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ABSTRACT - The objective of this research was to derive the mean and distribution of elastic
modulus and strength throughout the glenoid vault. The motivation was to select an appropriate
bone substitute for testing shoulder prostheses since it is difficult and non-repeatable to use ca-
daver bone. The determined properties, varying by quadrant and depth, could be used in a finite
element model of the glenoid. The regions of stronger and deeper bone also suggest locations for
prosthetic fixation. In this paper an indentation study of normal glenoid cadaver bone is de-
scribed in which ten glenoids including two right-left pairs were tested. Quantitative computed
tomography (QCT) was used to analyze the densities of two of these glenoids. Properties varied
widely within and between glenoids. The pooled mean elastic modulus for eight non-paired gle-
noids was 94 MPa; means for the ten glenoids ranged from 65 to 172 MPa. The pooled mean
strength was 10 MPa; individual glenoid strengths ranged from 6.9 to 17 MPa. The posterior
region, particularly superiorly, was much stronger than the other regions. Both the posterior and
anterior regions were stronger than the central column. E modulus decreased over the first few
layers, plateauing at approximately 10 mm below the surface. The greatest depth isin the cen-
tral column with additional deep areasin theinferior region and anterior to the central column
superiorly. There was a strong linear relationship (R?=0.76) between strength and modulus.
Relationships between QCT density and strength (R?=0.38) and QCT density and modulus
(R?=0.32) were evident but weak, consistent with the literature. Due to the poor and variable
relationship between density and mechanical propertiesit isimportant that mechanical testing be
performed if absolute values are desired.
(Hodgskinson & Currey, 1990; Linde, 1994).
INTRODUCTION Ages of the specimens ranged from 62 to 96

Prosthetic glenoid loosening is one of the most (Mean 81 yr). Six were female, two male. None
common clinical complications of total shoulder Of the glenoids was visibly arthritic. The scapula
arthroplasty (Wirth & Rockwood, 1996). Inorder s < C g

to artificialy test components for this condition \'H zr-

the properties of the substrate must be established. k= “.
Once established, a bone substitute with these
properties can be used for standardized testing. In
contrast to other sites, the properties of glenoid
bone have only recently been studied, as outlined
inTable 1.

There were three main differences in the protocol
of the Batte et al. (1996) study from the present
study: 3 mm thick slices were cut from the gle-
noid rather than doing complete in situ testing,
indentation was normal to the flat dlices as op-
posed to normal to the curved glenoid surface,
and properties were tested at fewer depths (3, 6
and 9 mm in contrast to up to 31.5 mm). Both
used a 3 mm indentor.

METHOD & MATERIALS

The mechanical properties were derived in situ
with a 2.95 mm flat cylindrical indentor. This
method retains the natural constraints of the bone
and has thus been used in many other studies. Ten
embalmed glenoids were tested including two
right-left pairs. Embalming only increases the
modulus of cancellous bone by a few percent Figure 1- Surface view of glenoid
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Table 1- Literature review of Glenoid Bone Studies

Mechanical properties of glenoid cancellous bone

Author & Method M aterial

Results

Frich (1994): pene-
trometer, compres-
sion, CT, structure

10 normal; 5 rheu-
matoid arthritic
(RA)

openetrometer, .., = 36.9 MPa (25.8 - 59.0 MPa) = 14 MPa

E,...= 105MPa (8.6 - 387 MPa);

0-ulti mate

= 0.34 g/cm® (0.17 - 0.56 g/cm®)

Proear

Frich & Odgaard
(1995): bone volume
fraction in 8 zones

6 normal glenoids;
6 RA glenoids

Thinned subchondral layer in early RA; insufficient or
absent in advanced RA. Bone density much lower in RA
than normal. Posterior:anterior bone volume was 2:1.

Batte et al. (1996): |5 normal cadaveric

Superior regions strongest; anterior-posterior trends varied

coronal, horizontd
and sagittal planes

indentation & CT glenoids at 3 different depths. E, ., = 370 MPa
Lack of correlation (R*=0.03) between QCT density and
modul us on pooled data.
Mason et a. (1994): 10 cadaveric  |Bone densities increased from inferior to superior, lower in
CT scapul ag; central column than in anterior or posterior regions. p =

0.28 - 0.57 g/cm®. Deepest portion from inferior to antero-

superior.

was embedded in a semi-cylindrical mould of
fiberglass resin to alow rotation in a vice about
the anterior-posterior axis of the glenoid. The
longest superior-inferior (Sl) axis of the glenoid
defined the central column while the widest per-
pendicular anterior-posterior (AP) axis defined
the central row. The glenoid was marked with a
proportional grid to allow comparisons between
glenoids of different sizes. Rows and columns
were spaced by 15% of the Sl length (approxi-
mately 5 mm) to ensure at least 1 mm between
hole edges (Little et al., 1986) as shown in Figure
1

Holes were drilled radially, normal to the surface
of the central column, to mimic the direction of
load applied by the humeral head (see Figure 2).
No adjustment was made for the smaller anterior-
posterior curvature. Each hole was first flattened
at the surface using a 3.1 mm flat-end milling
cutter which allowed clearance for the indentor.
Indentation was performed at 2 mm/min on an
Instron 1122 testing machine. Indentation contin-
ued until a maximum displacement of 1 mm or a
sudden reduction in force occurred indicating
bone failure. At the completion of a layer, the
holes were milled a further 3.5 mm ensuring that
the following layer was unaffected (Katoh et al.,
1996). Each hole was tested at increasing depths
of 3.5 mm up to 31.5 mm or until the glenoid wall
was reached. The maximum number of holesin a
surface layer was 27, decreasing rapidly in the
deeper layers. The total number of cancellous
sites ranged from 59 for glenoid 3 to 115 for
glenoid 5. After completion of the testing, the
glenoid was dliced in the Sl direction through
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each column of holes using a Precision Surface
Grinder (Taft Peirce, Moonsocket, Rhode Island)
in order to determine the cancellous sites. Figure
2 shows the resulting cross-sectional view. Any
test sites within 2 mm of the cortical edge were
removed from the data for calculations.

The modulus was calcul ated as;

1-v?) P
( 2;’ ) (Eq. 1)

where v is Poisson’s ratio, 2a is the diameter of
indentor and P/d is the slope of the load versus
displacement curve (Timonshenko & Goodier,
1970). The slope was taken as the most linear
portion of the load versus displacement curve
prior to yielding. This slope was corrected for
machine stiffness, resulting in a 0 to 15 percent
(typically 3%) increase in modulus. Poisson’s
ratios have been shown to vary widely even at the
same anatomic location and to change with test-
ing direction (Linde, 1994). For the analysis
presented here, the Poisson’s ratio was chosen to
be 0.25 as a middle value. While there is uncer-
tainty in the value of the Poisson’s ratio, a value
of 0.2 as opposed to 0.25, for example, would
only increase the modulus by 2.4%.

E =

The failure strength is easily found by dividing
the failure load as read from the strip chart by the
area of the indentor. If significant yielding oc-
curred before ultimate failure, the yield load was
taken as the failure load; otherwise the ultimate
load was taken as the failure load. Due to the time
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limit to protect successive layers, some locations
did not record either yield or ultimate failure
(mean, 7% of tests). These were initialy treated
as censored points in the dtatistical analysis,
however several similarities among the censored
points led to them being removed from the analy-
sis. they most often occurred near the interior
cortical edge of the glenoid vault and they all had
strengths higher than the regression line between
modulus and strength. The long rise-time was
therefore likely due to a strong curvature in the
vault close to the indented point.

Mean values for each glenoid were calculated
based on the Weibull parameters derived from the
data. The Weibull distribution is often used to
characterize strength data (Bury, 1975). For re-
gional comparisons, an ANOVA was performed
at a=0.05 on the logarithm of the data. When
differences were detected the Least Significant
Difference Method was used for individual com-
parisons. The matched glenoids were compared
using a paired t-test of the logarithmic data at
a=0.05.

CT scans were taken of glenoids 8 and 10 at
180kV, 140mA for 1 second to analyze the den-
sity. The glenoids were supported in water baths
by custom holders. A calibration phantom con-
sisting of plastic vials containing 0, 50, 100, 200
and 400 mg/cm?® of K,HPO, were included in the
same image. Quantitative CT numbers in Houns-
field Units (HU) were determined in regions of
interest matching the hole locations that were
subsequently tested by indentation. Conversion
from HU to QCT density was based on a linear
regression of the calibration phantoms.

RESULTS

The mean and range of the elastic moduli and
strength for the tested glenoids are given in Table
2. Pooled data excludes glenoids 3 and 5 since
they were paired (chosen to result in equal num-
bers of right and left glenoids). The posterior and
anterior regions in glenoids 1, 5 and 8 had signifi-
cantly larger moduli (pa<0.05) than the central
column, with other glenoids following the same
trend. In glenoids 6, 7, 8 and 9 the posterior (P)
region was significantly stronger than both the
central column (c) and anterior (A) regions. Fig-
ure 3 demonstrates this for the pooled data. See
also Figure 4 for the layout of the holes.

Except for glenoid 5, there were no significant
differences between the superior (S), central row
(c) and inferior (l) regions. There were few sig-
nificant differences between quadrants (which
exclude the central row and column), however in
the pooled data the postero-superior region was
significantly stronger than the other three regions.
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Differences with depth varied, with the pooled
data indicating that the surface (S) third (3.5 mm
to 10.5 mm) has a significantly higher modulus
than the mid (M) and deep (D) thirds (14 mm to
21 mm and 24.5 mm to 31.5 mm respectively).
Properties dropped rapidly over the first three
layers (290 MPa at the subchondral layer, not
included in the cancellous calculations, 122 MPa
a 3.5 mm and 96 MPa at 7.0 mm) stabilizing at
approximately 80 MPa from 10.5 mm and be-
yond. Pair-wise treatment of the matched glenoids
indicated a significant difference in the modulus
(p = 0.0002 for glenoids 3 and 4; p = 0.003 for
glenoids 5 and 6). There was a strong (R? = 0.76)
linear relationship between strength (S) and elas-
tic modulus (E) for the pooled data with S =
0.10E. Relationships for individual glenoids
varied from S= 0.08E to S=0.13E.

The QCT densities for glenoids 8 and 10 averaged
0.20 and 0.17 g/cm® respectively, ranging from
0.02 to 0.57 g/cm®. The relationships between
QCT density and mechanical properties were
weak with an R?=0.38 on a logarithmic regression
between strength and density (S = 0.095p"%) and
R*=0.32 between modulus and density (E =
1.6p0'76).

The maximum tested depth of each hole was
averaged across the glenoids. If a hole was out-
side an individual glenoid's surface it was given a
depth of zero. The resulting distribution, as shown
in Figure 3, indicates that the greatest mean depth
(16 to 20 mm) is located in the central superior-
inferior column. This corresponds to the location
of the keel in glenoid prosthetic designs. An S
pattern is apparent with greater glenoid depth in
the postero-inferior and antero-superior columns.

Figure 2- Glenoid cross-section
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Table 2- Glenoid cancellous modulus and strength for different specimens

Glenoid E Modulus E Modulus Fail. Strength Fail. Strength
No. M ean (M Pa) Range (M Pa) M ean (M Pa) Range (M Pa)
1 65 0.1-281 7.5 0.3- 24
2 69 0.1-377 9.5 0.9- 49
3 128 4.4 - 303 17 4.8 - 50
4 172 33-470 17 4.0- 69
5 74 0.2-194 6.9 0.4- 33
6 82 2.1-238 7.5 0.6- 24
7 102 10- 319 9.8 15- 41
8 113 2.6 - 382 13 1.2- 53
9 92 7.2-423 9.8 0.8- 73
10 99 23- 289 9.0 15- 28
Pooled 94 0.1-470 10 0.3- 73

The antero-inferior column is also relatively deep.
Columns were spaced approximately 5 mm apart.

DISCUSSION

The goal of this study was to characterize glenoid
bone in order to select a bone substitute for stan-
dardized testing of glenoid loosening. Given
equivalent design, loading and patient factors,
glenoid components embedded into bone with a
lower strength (for example glenoid 1 as com-
pared to glenoid 4) would be more likely to fail
by prosthetic loosening (Wirth & Rockwood,
1996). A lower strength of bone substitute may
therefore be more appropriate for prosthetic test-
ing. Posterior and anterior regions, particularly in
the postero-superior region, appear to be more
suitable for prosthetic fixation than the central
region in terms of strength but the central column
may be favored due to depth. Since prosthetic
fixation removes bone, the surrounding bone
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Figure 3- E Moduli by region

80

strength is of greatest interest. A decrease in
properties with depth, as found in this study, is
typical, with a large drop in properties below the
subchondral layer. This highlights the importance
of maintaining the subchondral layer in prosthetic
replacement.

Modulus values were lower than found by Batte
et a. (1996) probably due to the differences in
protocol, but quite close to those reported by
Frich (1994). The occasionally very low modulus
(five sites out of a total of 654, four of which
occurred in the first glenoid) may be because the
residual bone from milling was not sufficiently
removed and this was indented rather than the
fresh surface. Otherwise the fit to the Weibull
distribution was excellent (R*=0.99). Values were
comparable to those reported at the vertebra while
less than those reported at the tibia and femur
(Linde, 1994). The E moduli used in finite ele-
ment studies of the glenoid are noticeably higher
than those found in this study (Orr et al., 1988),
which may affect the results of those studies.
Strength values are at the higher end of what has
been reported at other sites. Thisis likely because
most tests by other authors have been done in
unconfined compression which leads to reduced
properties due to the removal of trabecular cross-
struts (Linde & Hvid, 1989). Density, based on
the QCT of two glenoids, was lower than both
Mason et a. (1994) and Frich (1994) perhaps
because only cancellous sites were included and
greater depths were tested.

The stronger anterior and posterior properties as
compared to the central column is supported by
Mason et a. (1994). In agreement with Frich and
Odgaard (1995), athough not as strongly, we
found significantly stronger posterior properties
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than anterior. We only found a significant differ-
ence between inferior and superior regions on the
posterior side, although superior regions did tend
to have greater moduli than inferior regions as
found by Mason et a. (1994) and Batte et 4.
(1996). Our depth findings were quite similar to
Mason et a. (1994), with the greatest depth run-
ning from postero-inferior to antero-superior.
There was a wide range of shapes however, which
could present a problem for deeper fixation of
glenoid prosthetic components.

In our sample of eight, there was no trend of
modulus or strength with age or sex. Thisimplies
that the variations between individuals were
greater than a possible trend associated with age
and sex. Since this study included specimens of a
generally older age and six out of the eight were
female, the properties may be expected to be
lower than average.

The strong linear relationship between strength
and modulus found in this study is well supported
in the literature (Linde et a., 1992). The relation-
ships between QCT density and the mechanical
properties were clear but weak, consistent with
other studies (McBroom et al., 1985). In this
study, due to the radia in situ testing, it was
difficult to match locations exactly between the
CT image and the mechanical testing sites. It is
also questionable as to what height of trabeculae
affect the properties at the indentor and hence
what height should be included on the CT image
to best match the properties (a height 3.5 mm was
used in this study). Linde et a.’s (1992) review of
density-property relationships reveals the extraor-
dinary variety of fitted equations, as unique as
each set of data. This emphasizes the need to
perform mechanical testing directly if absolute
values are desired.

Figure 4- Mean glenoid depth
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CONCLUSIONS

This study determined the modulus and strength
throughout the cancellous glenoid vault of ten
glenoids. The mean modulus was 94 MPa; at
individual sites the modulus varied from 0.1 to
470 MPa. The mean strength was 10 MPa, vary-
ing from 0.3 to 73 MPa at individua sites. Shape
varied considerably among the glenoids in terms
of length of the axes, the position of the origin
and the distribution of depth. The strongest prop-
erties were in the postero-superior region. Since
this area is relatively shallow, however, a com-
promise is necessary. The deepest region was
aong the centra column. This suggests that
deeper fixation should be placed in the centra
column whereas additional fixation should be
placed in the stronger bone on the anterior and
posterior sides. A bone substitute should be cho-
sen with properties less than or equal to the mean
strength of 10 MPa
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