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anatomic variation in elastic anisotropy. A recent study revealed anatomic variation in the magnitude

and anisotropy of elastic constants along the entire femoral diaphysis of a single human femur

(Espinoza Orı́as et al., 2009). The objective of this study was to confirm these trends across multiple

donors while also considering possible confounding effects of the anatomic quadrant, apparent tissue

density, donor age, and gender. Cortical bone specimens were sampled from the whole femora of

9 human donors at 20%, 50%, and 80% of the total femur length. Elastic constants from the main

diagonal of the reduced fourth-order tensor were measured on hydrated specimens using ultrasonic

wave propagation. The tissue exhibited orthotropy overall and at each location along the length of the

diaphysis (po0.0001). Elastic anisotropy increased from the mid-diaphysis toward the epiphyses

(po0.05). The increased elastic anisotropy was primarily caused by a decreased radial elastic constant

(C11) from the mid-diaphysis toward the epiphyses (po0.05), since differences in the circumferential

(C22) and longitudinal (C33) elastic constants were not statistically significant (p40.29). Anatomic

variation in intracortical porosity may account for these trends, but requires further investigation. The

apparent tissue density was positively correlated with the magnitude of each elastic constant

(po0.0001, R240.46), as expected, but was only weakly correlated with C33/C11 (po0.05, R2
¼0.04)

and not significantly correlated with C33/C22 and C11/C22.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Elastic inhomogeneity in human cortical bone tissue is com-
monly accounted for by power-law scaling relationships with
apparent tissue density, mineral density, or porosity (Hernandez
et al., 2001; Keller et al., 1990; Schaffler and Burr, 1988; Zioupos
et al., 2008), but limited experimental data exists for anatomic
variation in elastic anisotropy (Espinoza Orı́as et al., 2009).
Experimental investigations of elastic anisotropy and inhomo-
geneity in cortical bone tissue have typically, for expediency, used
specimens excised from the femoral mid-diaphysis. However, the
proximal and distal ends of the diaphysis are more clinically
relevant to common orthopaedic procedures and adaptive
responses to mechanical loading.

Ultrasonic wave propagation has been used to enable non-
destructive measurement of elastic constants on small specimens
ll rights reserved.
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that can be sampled from various anatomic locations (Ashman
et al., 1984; Van Buskirk et al., 1981). A recent study showed that
elastic constant magnitudes decreased and elastic anisotropy
increased from the mid-diaphysis toward the epiphyses of a
human femur (Espinoza Orı́as et al., 2009). The elastic symmetry
of tissue in the distal and extreme proximal portions of the
diaphysis was orthotropic, but was reasonably approximated as
transversely isotropic near the mid-diaphysis. These trends were
significantly correlated with the apparent tissue density and were
suggested to be useful for numerical models of the human femur
accounting for anisotropic and inhomogeneous tissue properties.
However, a limitation was that tissue was sampled from a single
elderly male donor. Therefore, the objective of this study was to
confirm the above anatomic trends across multiple donors while
also considering possible confounding effects of the anatomic
quadrant, tissue density, donor age, and gender.
2. Materials and methods

Whole femora were harvested from the lower extremity of 9 human donors,

including 6 females (ages 41, 59, 73, 89, 93, and 99) and 3 males (ages 18, 53, and
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Fig. 1. Cortical bone specimens were sectioned from the diaphysis of whole human

femora at (a) 20%, 50%, and 80% of the total femur length and (b) from each anatomic

quadrant (A¼anterior, M¼medial, P¼posterior, L¼ lateral), using an orthogonal

curvilinear coordinate system (1¼radial, 2¼circumferential, 3¼ longitudinal).

20 50 80
5

10

15

20

25

30

35

Percent of Total Femur Length

C33

C22

C11

E
la

st
ic

 C
on

st
an

ts
 (G

P
a)

***

20 50 80
0

1

2

3

Percent of Total Femur Length

E
la

st
ic

 A
ni

so
tro

py
 R

at
io

*

*

C33
C11
C33
C22

C11
C22

***

**

Fig. 2. Mean (a) elastic constants and (b) anisotropy ratios in the three orthogonal

specimen axes measured along the length of the femoral diaphysis. Error bars

show one standard deviation. Statistically significant differences existed between

each elastic constant and anisotropy ratio at a given location along the length of

the femoral diaphysis (po0.0001, Tukey). Asterisks denote statistically significant

differences between elastic constants or anisotropy ratios at the mid-diaphysis

compared to locations at the distal and proximal ends of the diaphysis (*po0.05,

**po0.0001, Tukey).
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78), presenting no toxicology or bone-related pathology. All tissues were obtained

post-mortem with prior donor consent following protocol approved by the Notre

Dame Human Subjects Institutional Review Board. Each femur was stored in a

freezer at �20 1C wrapped with gauze soaked in phosphate-buffered saline. A

total of 108 parallelepiped cortical bone specimens (12 specimens/donor) were

prepared from each anatomic quadrant at 20%, 50%, and 80% of the total femur

length (Fig. 1a), which corresponded to locations previously shown to exhibit

significant differences in elastic anisotropy for a single donor (Espinoza Orı́as et al.,

2009). An orthogonal curvilinear coordinate system with radial (1), circumfer-

ential (2), and longitudinal (3) axes was defined by the anatomic shape of the

femoral diaphysis (Fig. 1b).

Longitudinal elastic constants from the main diagonal of the reduced fourth-

order stiffness tensor were measured on hydrated specimens using the pulse-

transmission method for ultrasonic wave propagation as

Cii ¼ rvii
2ði¼ 1,2,3Þ ð1Þ

where r is the apparent tissue density and vii is the longitudinal wave velocity in

the ith specimen direction. The apparent tissue density was measured using

Archimedes’ principle as

r¼ M

M�S
rw ð2Þ

where M is the specimen mass while saturated with de-ionized (DI) water, S is the

apparent specimen mass while submerged in DI water, and rw is the density of DI

water (ASTM, 1999). The ultrasonic wave velocity was measured using 2.25 MHz

transducers (Models 5800, V106RM, and V154RM, Panametrics, Inc., Waltham,

MA) as vii¼di/Dt, where di is the specimen dimension measured using digital

calipers (70.01 mm accuracy) and Dt is the time delay for wave transmission

measured using an oscilloscope (710 ns accuracy). The system accuracy was

verified on a 5 mm steel gauge block before and after measurements on bone

specimens. The coefficient of variation (precision) for 30 repeated measurements

was previously measured to be 1.3% (Espinoza Orı́as et al., 2009). Elastic

anisotropy was characterized by the ratio of orthogonal elastic constants

(Hasegawa et al., 1994; Takano et al., 1996). Shear elastic constants (C44, C55,

and C66) were also measured for a subset of the donors and are reported in the

Appendix A as Supplementary material. A detailed description of the methods for

ultrasonic wave propagation is available elsewhere (Espinoza Orı́as et al., 2009).

The nominal specimen size was approximately 5�5�5 mm, although the

radial dimension was maximized within the available cortical thickness. Six

specimens were removed from the analysis which exhibited a small radial

thickness (o1.5 mm) that inhibited accurate measurement of the longitudinal

and circumferential elastic constants by compromising the bulk wave assumption

(Schwartz-Dabney and Dechow, 2002) and specimen–transducer contact.

The overall mean (7standard deviation) radial specimen thickness was 3.3

(71.4) mm. A pilot study was conducted with bovine cortical bone to confirm

that the accuracy of measured ultrasonic wave velocities was independent of the

radial specimen thickness.

One-way analysis of variance (ANOVA) was used to examine the effect of the

anatomic location (% total femur length) on elastic constant magnitude and
anisotropy (JMP 8 and SAS Institute Inc., Cary, NC). Post hoc comparisons were

performed using the Tukey–Kramer HSD test. Multivariate analysis of covariance

(ANCOVA) was used to examine possible confounding effects of the anatomic

quadrant, apparent tissue density, donor age, and gender. Linear least squares

regression was used to correlate elastic constant magnitudes and anisotropy with

the apparent tissue density. The level of significance for all the tests was 0.05.
3. Results

Each elastic constant and anisotropy ratio exhibited statisti-
cally significant differences overall and at each given location
along the length of the femoral diaphysis (po0.0001, Tukey) with
C334C224C11 (Fig. 2). Therefore, the tissue exhibited orthotropy
overall and at each location along the length of the diaphysis. The
magnitude of C11 decreased from the mid-diaphysis toward the
distal (po0.0001, Tukey) and proximal (po0.05) epiphyses,
while C22 and C33 did not exhibit statistically significant differ-
ences (p40.29; Fig. 2a). The elastic anisotropy ratio C33/C11

increased (po0.0001, Tukey), C33/C22 decreased (po0.05),
and C11/C22 decreased (po0.0001) toward the distal epiphysis;
C33/C11 increased (po0.05, Tukey), C33/C22 did not exhibit a
statistically significant difference (p¼0.83), and C11/C22 decreased
(po0.01) toward the proximal epiphysis (Fig. 2b).

Multivariate analysis of covariance indicated a statistically sig-
nificant effect of the anatomic location along the femoral diaphysis on
the elastic constant magnitude and anisotropy (po0.0001 for C11, C22,
C33/C11, and C11/C22; po0.05 for C33 and C33/C22), and this effect was
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not confounded by the effects of anatomic quadrant, donor age, and
gender, which were all not statistically significant. The apparent
tissue density exhibited a statistically significant effect on elastic
constant magnitudes (po0.0001), but not anisotropy. In one-way
analysis of variance ANOVA, the apparent tissue density was posi-
tively correlated with the magnitude of each elastic constant
(po0.0001, R240.46), as expected, but was only weakly correlated
with C33/C11 (po0.05, R2

¼0.04) and not significantly correlated with
C33/C22 and C11/C22.

The apparent tissue density decreased toward the distal
epiphysis (po0.05, Tukey), but did not exhibit a statistically
significant difference toward the proximal epiphysis (p¼0.27).
Multivariate analysis of covariance indicated a statistically sig-
nificant effect of the anatomic location along the femoral diaphy-
sis (po0.10), anatomic quadrant (po0.05), and donor age
(po0.005) on the apparent tissue density.

The entire dataset, including data and analysis for shear elastic
constants (C44, C55, and C66), is available in the Appendix A as
Supplementary material. Shear elastic constants and anisotropy
ratios exhibited similar trends and correlations as those reported
above for longitudinal elastic constants.
4. Discussion

The results of this study confirmed trends previously reported
for a single donor (Espinoza Orı́as et al., 2009) on multiple donors,
although tissue specimens pooled from multiple donors exhibited
orthotropy at all locations along the femoral diaphysis rather than
transverse isotropy at the mid-diaphysis (Fig. 2). Elastic aniso-
tropy increased from the mid-diaphysis toward the epiphyses
(Fig. 2b). This trend was relatively robust and not influenced by
anatomic quadrant, donor age, and gender. The increased elastic
anisotropy was primarily caused by a decreased radial elastic
constant (C11) from the mid-diaphysis toward the epiphyses, since
C22 and C33 did not change (Fig. 2a). In other words, decreases in
C11 increased C33/C11 and decreased C11/C22 (Fig. 2b). Therefore,
the observed anatomic variation in elastic anisotropy was pri-
marily due to structural differences in the radial direction.

Variations in intracortical porosity along the length of the femoral
diaphysis were previously hypothesized to account for differences in
the radial elastic constant (Espinoza Orı́as et al., 2009). Variations may
include changes in the size and shape of Haversian canals and
resorption cavities, or an increase in the number and size of radially
oriented Volkmann’s canals and canaliculi. A previous study reported
decreased E3/E2 (Young’s moduli) with increased tissue porosity
(po0.01, R2

¼0.35; Dong and Guo, 2004). However, in the present
study, the apparent tissue density was weakly correlated with C33/C11

(po0.05, R2
¼0.04) and not significantly correlated with C33/C22 and

C11/C22. Moreover, the multivariate analysis suggested that the
anatomic location along the femoral diaphysis and apparent tissue
density were together able to account for 56–64% of the variability in
elastic constants, but only 7–33% of the variability in elastic
anisotropy.

A true scalar quantity like apparent tissue density or porosity
would not be expected to influence a directional property like the
anisotropy ratio. However, the spatial size, morphology, orienta-
tion, and distribution of pores along the length of the femur may
contribute to the observed property variation independent of the
porosity volume fraction. Finite element models on micro-com-
puted tomography reconstructions with segmented intracortical
porosity (Burghardt et al., 2010) could be utilized to investigate
these effects on the elastic anisotropy.

Other structural features within the extracellular matrix may also
be responsible for variations in elastic anisotropy. The apatite crystal
orientation distribution was recently shown to exhibit the greatest
influence on elastic anisotropy in a specimen-specific micromecha-
nical model accounting for seven structural parameters across multi-
ple length scales in human cortical bone (Deuerling et al., 2009).
Apatite crystals in cortical bone are preferentially oriented along the
longitudinal bone axis (Sasaki et al., 1989), but changes in the
orientation distribution also affect the elastic anisotropy (Deuerling
et al., 2009). A micromechanical model accounting for effects of the
apatite crystal orientation distribution could be combined with a
finite element model accounting for the effects of intracortical
porosity, in order to investigate and decouple these effects on the
elastic anisotropy of cortical bone.

The data gathered in this study may be useful for numerical
models of the femur in order to account for anatomic variations in
elastic inhomogeneity and anisotropy in cortical bone (Bagge,
2000; Chavalier et al., 2009; Doblaré and Garcia, 2001; Jacobs
et al., 1997; Lenaerts and van Lenthe, 2009; Taylor et al., 2002;
Wirtz et al., 2000, 2003). However, a possible limitation of this
study was that the determination of engineering coefficients
requires assumptions regarding off-diagonal elastic constants
due to the measurement of an incomplete stiffness tensor.

The statistical power in this study was sufficient to meet the
study objective, but was not sufficient to examine differences in
the magnitude and anisotropy of elastic constants with respect to
the anatomic quadrant, donor gender, and donor age. Statistical
power for the effect of location along the femoral diaphysis was
greater than 0.99 for C11, C22, C33/C11, and C11/C22, and greater
than 0.60 for C33 and C33/C22. Statistical power for the effects of
the location along the femoral diaphysis, anatomic quadrant, and
donor age on the apparent tissue density was 0.51, 0.65, and 0.85,
respectively. Statistical power for the effect of the apparent tissue
density on elastic constants was 1.00. All other effects exhibited
statistical power less than 0.34 in the multivariate analysis.
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