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Abstract
The shear strength of human trabecular bone may influence overall bone strength under fall
loading conditions and failure at bone-implant interfaces. Here, we sought to compare shear and
compressive yield strengths of human trabecular bone and elucidate the underlying failure
mechanisms. We analyzed 54 specimens (5-mm cubes), all aligned with the main trabecular
orientation and spanning four anatomic sites, 44 different cadavers, and a wide range of bone
volume fraction (0.06–0.38). Micro-CT-based non-linear finite element analysis was used to
assess the compressive and shear strengths and the spatial distribution of yielded tissue; the tissue-
level constitutive model allowed for kinematic non-linearity and yielding with strength
asymmetry. We found that the computed values of both the shear and compressive strengths
depended on bone volume fraction via power law relations having an exponent of 1.7 (R2=0.95
shear; R2=0.97 compression). The ratio of shear to compressive strengths (mean ± SD, 0.44 ±
0.16) did not depend on bone volume fraction (p=0.24) but did depend on microarchitecture, most
notably the intra-trabecular standard deviation in trabecular spacing (R2=0.23, p<0.005). For
shear, the main tissue-level failure mode was tensile yield of the obliquely oriented trabeculae. By
contrast, for compression, specimens having low bone volume fraction failed primarily by large-
deformation-related tensile yield of horizontal trabeculae and those having high bone volume
failed primarily by compressive yield of vertical trabeculae. We conclude that human trabecular
bone is generally much weaker in shear than compression at the apparent level, reflecting different
failure mechanisms at the tissue level.
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1. Introduction
Since trabecular bone is thought to be primarily adapted to sustain compressive loads along
its main trabecular orientation, most focus to date in biomechanical studies of human
trabecular bone has been placed on understanding its compressive strength behavior (Carter
and Hayes 1976; Ciarelli et al. 1991; Goldstein 1987; Goulet et al. 1994; Morgan and
Keaveny 2001; Rice et al. 1988; Keller 1994). However, obliquely oriented external loads
can generate substantial shear stress within a bone with respect to the main trabecular
orientation, which may be relevant for understanding bone trauma, including hip fracture
etiology (Ford and Keaveny 1996; Keyak 2000; Lotz et al. 1991). Likewise, large shear
stresses can develop near bone-implant interfaces, which may influence orthopaedic implant
loosening (Cheal et al. 1992). In analyzing such situations, the shear strength of trabecular
bone may be equally or even more relevant than its compressive strength.

To date, only a few studies have addressed the apparent-level shear strength behavior of
trabecular bone, particularly for humans (Garnier et al. 1999; Fenech and Keaveny 1999;
Ford and Keaveny 1996; Halawa et al. 1978; Kasra and Grynpas 2007; Mitton et al. 1997;
Stone et al. 1983; Rincón-Kohli and Zysset 2009; Saha and Gorman 1981; Garrison et al.
2011). It has been proposed that the structure-function relations may differ between
compression vs. shear loading because trabecular bone may maintain structural integrity for
habitual (compressive) loading, but may be degraded for non-habitual (shear) loading,
particularly for individuals prone to fracture (Ciarelli et al. 2000; Homminga et al. 2004).
Similarly, while the shear strength of bovine trabecular bone may be low because of
pronounced bending of individual trabeculae (Fenech and Keaveny 1999), little is known
about the associated shear failure mechanisms in human trabecular bone — which may
differ from bovine mechanisms because of inter-species differences in bone volume fraction
and micro-architecture. Thus, to further understanding of the shear strength behavior of
human trabecular bone, we sought here to compare the apparent-level shear and compressive
strengths of a wide range of human trabecular bone and to explore the underlying failure
mechanisms.

2. Methods
A total of 65 human cadaver specimens of trabecular bone, from four anatomic sites, were
initially chosen for this analysis. These specimens, taken from prior studies in our laboratory
(Bevill et al. 2006; Kopperdahl and Keaveny 1998; Morgan and Keaveny 2001), were
originally machined as 8 mm-diameter cylindrical cores, along their principal trabecular
orientation, and were scanned at a spatial resolution of 10–22μm using either micro-CT
(n=44; μCT 20; Scanco Medical AG, Brüttisellen, Switzerland) or serial milling (n=21)
(Beck et al. 1997). Standard trabecular microarchitecture parameters (Hildebrand et al.
1999; Laib et al. 2001) were available for all specimens that were scanned with micro-CT. A
subset (n=22) of these specimens were also mechanically tested to failure in compression
(Bevill et al. 2006; Kopperdahl and Keaveny 1998; Morgan and Keaveny 2001).

For the purposes of this study, one voxel-based finite element model was generated for each
specimen, the model comprising a 5 mm cube (Figure 2a) that was virtually extracted from
the images of the central portion of the larger cylindrical specimen. An element size of 66
μm was used for the femoral neck specimens, and 22 μm for the greater trochanter,
proximal tibia and vertebral body specimens. These resolutions were based on convergence
requirements that the ratio of mean trabecular thickness to element size be at least 4
(Guldberg et al. 1998; Neibur et al. 1999). Individual models had between about 1–5 million
elements. To ensure that these extracted cube specimens were adequately aligned (within
±10° of the principal trabecular orientation), six uniaxial linear elastic finite element
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analyses were performed on each specimen to calculate the Euler angles of misalignment
(van Rietbergen et al. 1996). Eight specimens from the greater trochanter and three
specimens from the proximal tibia were eliminated because of misalignment. This resulted
in a final cohort of 54 specimens, which together spanned four anatomic sites, were taken
from 44 different cadavers, and displayed a wide range (0.06–0.38) of bone volume fraction
(Table 1). For this final cohort, the trabecular microarchitecture parameters were available
only for the specimens there were imaged using micro-CT (n=39).

Two non-linear finite element analyses were performed on each specimen to calculate both
the apparent-level shear and compressive yield strengths. In all analyses, all finite elements
were assigned the same hard tissue material properties having an isotropic elastic modulus
of 18.0 GPa, a Poisson’s ratio of 0.3, and a rate-independent elastic-plastic material model
(Papadopoulos and Lu 2001). The models also included kinematic non-linearity (“large-
deformation” effects), which are important to include for specimens having low bone
volume fraction (Bevill et al. 2006). In the voxel-level constitutive model, tissue-level
failure was allowed to occur only by tissue-level yield. Such yielding comprised a modified
von-Mises criterion with tension-compression strength asymmetry, which was achieved by
introducing pseudo kinematic hardening to shift the yield envelope. The tissue-level yield
strains of 0.33% in tension and −0.81% in compression were chosen based on a prior
calibration study (Bevill et al. 2006). This overall implementation provided excellent
agreement (Y~X, R2=0.96) for compressive apparent-level yield strength between model
and experiment for the 22 specimens for which we had both mechanical testing and finite
element yield strength data (Figure 1). For each model, displacement boundary conditions
were applied to impose uniaxial shear stress for shear strength assessment (Figure 2b) and
uniaxial compressive stress for compressive strength assessment (Figure 2c). All analyses
were performed using a highly scalable, implicit parallel finite element framework, Olympus
(Adams et al. 2004) on a Sun Constellation Linux Cluster (Ranger; Texas Advanced
Computing Center, TX, USA), each analysis requiring about 100 CPU hours.

The main outcomes from these analyses were the apparent-level shear and compressive
yield strengths, which were obtained using an offset of 0.2% strain applied to the computed
apparent-level stress-strain curves. To gain insight into tissue-level failure mechanisms, the
proportion of yielded tissue (equivalent to number of elements for which the maximum or
minimum principal stress at the element centroid had exceeded the tissue-level tensile or
compressive yield strength respectively, divided by total number of elements) and the tissue-
level yield mode (tensile or compressive) was calculated at the apparent-level 0.2% offset
yield point. For all yielded elements, those elements having a ratio of maximum principal
stress to tensile strength of greater than the ratio of minimum principal stress to compressive
strength were considered to yield in tension at the tissue level; otherwise they were
considered to yield in compression at the tissue level. For our statistical analyses, non-linear
and general linear regression modeling (JMP, Version 9.0.0, SAS Institute Inc., Cary, NC)
was used to determine the dependence of the various apparent-level and tissue-level
outcomes on apparent-level loading mode and on bone volume fraction, anatomic site, and
microarchitecture.

3. Results
Both the apparent-level shear (R2=0.95) and compressive (R2=0.97) yield strengths
depended on bone volume fraction in a non-linear fashion, each relation having an exponent
of 1.7 (Figure 3). Because the relation between apparent-level yield strength and bone
volume fraction relation did not depend on anatomic site (p = 0.55 for shear; p = 0.09 for
compression), data from the four different anatomic sites were pooled in most subsequent
results. Both the shear and compressive yield strengths were highly correlated with almost
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all the microarchitecture parameters (Table 2), which was expected since most
microarchitecture parameters generally have high correlation with bone volume fraction
(Hildebrand et al. 1999). The apparent-level yield strain decreased slightly with bone
volume fraction for shear loading (R2=0.07, p=0.05) but clearly increased for compressive
loading (R2=0.42, p < 0.001).

With the exception of one specimen, the shear strength was always appreciably lower than
the compressive strength. Consistent with the similar exponents for shear and compression
in the strength-bone volume fraction relation, the ratio of shear to compressive strengths
(Figure 4) did not depend on bone volume fraction (p = 0.24) or anatomic site (p = 0.13).
However, this ratio did vary appreciably (mean ± SD = 0.44 ± 0.16; range = 0.25–1.00) and
was partially explained by microarchitecture (Table 2), most notably the intra-specimen
standard deviation of trabecular separation (Tb.Sp.SD, R2=0.23, p< 0.005). For some
specimens having low bone volume fraction (BV/TV < 0.20), the ratio of shear to
compressive strengths was close to the value of 0.58 as predicted by a traditional (assuming
isotropy and strength symmetry) von Mises criterion, but at higher bone volume fraction the
von Mises criterion over-predicted this ratio.

Analysis of the amount of yielded tissue at the apparent-level yield point revealed a number
of differences in the underlying failure mechanisms. While the total proportion of yielded
tissue yielded was only slightly lower for shear than compression loading (Figure 5), there
were much greater differences in the mode of tissue-level failure. For shear, there was
predominantly tensile tissue-level yielding regardless of bone volume fraction, whereas for
compression, there was tensile tissue-level yielding at low bone volume fraction and
compressive tissue-level yielding otherwise (Figure 6). Visual inspection revealed that for
shear loading, there was mainly tensile stretching of the obliquely oriented trabeculae
regardless of bone volume fraction (Figure 7). This tensile yield pattern appeared to occur
primarily along continuous load paths that were oriented at approximately 45° with respect
to the main trabecular orientation. However, for compression loading, there was mainly
tensile failure of horizontal trabeculae for specimens with low bone volume fraction and
otherwise mainly compressive failure of longitudinal trabeculae (Figure 7). This tensile
failure of the horizontal trabeculae was the result of kinematic large-deformation-related
bending of the vertical trabeculae: when neighboring vertical trabeculae bent away from
each other in opposite directions, the interconnecting horizontal trabeculae were stretched.

4. Discussion
These results show that human trabecular bone is generally much weaker in shear than
compression at the apparent level, reflecting different failure mechanisms at the tissue level.
Although the ratio of shear to compressive strengths did not depend on bone volume
fracture, it did depend on the trabecular microarchitecture, particularly at low bone volume
fraction for which the compressive and shear strengths were almost equal for some
specimens. This dependence reflected a change in tissue-level failure mechanism for
compressive loading as bone volume fraction decreases whereby kinematic large-
deformation effects become important (Bevill et al. 2006; Stolken and Kinney 2003) as
adjacent vertical trabeculae bend apart from each other and stretch the connecting horizontal
trabeculae. There was not any such dependence of the failure mechanism on bone volume
fraction for shear loading. Thus, for some specimens with low bone volume fraction,
depending on the micro-architecture, the compressive strength could fall low enough to
approach the shear strength.

At the tissue level, one novel finding was the dominance of tensile yield of obliquely
oriented trabeculae for pure shear loading. Because of the difficulty of probing failure
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mechanisms using purely experimental models, most previous studies on pure shear
(Garnier et al. 1999; Mitton et al. 1997; Saha and Gorman 1981) loading have described
only apparent-level strength properties and have been unable to directly address tissue-level
failure mechanisms. In general, pure shear loading along the main trabecular orientation, as
simulated in our study, is equivalent to compression-tension biaxial loading at 45° to the
main trabecular orientation. This equivalence is reflected in the observed failure pattern
(Figure 7, left panels) of predominantly tensile yield due to stretching of the trabeculae
oriented along the principal tensile stress direction at an angle of 45° with respect to main
trabecular orientation. There is only a minor degree of compressive yield along the
(perpendicular) principal compressive stress direction because the tissue is weaker in tension
than compression, and thus yielding will occur preferentially for tensile loading even if
tissue-level tensile and compressive stresses are equal. Interestingly, these failure
mechanisms appear to be different than those for uniaxial apparent-level 45° off-axis
loading. For example, our earlier work (Bevill et al. 2009b) showed that uniaxial
compression of human trabecular bone caused predominantly tissue-level tensile yielding
due to bending of individual trabeculae (again, which fail primarily in tension because the
tissue is so weak in tension). It is not clear how a superimposed apparent-level tensile
loading perpendicular to such 45° off-axis uniaxial compressive loading would alter such
failure mechanisms and study of such bi-axial failure mechanisms remains a topic for future
research. Previously, we also proposed that torsion of bovine tibial trabecular bone causes
failure via appreciable bending of individual trabeculae (Fenech and Keaveny 1999).
Although torsion and shear loading both produce shear stresses in the specimen at the
apparent level, those torsion results cannot be directly compared to those from our pure
shear simulations because shear stresses across the specimen are not uniform in a pure
torsion test and for trabecular bone this may cause different tissue-level failure mechanisms.

These observations on tissue-level failure mechanisms constitute computer-generated
predictions and therefore await direct experimental validation. In the meanwhile,
microdamage in trabecular bone induced from mechanical testing has been correlated with
the structure model index (Arlot et al. 2008; Karim and Vashishth 2011). Consistent with
that finding, we found that the total amount (proportion) of yielded tissue was also
significantly correlated to SMI (Table 2). For specimens with low bone volume fraction
loaded under compression, we found that failure occurred mostly in the horizontal
trabeculae. This is consistent with the findings from experiments on human vertebral bone
(Fyhrie and Schaffler 1994) in which it was observed that complete fracture of trabeculae
was confined to the horizontal trabeculae — presumably fracture of individual trabeculae
only occurs when trabecular are excessively stretched primarily uniaxially. Finite element
studies by other investigators have also shown good agreement between predicted
distributions of tissue-level stress and directly imaged histological sections of microdamage
(Nagaraja et al. 2005; Shi et al. 2010).

At the apparent level, we found an influence of intra-specimen heterogeneity in trabecular
microarchitecture on the ratio of shear to compressive strengths. Interestingly, this intra-
specimen variation contributed more to a decrease in compressive strength of low volume
fraction specimens than to any effect on the shear strength (Table 2). Similarly, the negative
correlation between the degree of anisotropy (DA) and the shear-to-compressive strength
ratio implies that a more anisotropic structure renders the bone equally susceptible to shear
or compressive failure, more so due to the decrease in compressive strength than any effect
on shear strength. Other investigators have reported similar observations, in which an
increase in intra-specimen variability of microarchitecure of vertebral bone decreased
stiffness (Wegrzyn et al. 2010; Yeh and Keaveny 1999; Yeni et al. 2011) and strength
(Wegrzyn et al. 2010) under compression. Similarly, it has been proposed that heightened
trabecular anisotropy might render the proximal femur more susceptible to fracture (Ciarelli
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et al. 2000). Our results suggest that these intra-specimen heterogeneity effects primarily
degrade the compressive strength and have less influence on the shear strength.

The validity of our computational results for apparent-level strength is supported by results
from various previous experiments. Our compressive strength results were directly validated
by our own experiments, and the exponent of about 1.7 in our strength-bone volume relation
is consistent with reported power law relations from various other compression experiments,
which are in range 1.5–2.0 (Carter and Hayes 1976; Morgan and Keaveny 2001). Since
many experimental studies have studied shear failure by testing cylindrical cores of
trabecular bone in torsion (Garnier et al. 1999; Ford and Keaveny 1996; Kasra and Grynpas
2007; Rincón-Kohli and Zysset 2009), to help interpret that body of work we performed a
sub-study to directly compare apparent-level yield strength derived from torsion vs. pure
shear loading (Appendix). That study found statistically similar exponents in the yield
strength-bone volume fraction relation for the two loading modes, but much lower strength
for torsion than pure shear (ratio of mean strengths = 0.57 for n=15 specimens). This ratio is
close to the value of 0.61 obtained for the ratio of mean torsion to shear ultimate strengths as
measured experimentally for human femoral bone bone (Garnier et al. 1999). Similarly, the
ratio of mean torsion strength to mean compression strength for these 15 specimens was
0.24 (Appendix), which is in close agreement with the value of 0.22 obtained in a much
larger experiment on human trabecular bone (Rincón-Kohli and Zysset 2009). Further, after
accounting for variations in bone volume fraction, average values of torsional yield strength
from our simulations agreed well in an absolute sense with the literature data from multiple
experiments (Figure 8). Finally, a recent experiment on human trabecular bone reported
statistically similar exponents for the strength-density relation for compression vs. torsion
(Rincón-Kohli and Zysset 2009), just as we did (1.74 vs. 1.85, p=0.25, see Figure 3).

Our study has a number of limitations. Although our models were well validated for
compressive yield strength, we relied on computational models to extrapolate from
compressive strength to shear strength. In general, the models had sufficiently high spatial
resolution for numerical convergence but did not include such micro-scale features as intra-
specimen variations in mineral density or tissue material properties, anisotropy of the bone
tissue, or the geometric detail of any resorption spaces. While inclusion of such features can
affect overall behavior (Bourne and van der Meulen 2004; Gross et al. 2012; Jaasma et al.
2002; van der Linden et al. 2001; Verhulp et al. 2008), their exclusion is unlikely to
appreciably alter the relation between compression vs. shear yield strengths, which was our
main focus. Even so, it is possible that more complex tissue-level material behavior, such as
anisotropy in tissue yielding and post-yield hardening (Carnelli et al. 2010; Schwiedrzik and
Zysset 2012), or mechanical effects of micro-damage or micro-fracture, might lead to
different tissue-level failure mechanisms, particularly in the post-yield region of the
apparent-level stress-strain curve. Further, particularly for specimens having low volume
fraction, the apparent-level properties as estimated by these finite element models may be
sensitive to the applied boundary condition (Pahr and Zysset 2008, Bevill et al. 2009a),
which may introduce some error in these estimates compared to the in vivo behavior.
Finally, we only explored shear behavior in the axial-transverse plane and the shear failure
behavior may differ for other planes. Despite these limitations, these new results should
provide an improved basis for assessing the role of shear failure of trabecular bone in
structural analyses of whole bones and bone-implant systems.
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Appendix
In this sub-study, we used the computational techniques described above to measure the
yield strength of 15 cylindrical cores (8mm diameter, 12–15 mm length, BV/TV =
0.19±0.10, 0.07–0.38) under torsion loading. These cores were chosen from the original
image set of the 54 cubes specimens. The nodes on the bottom face of the cores were fully
constrained and a rotational displacement was applied on the nodes of the top face
equivalent to 1.5% apparent engineering shear strain. The shear stress was calculated from
the apparent-level torque vs. angle of twist curve using the following equation (Nádai 1950):

where T is the calculated torque, r is the radius of the specimen and 3 is the angle of twist
per unit length. The term dT/d3 was determined by fitting a fifth-degree polynomial to the
torque vs angle of twist curve. While this equation has been used in various studies of
trabecular bone (Garnier et al. 1999; Ford and Keaveny 1996; Kasra and Grynpas 2007;
Rincón-Kohli and Zysset 2009), it applies directly only to isotropic homogenous continuum
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materials and works well also for transversely isotropic materials that have an axis of
symmetry along the axis of the cylindrical specimen (Ford and Keaveny 1996). We found
that the torsion strength varied in a power law fashion with bone volume fraction (Figure 3,
R2 = 0.96). The constant in the power law regression for torsional strength was significantly
different from the constant of the regression of shear strength (p<0.001), but the exponents
were not different (p=0.25, Tukey HSD test). After adjusting for bone volume fraction,
general linear regression modeling indicated that the ratio of mean torsional strength to
mean shear strength was 0.57, confirming that the apparent-level yield strength of trabecular
bone is much lower under torsional loading relative to pure shear loading. Likewise, the
ratio of the adjusted mean for torsion strength to compression strength was 0.24.
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Figure 1.
Validation of predictions of compressive yield strength, for the 22 specimens in this study
that had both micro-CT scans and experimental measures of compressive yield strength. The
same tissue-level effective modulus of 18.0 GPa was used in all models. Orthogonal
regression was used since there were measurement errors in both experimental and finite
element strength measures. Values in brackets represent the 95% confidence interval for the
slope.
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Figure 2.
(a) A 5mm cube trabecular bone specimen with its Z-axis oriented along the main material
orientation (the X-axis was selected randomly in the transverse plane) (b) An engineering
XZ shear strain of 1.5% was applied for shear strength analysis, the dashed lines denoting
the prescribed displacement boundary condition on four faces, the other two faces remaining
unconstrained (c) A compressive normal strain of 1.0% was applied for compressive
strength analysis, the dashed lines denoting the prescribed displacement boundary condition
on the top face, the bottom face minimally fixed on rollers and the sides faces unconstrained.
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Figure 3.
Variation of compressive (solid line), shear (dashed line), and torsion (light line) apparent-
level 0.2% offset yield strengths with bone volume fraction.
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Figure 4.
Variation of the ratio of shear to compressive yield strengths with the bone volume fraction.
This ratio (mean ± SD = 0.44 ± 0.16 for 54 specimens) displayed additional scatter below a
bone volume fraction of about 0.20. This ratio for the traditional von Mises criterion is 0.58.
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Figure 5.
Variation of the proportion of yielded tissue (expressed as a percentage of total tissue in the
bone specimen) at the apparent-level 0.2% offset yield point for shear and compression
loading.
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Figure 6.
Variation of the ratio of tissue yielded in tension to tissue yielded in compression at the
apparent-level 0.2% offset yield point, for compression (left) and shear (right) loading. Note
the 10-fold difference in the vertical scales between plots.
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Figure 7.
Distribution of tissue-level yielding for a thin slice for two specimens, of low (BV/TV =
0.07) and high (BV/TV = 0.26) bone volume fraction. Red regions denote tissue-level yield
in tension and blue regions denote tissue-level yield in compression. The Z-axis denotes the
main trabecular orientation.
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Figure 8.
Literature comparison (Garnier et al. 1999; Ford and Keaveny 1996; Rincón-Kohli and
Zysset 2009; Garrison et al. 2011) of torsional yield strength vs. bone volume fraction, for
15 specimens from this study. The error bars show one standard deviation around the mean
value of bone volume fraction and yield strength. For studies that did not report apparent
density, the bone volume fraction was calculated assuming a tissue density of 2.0 g/cm3.
The data from (Bevill et al. 2009a) is unpublished (n=6 vertebral body specimens).
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Table 1

Specimen details for the final cohort (mean ± SD).

Anatomic Site No. of Specimens †(male/female) Age (years) Bone Volume Fraction

Femoral Neck 25 (12/13) 70 ± 10 0.25 ± 0.07

Greater Trochanter 4 (4/0) 67 ± 12 0.11 ± 0.04

Proximal Tibia 8 (8/0) 64 ± 10 0.12 ± 0.04

Vertebral body 17 (12/5) 66 ± 8 0.09 ± 0.03

Pooled 54 (36/18) 68 ± 10 0.17 ± 0.09

†
Number of trabecular bone cube specimens; altogether these specimens were taken from a total of 44 different cadavers.

J Biomech. Author manuscript; available in PMC 2013 October 11.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Sanyal et al. Page 20

Ta
bl

e 
2

Pe
ar

so
n 

co
rr

el
at

io
n 

co
ef

fi
ci

en
ts

 f
or

 y
ie

ld
 s

tr
en

gt
h,

 s
he

ar
-t

o-
co

m
pr

es
si

on
 y

ie
ld

 s
tr

en
gt

h 
ra

tio
, a

nd
 th

e 
pr

op
or

tio
n 

of
 y

ie
ld

ed
 ti

ss
ue

, a
ll 

ve
rs

us
 b

on
e 

vo
lu

m
e

fr
ac

tio
n 

(B
V

/T
V

) 
an

d 
va

ri
ou

s 
ar

ch
ite

ct
ur

e 
pa

ra
m

et
er

s 
(n

=
39

).
 D

at
a 

ar
e 

sh
ow

n 
st

ra
tif

ie
d 

by
 b

on
e 

vo
lu

m
e 

fr
ac

tio
n 

(P
oo

le
d,

 n
=

39
; L

ow
, B

V
/T

V
 <

 0
.2

0,
n=

23
; H

ig
h,

 B
V

/T
V

 >
 0

.2
0,

 n
=

16
).

 I
ta

lic
iz

ed
 v

al
ue

s 
ha

ve
 p

 <
 0

.0
5 

at
 le

as
t.

Y
ie

ld
 S

tr
en

gt
h

Sh
ea

r-
to

-C
om

pr
es

si
on

 S
tr

en
gt

h 
R

at
io

P
ro

po
rt

io
n 

of
 Y

ie
ld

ed
 T

is
su

e 
(%

)

Sh
ea

r
C

om
p

P
oo

le
d

L
ow

H
ig

h

Sh
ea

r
C

om
p

P
oo

le
d

L
ow

H
ig

h
P

oo
le

d
L

ow
H

ig
h

P
oo

le
d

L
ow

H
ig

h
P

oo
le

d
L

ow
H

ig
h

B
V

/T
V

0.
97

0.
90

0.
90

0.
97

0.
91

0.
96

−
0.

24
−

0.
22

−
0.

27
0.

62
0.

25
0.

54
0.

55
0.

11
0.

67

C
on

n-
D

en
0.

39
0.

42
−

0.
35

0.
37

0.
38

−
0.

35
−

0.
16

−
0.

19
0.

04
0.

15
−

0.
29

−
0.

05
0.

09
−

0.
31

−
0.

05

SM
I

−
0.

84
−

0.
38

−
0.

79
−

0.
88

−
0.

64
−

0.
82

0.
32

0.
36

0.
19

−
0.

56
−

0.
25

−
0.

36
−

0.
53

−
0.

31
−

0.
43

T
b.

N
0.

73
0.

55
0.

21
0.

73
0.

64
0.

15
−

0.
29

−
0.

36
0.

04
0.

45
−

0.
15

0.
48

0.
39

−
0.

06
0.

39

T
b.

T
h

0.
86

0.
71

0.
61

0.
88

0.
67

0.
72

−
0.

22
−

0.
12

−
0.

32
0.

40
−

0.
04

0.
09

0.
40

−
0.

05
0.

30

T
b.

Sp
−

0.
69

−
0.

52
−

0.
23

−
0.

70
−

0.
65

−
0.

16
0.

40
0.

48
−

0.
07

−
0.

39
0.

13
−

0.
51

−
0.

39
−

0.
07

−
0.

41

T
b.

(1
/N

).S
D

−
0.

36
0.

07
−

0.
29

−
0.

41
−

0.
21

−
0.

17
0.

43
0.

53
−

0.
14

−
0.

29
0.

17
−

0.
61

−
0.

42
−

0.
26

−
0.

44

T
b.

T
h.

SD
0.

59
0.

77
0.

06
0.

62
0.

65
0.

24
−

0.
16

0.
03

−
0.

34
0.

18
0.

05
−

0.
26

0.
22

−
0.

05
0.

02

T
b.

Sp
.S

D
−

0.
53

−
0.

01
−

0.
45

−
0.

58
−

0.
32

−
0.

37
0.

48
0.

56
−

0.
01

−
0.

34
0.

16
−

0.
62

−
0.

47
−

0.
29

−
0.

50

D
A

0.
19

0.
40

0.
13

0.
3

0.
71

0.
31

−
0.

41
−

0.
43

−
0.

25
0.

14
0.

18
0.

03
0.

36
0.

47
0.

26

J Biomech. Author manuscript; available in PMC 2013 October 11.


