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1 Introduction

Aging produces a general decline in the mechanical integrity of

Determination of Elastic
Modulus in Mouse Bones Using
a Nondestructive Micro-
Indentation Technique Using
Reference Point Indentation

The determination of the elastic modulus of bone is important in studying the response of
bone to loading and is determined using a destructive three-point bending method. Refer-
ence point indentation (RPI), with one cycle of indentation, offers a nondestructive alter-
native to determine the elastic modulus. While the elastic modulus could be determined
using a nondestructive procedure for ex vivo experiments, for in vivo testing, the three-
point bending technique may not be practical and hence RPI is viewed as a potential
alternative and explored in this study. Using the RPI measurements, total indentation dis-
tance (TID), creep indentation distance, indentation force, and the unloading slope, we
have developed a numerical analysis procedure using the Oliver—Pharr (O/P) method to
estimate the indentation elastic modulus. Two methods were used to determine the area
function: (1) Oliver—Pharr (O/P—based on a numerical procedure) and (2) geometric
(based on the calculation of the projected area of indentation). The indentation moduli of
polymethyl methacrylate (PMMA) calculated by the O/P (3.49-3.68 GPa) and geometric
(3.33-3.49 GPa) methods were similar to values in literature (3.5-4 GPa). In a study
using femurs from C57Bl/6 mice of different ages and genders, the three-point bending
modulus was lower than the indentation modulus. In femurs from 4 to 5 months old TOP-
GAL mice, we found that the indentation modulus from the geometric (5.61 = 1.25 GPa)
and O/P (5.53 = 1.27 GPa) methods was higher than the three-point bending modulus
(5.28 = 0.34 GPa). In females, the indentation modulus from the geometric (7.45 * 0.86
GPa) and O/P (7.46 = 0.92 GPa) methods was also higher than the three-point bending
modulus (7.33 = 1.13 GPa). We can conclude from this study that the RPI determined
values are relatively close to three-point bending values. [DOI: 10.1115/1.4039982]

is placed over two fixed supports separated by a known distance
and then loaded through a third point of contact usually at the

bones, but diseases such as osteoporosis and osteogenesis imper-
fecta accelerate bone deterioration thereby causing them to
become more prone to fracture. Mechanical testing of whole
bones (e.g., axial compression and bending) in mouse models
have relied on ex vivo experiments to determine mechanical prop-
erties such as elastic modulus and susceptibility to fracture.
Mouse models are advantageous for studying bone properties
because their genetic backgrounds are tightly controlled and their
relatively smaller size can facilitate testing procedures. In addi-
tion, longitudinal studies can be conducted to study aging effects
on bone.

One of the traditional methods for analyzing the mechanical
properties of bone is the three-point bending test in which a bone
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midshaft [1-5]. Although nondestructive tests can be done on
bones to determine the elastic modulus, destructive testing is usu-
ally performed in order to determine other structural and proper-
ties. The three-point bending test is therefore not appropriate for
in vivo testing since it cannot be used longitudinally within the
same mouse as it ages. A study by Hansma et al. [6] reported the
use of a device that was designed to analyze the mechanical prop-
erties of bone in vivo. This device utilized a methodology known
as reference point indentation (RPI) wherein a reference probe
was positioned on the bone surface to identify the reference point
while an inner test probe was driven into the bone and collected
various measurements based on micro-indentation testing
principles.

Various studies have been performed in the past several years
to explore the application of RPI on cadaver tissue. Buetel and
Kennedy [7] studied the measurements given by the RPI instru-
ment and the resulting RPI variables such as the loading slope,
first cycle indentation distance (ID1), total indentation distance
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(TID), mean energy dissipation, first cycle unloading slope (US1),
and mean unloading slope (US). They observed micro damage
that was consistent at the indentation sites, which increased with
increasing number of cycles. Karim et al. [8] studied the associa-
tions between RPI variables, cortical bone density, and morphol-
ogy in human tibia and femurs. Katsamenis et al. [9] investigated
the osteonal-, micro-, and tissue-level mechanical behavior of
cortical bone tissue samples from young and elderly donors using
nano-indentation, RPI, and fracture toughness experiments. They
reported that apparent bone material toughness obtained from
three-point bending and axial compression tests was inversely cor-
related with the indentation distance increase (IDI) obtained from
RPI. Granke et al. [10] showed a significant correlation between
IDI and ultimate stress and toughness in femoral bones at the mid-
shaft region. Granke et al. [11] used a multimodality approach to
assess the fracture toughness of human cadaveric bones by using
techniques appropriate to different length scales of bone, as a
means to complement the dual X-ray density absorptiometry
measurements used to get the areal bone mass density, which is
currently used to assess fracture risk in a clinical setting. They
used clinical magnetic resonance imaging to quantify hydration
and porosity as a metric to determine fracture toughness and
cyclic RPI to measure bone’s material properties and have sug-
gested that different modalities are sensitive to different features
of the bone. Correlation values between properties of fracture
toughness and various RPI parameters were determined. Diez-
Perez et al. [12] studied the effect of RPI variables in vivo on
human female bones by showing differences between osteoporotic
and normal bones as well as demonstrating its feasibility in clini-
cal settings. Using specimen from fresh-frozen cadaveric femoral
bones, Krege et al. [13] explored the relationship between cyclic
RPI parameters such as IDI and ultimate load and traditional bio-
mechanical properties from four-point bending tests under various
experimental conditions such as bone demineralization and soak-
ing in raloxifene, drying, and ashing. The study showed that there
was no clear IDI value or a trend in IDI value that could relate the
clinically relevant bone changes to the fracture properties of the
whole bone.

Several animal models have also been studied. Gallant et al.
[14] correlated the results obtained by RPI with those of tradi-
tional mechanical testing, namely three-point bending and axial
compression on rat and canine bones. Allen et al. [15] studied
in vivo measurement of Sprague—Dawley rats to assess intra- and
inter-animal variability. Carriero et al. [16] investigated the rela-
tionship between fracture toughness and RPI parameters from
mice of six different strains and suggested that RPI variables are
not indicative of stress intensity fracture toughness in mouse
bone.

Allen et al. [17] in their review article discussed that while
RPI represented a new and innovative technology with a poten-
tial to clinically assess mechanical properties of bone, there
were several questions about the relationship between RPI meas-
urements and traditional mechanical properties. Idkaidek et al.
[18] have used finite element methods to study the relationship
between various RPI parameters and the elastic modulus and
found the unloading slope (US) to be a good direct indicator
while ID1 and TID were inversely related to the elastic modu-
lus. Jenkins et al. [19] studied the dependence of IDI on several
testing parameters such as maximum load, sample orientation,
mode of use, sample preparation, and measurement spacing, in
order to suggest effective protocols and reduce the effect of con-
founding factors. In a subsequent study, Jenkins et al. [20] sug-
gested that various RPI measures represented different
properties reflective of bone quality but were not strongly corre-
lated to a single mechanical property.

We have attempted to address the question related to the utility
of RPI to one of the mechanical properties in this research and
shed some light on how the RPI measurements can be related to
traditional mechanical properties such as the elastic modulus in a
nondestructive manner. This methodology is novel as it has the
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Fig. 1 Comparison of destructive (to determine structural
properties of the bone) versus nondestructive methods of
determining the elastic modulus in bone

potential to be applied to in vivo longitudinal studies in mouse
bones.

In the current study, we have used the RPI technique in con-
junction with the principles of indentation from the classical
Oliver—Pharr [21] technique to measure the elastic modulus of the
mouse bone. We have modified the recommended RPI protocol to
apply multiple cycles of load and instead use only a single cycle
of load and use several parameters of the load-indentation curve
to calculate the elastic modulus. This paper presents the mechani-
cal properties of various mouse bones across different strains/
genotypes that were obtained through our RPI technique and then
compared with the elastic modulus obtained from conventional
three-point bending tests. The overall research goal is to develop a
reliable, nondestructive in vivo method of determining the elastic
modulus in mouse bones. Figure 1 outlines the steps involved in
both the destructive (that we currently use to determine the elastic
modulus and other structural properties on ex vivo specimen) and
the proposed nondestructive testing methods—which shows sev-
eral complexities involved with the three-point bending modulus
determination. Apart from the destruction of the bone during
three-point bending, the conventional destructive procedure
requires additional analysis steps (e.g., determination of the
moment of inertia (MOI) using microCT scans) in order to calcu-
late the elastic modulus. In contrast, the proposed nondestructive
procedure is a simple two-step process that can be carried out
in vivo on the RPI instrument if needed and involves simpler cal-
culations. The purpose of this study was not to determine whether
three-point bending or RPI was better for detecting changes in tis-
sue modulus, but to obtain the bone properties using a nondestruc-
tive test and to determine whether these calculations were similar
to those obtained using standard methods (three point bending).
The primary advantage of the technique is that one can follow the
same animal/bone in a longitudinal study to track the property
over time while the disadvantage is that RPI may not be suitable
for examining the fracture resistance.

2 Materials and Methods

The BioDent™ Hfc (ActiveLife Scientific, Inc., Santa Barbara,
CA) [6,22] RPI platform was used to perform various studies on
different strains of mouse bones as well as polymethyl methacry-
late (PMMA) samples. The samples chosen have an elastic modu-
lus similar to that of bone. Figure 2 shows the RPI system with
the bone in a secured water bath and the custom fixtures used in
this study. The BP-2 type of test and reference probe was used for
this study. In order to minimize damage to the samples, the
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(b)

Fig. 2 Reference Point Indentation instrument used along with
the custom positioning fixture built for the study with the micro-
scope (top) and the bone during the indentation process
(bottom)

reference probe has a blunted end. In a review paper by Allen
et al. [17], the authors suggest BP-2 probes for ex vivo work on
large bones, and BP-3 probes for small animal work—based on
manufacturer’s recommendations. However, based on a local visit
by the company representative, BP-2 probes were recommended
by the company. In addition, we tested the BP-3 probes but the
BP-2 probes performed better at 2 N and were more stable on the
bone surface during testing. Using 2 N (1 cycle) load did not cause
any issues with specimen damage. The custom fixture included
the two Vernier caliper platforms for securing the bone/sample at
the desired location. This setup also allowed for accurate position-
ing of each indentation site on the bone surface so that the RPI
measurements and elastic modulus could be determined along the
length of the bone.

2.1 Polymethyl Methacrylate and Mouse Bone Groups. In
order to establish the RPI methodology and test it prior to its
application to mouse bones, we conducted preliminary studies on
PMMA samples provided by the manufacturers of the BioDent
Reference Point Indentation testing platform. After confirming the
repeatability of the methodology and the accuracy of the elastic
modulus calculation, we conducted three different studies on dif-
ferent strains of mouse bones. Bone samples were collected from
several previous and ongoing studies conducted by our group.
Bones were wrapped in saline soaked gauze and frozen (—20°C)
immediately after they were harvested. Prior to actual testing,
bones were thawed and then removed of their soft tissue.

Journal of Biomechanical Engineering

The first study (group 1) consisted of ulnas that were harvested
from 6 months old female TOPGAL mice. These mice are main-
tained in our colony on a mixed C57BL6 x CD1 background,
serve as a reporter for the f-catenin signaling pathway, and are
used for various related studies [23]. The sample size for group 1
was relatively small (n=23) because this group was part of an
initial study to test the feasibility of applying this technique on
mouse bones. In addition to obtaining RPI measurements, we
performed scanning electron microscopy (SEM) to assess
changes on the ulna surface caused by each indentation. The var-
iation of the elastic modulus along the length of the ulna was
studied for this group. We have used the ulna as it is being stud-
ied extensively in our labs. We have used it to conduct several
in vivo and ex vivo loading experiments for the detection of bio-
logical markers and the determination of mechanical properties
using the three-point bending tests [23,24]. Several of our past
and proposed publications have used the ulna for correlating
strains determined experimentally and using finite element meth-
ods [25,26].

In the second study (group 2), age effects on the elastic modu-
lus of bone were analyzed in femurs that were collected from
C57BL/6 mice (National Institutes of Health, Bethesda, MD) at 6
months (n =6 female/male), 12 months (n =6 female/male), and
22 months (n =7 female/male) old.

The final study (group 3) was conducted on femurs (17 =3,
female/male) collected from f-catenin heterozygous conditional
knockout (HETcKO) mice. Femurs were obtained from 4-5-
month-old heterozygous conditional knockouts (Dmpl-Cre
(+) x f-catenin fl/4+ in a C57BL/6 background) and their litter-
mate controls (Dmpl-Cre (—) x f-catenin fl/+ in a C57BL/6
background). The f-catenin fl/fl (exon 2—-6) mice were purchased
from Jackson Laboratories (B6.129—Catnbtm2Kem/J; Jackson
Laboratories, Bar Harbor, ME). These animals were crossed with
10 Kb Dmp-1 Cre mice to obtain mice with heterozygous deletion
of f-catenin in osteocytes. Out of this cross, mice bearing the Cre
gene were identified as HETcKO and littermates that were nega-
tive for Cre gene were identified as control.

All animal experiments were approved by the UMKC Animal
Care and Use Committee.

2.2 Reference Point Indentation Method. Reference point
indentation tests are routinely performed on PMMA, before and
after RPI tests are performed on bone, in order to ensure the qual-
ity and stability of the test probe. During RPI testing of bones,
each sample was secured onto a custom stage and submerged in
phosphate buffered saline while a dissection microscope (Nikon
SMZ800) was used to position the reference probe over each
indentation site. Multiple indentation sites were selected along the
shaft of each bone to investigate regional differences in mechani-
cal properties. Each indentation site was approximately 1 mm
apart. The instrument can apply an indentation force ranging from
2 N to 10 N. However, each indentation in this study was gener-
ated by applying a reference load applied by the reference probe,
based on the specifications of the instrument and the indentation
force of 2 N was applied for one cycle. The maximum load of 2 N
was selected because it was determined to be the appropriate force
to apply without causing damage to the bone surface as noted by
several researchers [14,27]. Only one cycle was applied since data
from a single indentation are sufficient to calculate the elastic
modulus [17].

2.3 Reference Point Indentation Data Analysis. The elastic
modulus was calculated from RPI measurements using the
Oliver—Pharr technique but two different methods were used to
determine the area function that is required. The two aforemen-
tioned methods are referred to as the (1) Oliver—Pharr method and
(2) geometric method—in this paper. The Oliver—Pharr (O/P)
technique [21] was developed by Warren C. Oliver and George
M. Pharr to determine the elastic modulus and hardness of a
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Fig. 3 Reference point indentation indenter prior to indenta-
tion in PMMA block (Top left), indentation on mouse bones,
which are held in place by grips (Top right) and a typical one
cycle indentation curve output by the RPI instrument from
which material parameters are determined

material using load—displacement data from a single cycle of
indentation. The accuracy of the elastic modulus is dependent on
the maximum load, maximum displacement, and elastic unloading
stiffness (i.e., contact stiffness) [21,28]. Figures 3(a) and 3(b)
show the indentation on a sample of PMMA and mouse ulna,
respectively. Figure 3(c) shows the first cycle load-indentation
curve and the parameters measured by the RPI instrument, namely
the initial indentation distance (ID1), TID, and creep indentation
distance that were used for the determination of the indentation
elastic modulus. The data from the RPI instrument were exported
as a text file and a custom script was developed to automatically
compute the indentation elastic modulus based on the
Oliver—Pharr method [28]. The data from the unloading part of
the curve were first fitted to a power law function as shown in the
below equation:

P =o(h—h)" )

where P is the indentation force, / is the TID, & is the final inden-
tation depth and is equal to TID-creep indentation distance, and «
and m are the power law fitting constants. The contact depth A, is
required for the contact area function A and is given by the below
equation:

Pmax
S

he =hy — e @)

where P, is the peak indentation load, ¢ is a geometric constant
for the conical indenter and is equal to 0.72 [21], and § is the
unloading slope at the peak indentation force as shown in Fig. 3.
The area functions that have been tested in this work are based on
two different methods, namely the Oliver—Pharr method (desig-
nated as the O/P method) given by Eq. (3) and the projected area
of the geometry of the cone as shown in Eq. (4) is referred to as
the geometric method in this paper. The slope in Eq. (4) represents

071011-4 / Vol. 140, JULY 2018

the slope of the incline of the conical indenter surface. The radius
r, in Eq. (4) for the indenter used is 2.5 um

A =C,h? 3)
A = n(r, + slope * hc)2 4)

For the conical indenter, the constant C,, was calibrated based on
the elastic modulus values of PMMA and was determined to have
a value of 3. Only one indentation was performed at each site to
reduce wear and tear on the indenter tip. Although the manufac-
turer’s recommended use for each RPI tip (maximum of 80
indents per tip) was never exceeded, it should be mentioned that
C, parameter may not be a true constant. Future work will exam-
ine this issue in greater detail. Based on the variables calculated in
Egs. (1)—(4), the reduced elastic modulus can be expressed as
described in the Oliver—Pharr method [21] and shown in the below
equation:

/7S
E ="—
Zx/Z

From the reduced elastic modulus, the indentation elastic modulus
E for the bone is computed as shown in the below equation:

(&)

=l (©)

where the subscript i represents the values of Poisson’s ratio and
the elastic modulus of the indenter. In this work, the indenter is
made of steel. Hence, the value of E; is set to 200 GPa while the
Poisson’s ratio is set to 0.3. Since it is difficult to determine the
Poisson’s ratio of bone, the value is set to 0.17 based on its usage
in literature [29,30].

2.4 Biomechanical Analysis. In addition to reference point
indentation, we determined the elastic modulus of bones using a
biomechanical analysis procedure that employed microCT, three-
point bending, and the BoneJ plug-in for ImageJ (National Insti-
tutes of Health, Bethesda, MD) [31,32]. All bones were scanned
via microCT (SkyScan 1174, Bruker microCT, Kontich, Belgium)
at an in-plane resolution of 9.6 um and axial slice spacing of 9.6
um, which produced a voxel volume of approximately 884 um3.
SkyScan programs such as NRecon and CT-analyser were
then used to perform image reconstruction and contouring, respec-
tively. A Bose ElectroForce 3220 system (TA Instruments, Elec-
troForce Systems Group, Eden Prairie, MN) was used to conduct
three-point bending, as shown in Figure 4(a), using a preload of
0.5 N and a displacement rate of 0.1 mm/s. After obtaining the
stiffness from the resulting load—displacement data, we calculated
the elastic modulus (£) using the below equation:

3
= f—él @)
where K represents the stiffness as shown in Fig. 4(b), / represents
the span (i.e., distance between the supports), and / represents the
moment of inertia about the bending axis. BoneJ was then used to
realign the microCT image stack with respect to the bone’s longi-
tudinal axis and then calculate the area moments of inertia for 11
bone slices that were spaced apart equally across the span as
shown in Fig. 4(c). An average value for the moment of inertia
was calculated after analyzing one slice that was centrally located
at the midshaft, five slices that were distal to the midshaft, and
five slices that were proximal to the midshaft.

2.5 Statistical Analysis. Pearson correlation coefficients
were calculated to determine the correlation between elastic
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Fig. 4 (a) First, microCT scanning and three-point bending are employed. (b) Sec-
ond, the stiffness is obtained from the load-displacement data. (¢) Third, Boned is
used to realign microCT slices and obtain an average moment of inertia that is

used for calculating the elastic modulus.

modulus values obtained from three-point bending versus the pro-
posed RPI methods by gender (male and female), age (6 months,
12 months, and 22 months), and location (all indentation sites,
only midshalft sites, only proximal sites, and only distal sites).

One way analysis of variance (ANOVA) was used to determine
if there were differences in elastic modulus values by location
(only midshaft sites, only proximal sites, and only distal sites) for
each of the three methods (three-point bending, geometric
method, and O/P method) overall and by gender. The significance
level was set to 0.05. All analyses were performed in Stata 14.1
(StataCorp LP., College Station, TX).

3 Results

This section provides details from various studies in which the
elastic modulus was determined through three-point bending and/
or the RPI technique. At the outset, two preliminary studies con-
ducted on PMMA and TOPGAL mouse bones to verify the RPI
methodology are presented. Subsequently, more detailed studies
involving two groups of mice are presented in an attempt to

Table 1 Summary of elastic modulus values obtained from two
RPI analysis techniques and literature for PMMA

validate and correlate the methodology with the elastic modulus
obtained from conventional three-point bending tests.

3.1 Analysis of Polymethyl Methacrylate. Table 1 shows
that the elastic moduli calculated using the RPI technique and
both methods of calculating the area function compared well with
values reported previously for PMMA. The area function coeffi-
cient C, has been calibrated to match the elastic modulus values
of PMMA. Furthermore, the ranges in elastic moduli suggest
that the O/P method yields a slightly higher elastic modulus
(4.8-5.4%) compared to the geometric method.

3.2 Group 1—Ulna From TOPGAL Mice. Table 2 summa-
rizes the RPI moduli obtained from the TOPGAL ulna based on
the location of the indentation site. The RPI technique was able to
capture regional differences on the ulna surface, which was evi-
denced by higher elastic moduli for the midshaft compared to
either the distal or proximal locations. In addition, the O/P method

Table 2 Summary of elastic modulus values obtained from two
BioDent analysis techniques for TOPGAL mice

Geometric method Oliver—Pharr (O/P) method

Literature Geometric method Oliver—Pharr (O/P) method

3.5-4.0GPa 3.33-3.49GPa 3.49-3.68 GPa

Proximal 4.24 GPa 4.66 GPa
Midshaft 5.08 GPa 5.71 GPa
Distal 4.51 GPa 4.97 GPa

Journal of Biomechanical Engineering
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Fig. 5 Scanning electron microscopy micrographs showing the indentation location and
microcracks at (a) 100x and (b) 1000x on the TOPGAL ulna. A 2 N load was applied for

1 cycle.

Table 3 Comparison of elastic modulus values obtained from three-point bending versus the proposed RPI methods in C57BL/6
male femurs. Elastic modulus values calculated with the RPI technique collected from (a) all indentation sites (b), only midshaft

sites, (c¢) only proximal sites, and (d) only distal sites.

Elastic modulus

Gender and age Indentation sites included Geometric method O/P method Three-point bending
Male 6 months (n=6) All indentation sites 5.87*1.13 6.69 = 1.35 4.97 +=0.80
Male 12 months (n =6) 555+ 1.86 6.35+2.29 4.85+1.32
Male 22 months (n=7) 531122 6.11 = 1.46 3.34 +0.66
Male 6 months (n = 6) Midshaft sites only 6.03 £1.10 6.84 £1.29 4.97 +0.80
Male 12 months (n=6) 5.96*+2.18 6.81 =2.69 4.85+1.32
Male 22 months (n=7) 5.87 = 1.01 6.78 = 1.20 3.34 +0.66
Male 6 months (n=6) Proximal sites only 6.20 = 1.52 7.11 £ 1.83 4.97 +£0.80
Male 12 months (7= 6) 544+193 6.22+2.38 4.85+1.32
Male 22 months (n=7) 541=*1.32 6.18 = 1.59 3.34 +0.66
Male 6 months (n = 6) Distal sites only 5.39 £0.60 6.12 £0.76 4.97 +=0.80
Male 12 months (n = 6) 524+ 1.73 6.02+2.12 4.85+1.32
Male 22 months (n =7) 4.65*1.16 5.36 £ 1.40 3.34 +0.66

tended to report slightly higher elastic moduli at the proximal
(9.9%), midshaft (12.4%), and distal (10.2%) indentation sites
compared to the geometric method. As stated earlier, no statistics
are reported for this group of mice because this series of experi-
ments was used initially to test the feasibility of the methodology.

Figure 5 shows the SEM micrographs from the surface of the
TOPGAL mouse ulna at (a) 100x and (b) at 1000x after applying
a 2 N load for 1 cycle. The indentation site (indicated by an arrow
in Figure 5(a)) was positioned centrally along the longitudinal
axis of the ulna. The corresponding microdamage was approxi-
mately 25-30 um wide.

3.3 Group 2—Femurs From C57BL/6 Mice. In the second
group, we determined the elastic moduli using the RPI analysis
technique and subsequently performed three-point bending on
C57BL/6 mouse femurs. The femurs were collected from three
age groups—6 months (n=6 female/male), 12 months (n=6
female/male), and 22 months (n=7 female/male). These mice
were part of a broader study involving the effects of aging on
bone and muscle. For the current study, we performed RPI tests
on each femur at three locations on the bone surface—namely the
proximal, midshaft, and distal sites. The proximal and distal sites
were approximately 2-3 mm from the midshaft. Tables 3 and 4
show the RPI indentation modulus based on the measurements
collected from all indentation sites as well as the midshaft, proxi-
mal, and distal indentation sites. The male femur data in Table 3
showed that when all indentation sites were included, the three-
point bending modulus was generally lower compared to the

071011-6 / Vol. 140, JULY 2018

moduli obtained through the RPI analysis technique. For the 6-,
12-, and 22-month groups, the three-point bending modulus was
lower by 15%, 12.6%, and 37%, respectively, if the geometric
method was applied and lower by 25.7%, 23.6%, and 45%,
respectively, if the O/P method was applied. The midshaft sites
generally produced a higher modulus compared to the distal and
proximal sites. When comparing the 12- and 22-month groups
(Table 3), three-point bending appeared to be more sensitive to
detecting an age-related decline in the elastic modulus compared
to the RPI analysis technique. As expected, the three-point bend-
ing modulus also gradually decreased with aging while the moduli
from the RPI analysis technique exhibited similar declines. When
examining only the midshaft indentation sites of the 22-month
group, we found that the three-point bending modulus was 43.1%
lower than the RPI modulus from the geometric method and
50.7% lower than the RPI modulus from the O/P method.

The female femur data in Table 4 showed a consistent decrease
in the three-point bending modulus with aging, which was similar
to the trend observed previously in the male femurs [33]. When
focusing only on the midshaft sites and the 22-month groups, we
found that the three-point bending was 17.5% lower than the RPI
modulus calculated through the geometric method and 29.4%
lower than the RPI modulus calculated through the O/P method.

Figure 6 shows a comparison of the elastic modulus values
obtained either through three-point bending tests or the RPI tech-
nique (O/P method) according to gender and age. On comparing
the modulus values between the genders, no apparent gender dif-
ferences found in three-point bending data at 12 or 22 months of
age but at 6 months, three-point bending shows that females have
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Table 4 Comparison of elastic modulus values obtained from three-point bending versus the proposed RPI methods in C57BL/6
female femurs. Elastic modulus values calculated with the RPI technique are based on indentation data collected from (A) all inden-
tation sites, (B) only midshaft sites, (C) only proximal sites, and (D) only distal sites.

Elastic modulus

Gender and age Indentation sites included Geometric method O/P method Three-point bending
Female 6 months (n=6) All indentation sites 5.24+1.09 6.03 +1.34 7.63 £0.78
Female 12 months (n = 6) 5.10*+1.73 5.89 =2.08 5.09 =0.61
Female 22 months (n=7) 5.06 £0.86 5.90 £ 1.05 433+ 1.34
Female 6 months (n = 6) Midshaft sites only 5.20 = 1.09 6.01 = 1.36 7.63+0.78
Female 12 months (n = 6) 498 +2.17 5.74 = 2.65 5.09 =0.61
Female 22 months (n=7) 5.25 £0.67 6.14 £0.80 433*+1.34
Female 6 months (n=6) Proximal sites only 484 +1.14 5.56 = 1.40 7.63+0.78
Female 12 months (n = 6) 5.16+2.16 5.94 +2.60 5.09 +0.61
Female 22 months (n=7) 5.09 £0.92 595t 1.12 433*+1.34
Female 6 months (n = 6) Distal sites only 5.67 = 1.07 6.51 =1.32 7.63+0.78
Female 12 months (n=6) 5.16 £0.84 5.99 £0.98 5.09 £0.61
Female 22 months (n =7) 4.84 £1.08 5.62+1.35 433 *1.34
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Fig. 6 Comparison of elastic moduli obtained from (a) three-point bending and (b) O/P method

a 53% higher elastic modulus than males. However, the RPI tech-
nique (i.e., both the O/P method and Geometric method) do not
seem to detect gender-based differences in the elastic modulus for
any age group.

3.3.1 Elastic Modulus by Location. Analysis of variance was
used to determine whether there were differences in mean elastic
modulus values by location. There was not a significant difference
in mean elastic modulus values by location for any of the methods
(geometric method (p =0.37), or O/P method (p =0.36)). There
was still not a significant difference in mean elastic modulus
values by location after stratifying by gender (For males: geomet-
ric method (p =0.09), or O/P method (p =0.13); for females: geo-
metric method (p =0.99), or O/P method (p =0.98)) (data not
shown).

3.3.2 Correlation Analysis. The results of the correlation
analysis between the three methods of analysis are shown in
Table 5. There is very strong correlation between the 2 RPI meth-
ods (Pearson correlation > 0.99 in females and >0.95 in males)
for all ages and locations. There is mild to moderate correlation
between the two RPI methods and the three-point bending method.
The magnitude of the Pearson correlation ranges from 0.005 (O/P
versus three-point bending in 12-month-old females in the proximal
location) to 0.699 (Geometric versus three-point bending in 22-
month-old males in the proximal location) (Table 5).

Two other variables that are measured during RPI testing and
then used to compute the RPI modulus are the initial unloading
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slope and the maximum indentation height. We have studied the
variation of these parameters for the group three animals and
made a few observations on the results shown in Table 6. First,
the unloading slope in general reduces in value with aging irre-
spective of gender. Female bone specimens tended to have lower
unloading slope values compared to males. The maximum inden-
tation distances also were lower for female specimens compared
to males, but this reduction was less than 5%. Another observation
was that the maximum indentation height decreased with age
regardless of gender, and with this decline was also less than 5%.

3.4 Group 3—Femurs From Heterozygous Conditional
Knockout Mice. For this final group, we performed RPI tests on
HETcKO mouse femurs (n = 6 female/male) with the indentations
located at the mid-diaphysis region. The results from this series of
experiments are shown in Table 7. For the three-point bending
tests (referred to as the three-point bending in Table 7), we used
the same bones after performing the RPI indentation tests.

Two observations can be made from the data in Table 7. The
first is that the modulus comparisons between the three-point
bending method and both RPI analysis methods are almost all
within a 5% difference. The only exception was found in the
female HETcKO mice, which showed an elastic modulus that was
17% higher when applying three-point bending versus the RPI
technique. Second, both techniques were able to capture differen-
ces in the elastic modulus values observed between the control
and the conditional knock out mice for both the genders. Figure 7
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Table 5 Pearson correlation between elastic modulus values obtained from three-point bending versus the proposed RPI meth-
ods C57BL/6 femurs stratified by gender (male and female), age (6 months, 12 months, and 22 months) and location (all indentation
sites, only midshaft sites, only proximal sites, and only distal sites)

Elastic modulus Age All indentation Distal sites Midshaft sites Proximal sites
methods Gender (months) sites only only only
Geometric versus O/P Male 6 0.995 0.987 0.994 0.996
12 0.999 0.996 1.000 0.999
22 0.977 0.996 0.997 0.948
Geometric versus three-point bending 6 0.080 0.409 0.013 0.020
12 —0.375 —0.224 —0.524 —0.363
22 0.120 0.205 —0.652 0.699
O/P versus three-point bending 6 0.120 0.457 0.040 0.066
12 —0.359 —0.157 —0.526 —0.354
22 0.052 0.156 —0.691 0.534
Geometric versus OP Female 6 0.998 — 0.998 0.999
12 0.999 — 0.999 0.999
22 0.996 — 0.991 0.997
Geometric versus three-point bending 6 0.286 — 0.278 0.290
12 0.116 — 0.322 —0.018
22 —0.150 — —0.282 —0.112
O/P versus three-point bending 6 0.306 — 0.308 0.306
12 0.123 — 0.316 —0.005
22 —0.093 — —0.242 —0.049

Table 6 Comparison of unloading slope (S) and maximum indentation height (h;) based on gender, age, and indentation sites

included
RPI parameter Gender  Age (months)  All indentation sites ~ Midshaft sites only ~ Proximal sites only  Distal sites only
Unloading slope, S (N/um) Male 6 0.28 = 0.05 0.29 = 0.06 0.28 = 0.06 0.26 = 0.04
12 0.26 £0.04 0.28 £ 0.05 0.26 £0.03 0.24 £0.05
22 0.23 £0.05 0.25 +0.04 0.25 £0.05 0.20 £0.05
Female 6 0.23 £0.03 0.22+0.02 0.22£0.03 0.25 £0.03
12 0.22 £0.06 0.22 +0.07 0.22 +0.07 0.21 £0.04
22 0.20 £0.03 0.20 £0.03 0.20 £0.03 0.20 £0.03
Maximum indentation height, /1 (um) Male 6 27.28 =391 27.50 = 3.73 26.33 = 4.84 28.00 = 3.58
12 28.83 +£7.32 27.83 £5.67 30.00 £9.01 28.67 = 8.12
22 26.52 +3.31 25.00 +2.24 27.29 +3.86 27.29 +3.55
Female 6 26.56 = 4.02 25.83 £3.43 27.67 £5.13 26.17 +3.82
12 26.78 = 3.96 28.00 £5.25 27.17+4.17 2517+ 1.83
22 25.13 £2.88 24.40 £ 2.07 24.80 = 2.17 26.20 £4.21

also shows comparisons according to gender and the RPI method
of calculating the area function applied.

Figure 7 shows the elastic moduli for the femurs of (a)
HETcKO mice and (b) their littermate controls. Statistical analy-
sis using one-way ANOVA and Tukey HSD test for post hoc com-
parisons indicated that there were no significant differences in the

Table 7 Elastic modulus values derived from the three experi-
ments for both male and female mice in comparison with the
control group values. The average and standard deviation val-
ues are noted.

4-5 month group modulus values Control male HETcKO male
Three-point bending (GPa) 5.28 £0.34 7.33 = 1.13
RPI—geometric method (GPa) 5.61 £1.25 7.45 *0.86
RPI—O/P method (GPa) 553 +£1.27 7.46 £0.92
Control female HETcKO female
3-pt bending (GPa) 5.26 +0.48 8.48 £0.48
RPI—geometric method (GPa) 5.04 =0.96 724+ 1.11
RPI—O/P method (GPa) 4.93 +0.97 7.31 =1.09

071011-8 / Vol. 140, JULY 2018

elastic moduli obtained from three-point bending versus the RPI
technique (geometric method and O/P method).

4 Discussion

This study presents a numerical methodology to calculate the
elastic modulus of mouse bones using a RPI technique. This tech-
nique includes two different methods for determining the area
function, which are termed the O/P method and geometric method
throughout this paper. Furthermore, a comparative study between
the proposed RPI-based methodology and the traditional three-
point bending methodology has been described.

We selected PMMA as a material to test initially as it had a
modulus value in the range of values reported for mouse bones.
While the values obtained from the proposed method compared
well with what is known for the material, it must be noted that we
could not perform a corresponding three-point bending test to
obtain a comparative elastic modulus because the company could
not provide samples used specifically for testing and because the
PMMA modulus values would vary depending on the manufactur-
ing process. However, we have noted that the elastic modulus val-
ues obtained using the proposed RPI technique are similar to what
is reported in literature and it has been consistent throughout the
various tests conducted on PMMA.
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Fig. 7 Analysis of elastic moduli of femurs from (a) HETcKO mice and (b) their littermate controls revealed no significant dif-
ferences in the elastic moduli, regardless of the analysis technique applied
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Fig. 8 Comparison of moments of inertia for C57BL/6 femurs by age in (a) females and (b) males. Distance measurements
correspond to the total length of the 7.6 mm span. Negative values correspond to the distal direction while positive value cor-

respond to the proximal direction with respect to the midshaft.

In order to test its applicability to murine bones, we then con-
ducted the tests on the group 1 TOPGAL mice and while no three-
point bending tests were performed on these samples, we looked
at the SEM images from these bones at several indentation sites.
As shown in Fig. 5, it is apparent that the indentation is clearly
not fully elastic and that microdamage is evident at the indentation
site. However, the assumption of an elastic rebound is made in
this study when using the unloading slope for the calculation of
the elastic indentation modulus. If this method is used for in vivo
studies, it would be interesting to observe the bone remodeling
process after an indentation at the microdamage site.

For the group 2 gender and aging study mice, the three-point
bending moduli were consistently lower than the RPI moduli. One
reason could be that the RPI modulus represents the elastic modu-
lus of the material only at the site of the indentation, whereas the
three-point bending modulus takes into account the architecture of
the bone between the two supports; therefore, a lower elastic mod-
ulus would indicate that the bone has a higher average moment
inertia value. After comparing the RPI moduli calculated using
both the O/P and geometric methods, we found that the geometric
method consistently computed RPI moduli that more closely
matched the three-point bending moduli. The three-point bending
procedure also accounted for the inherent architectural effects of
the bones tested, whereas the RPI-based methodology did not.
This observation was evident in the 22-month-old femurs, which
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exhibited a lower elastic modulus after we applied three-point
bending but not after we applied the RPI technique. However, the
RPI moduli still indicate that the bone material in the cortical
region is similar in nature across aging.

From the observations on the unloading slope and maximum
indentation height, it can be deduced that the RPI modulus was
more greatly influenced by variations in the unloading slope than
variations in the maximum indentation height. Future applications
of this RPI-based methodology include the analysis of bone prop-
erties in mice through in vivo longitudinal studies and the collec-
tion of spatially specific elastic moduli to incorporate more
heterogeneity in finite element models of the bone (i.e., assigning
a distribution of the elastic modulus values throughout the finite
element model).

Another important aspect that highlights the differences
between the three-point bending procedure and the RPI technique
is the role of the bone architecture in the computation of the three-
point bending modulus. For all the samples in study 3, we studied
the variation in the moment of inertia about the bending axis along
the span of the specimen. Figure 8 shows the variation of the aver-
age of the sample values of the moment of inertia for each age
and gender. The main observations based on gender were that
males exhibited ~60% higher moment of inertia than females at
6 months. However, gender differences in moment of inertia were
smaller at 12 and 22 months. For age-based differences, the
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observation are that in females, moment of inertia at the midshaft
increases with age while in males, moment of inertia at the mid-
shaft is similar for the 6-month (0.214) and 22-month groups
(0.216).

As the moment of inertia increases, the predicted elastic modu-
lus decreases. Hence, it is likely that the higher elastic modulus
predicted by the three-point bending tests for females at 6 months
of age, as seen in Fig. 7, could be the result of the lower MOI for
females seen at the same age as seen in Fig. 8. Because the differ-
ences in the moment of inertia values for other age groups and
gender groups were minimal at either 12 or 22 months of age, we
did not observe major differences in the elastic modulus values
using either the three-point bending tests or the RPI technique
(geometric method and O/P method). In particular, the RPI modu-
lus is derived from a localized region (10-30 um) and is likely
representative of the local collagen/mineral structure and organi-
zation, thus discounting the effect of the overall architecture.

For the murine femurs tested in group 3, the deletion of a single
allele of f-catenin in osteocytes (HETcKO) resulted in the rapid
loss of trabecular bone in females and much slower trabecular loss
in males [24,34]. However, the elastic modulus was tested in the
mid-diaphysis region of the bone, which is predominantly cortical
in nature. The elastic modulus compared well across three of the
bones except in female HETcKO mice where the three-point
bending showed a 17% higher value. The indentation modulus
values for these mice were similar to those of the TOPGAL mice.

5 Conclusions

This paper presents a methodology for computing the elastic
modulus using RPI, which employs micro-indentation principles,
and includes two methods of computing the corresponding area
function—namely the Oliver—Pharr method and the Geometric
method has been outlined. This method has shown promise in var-
ious studies conducted on both PMMA and different types of
mouse bones. The method is relatively easy to use and is nondes-
tructive, thereby making it suitable to analyze one aspect of bone
quality in longitudinal studies. Furthermore, in vivo studies can be
performed on bones that are close to the skin such as the tibia.
This study shows that applying the proposed RPI technique on
mouse bones produces RPI moduli that are similar to the elastic
moduli obtained from three-point bending. This RPI methodology
is also able to capture differences in the material property at dif-
ferent indentation sites, thereby having the ability to characterize
the heterogeneity of bone material. Although three-point bending
tests computed the elastic modulus based on the architectural dif-
ferences in the bone between the supports and captured the differ-
ences in the modulus across aging, the proposed method was not
able to do so and computed an elastic modulus that represents the
material property alone. While this paper presents the methodol-
ogy and the results from testing across different murine bones,
further research and experiments are required to verify and vali-
date this method more rigorously.
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