability, in the sense that loads could be manually
djusted and balanced to prevent joint dislocation,
articularly for eccentric loading positions. However,

he capability to “sense” how well the humeral head
as seated in the glenoid not only constituted a
otential bias in experimentation but also resulted in
ubstantial disparities in the magnitude of applied
esultant force vectors across test configurations.
ence, we used a passive-assisted active muscle

oading approach to maintain similar muscle force
alancing throughout the course of testing of each
houlder specimen. At the same time, we recognize
he possibility that a single combination of muscle
orces may not have been conducive to stability for all
mplants. Indeed, this may have been the case for the
onforming prosthetic joints, in which posterior kine-
atic and contact patterns were consistently noted
cross all experiments.

Few laboratory studies have examined the effect of
omponent conformity on glenohumeral kinematics
nd contact patterns, although several investigations
ave reported subluxation or dislocation forces as
easures of joint stability.1,23,33,45 Karduna et al32
sed a human cadaveric model of TSA to quantify p
ranslations in glenohumeral components whose ra-
ial mismatches varied from 0 through 5 mm. Under
onditions of active loading, both S-I and A-P transla-
ions increased significantly with radial mismatch. The
uthors found that approximately 4 mm of mismatch
n average best replicated normal joint translations.
eanwhile, a recent clinical study by Walch et al50

eported that glenoid radiolucent lines (a potential
ndicator of component loosening) were less preva-
ent in joints with a radial mismatch greater than
.5 mm but less than 10 mm. However, in this radio-
raphic study, all implanted glenoids were flat-
acked and thus more prone to edge loading. In our
tudy, nonconforming glenoids (whose radii of curva-
ure were 3 mm greater than those of the humeral
ead) exhibited no statistically significant differences,
side from the resultant joint force in flexion, com-
ared with natural joints.

Our results suggest that glenohumeral stability is
reater in natural joints compared with prosthetic

oints. When the group mean of the 3 implants is
onsidered, the center of curvature of the native hu-
eral heads was significantly closer to the joint mid-

ine during scapular-plane elevation on the basis of S-I
inematics (P � .017) and A-P contact (P � .0015);
nder eccentric loading, similar trends were evident
P � .0015 and P � .0038, respectively). In contrast,
hen data only for radial mismatches up to 3 mm are
xamined, it is apparent that the A-P and S-I joint
ranslations reported by Karduna et al32 were smaller
or implants compared with natural joints. However,
ne must consider several key differences between
ur study and that of Karduna et al. The latter inves-

igation focused on the positions of full internal to
xternal humeral rotation at 90° arm elevation, used
surgical technique that preserved the integrity of the

apsule, and found no significant differences in kine-
atics between natural joints and prosthetic joints
hose radial mismatches ranged from 0 to 5 mm. The
iomechanical differences between natural and pros-

hetic joints are likely attributable to the greater com-
liance of articular cartilage and labrum in compari-
on to polyethylene. For the native glenohumeral
artilage surfaces of the specimens evaluated in this
nvestigation, the radial mismatch as determined from
PG analysis ranged from 0.7 to 2.4 mm, with a
ean value of 1.4 � 0.6 mm. In a natural glenohu-
eral articulation with a slight mismatch in humeral
ead and glenoid curvatures, deformation of carti-
age during joint loading may actually increase the
ongruity of the joint and improve stability. This mech-
nism may explain the findings that joint contact
entroids tended to be closer to the joint midline in
atural relative to prosthetic joints.

In summary, despite clinical speculation that com-
onent conformity in TSA strongly influences implant

erformance and survival, in this investigation few
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tatistically significant (P � .05) differences were
etected among 3 prosthetic glenoid designs under

he imposed test conditions. The glenoid designs fea-
uring some degree of mismatch behaved similarly to
he natural joint, with no statistical differences in joint
inematics or contact patterns detected among these
test configurations. However, the conforming de-

ign led to posterior translation and contact near the
lenoid rim. With regard to glenoid component com-
lications, the 2 major mechanisms of clinical con-
ern are elevated contact stresses producing polyeth-
lene wear and edge loading leading to component
oosening. Our finite-element studies previously dem-
nstrated considerably increased contact stresses in
ully nonconforming relative to fully conforming gle-
oids, as well as a benefit (ie, lowered stresses) to
dding a partial region of conformity to a fully non-
onforming glenoid. Our kinematic and contact data
urther suggest that adding a peripheral zone of trans-
ation to a fully conforming glenoid reduces the likeli-
ood of rim loading, thereby increasing joint stability.

We wish to thank Matthew T. Sugalski, MD, Theodore A.
laine, MD, Michael Q. Freehill, MD, William N. Levine,
D, Jeckin Shah, and Gopal Patel for their contributions to

his study.
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