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Here we describe modifications that allow the bone diagnostic instrument 共BDI兲 关P. Hansma et al.,
Rev. Sci. Instrum. 79, 064303 共2008兲; Rev. Sci. Instrum. 77, 075105 共2006兲兴, developed to test
human bone, to test the femora of mice. These modifications include reducing the effective weight
of the instrument on the bone, designing and fabricating new probe assemblies to minimize damage
to the small bone, developing new testing protocols that involve smaller testing forces, and
fabricating a jig for securing the smaller bones for testing. With these modifications, the BDI was
used to test the hypothesis that short-term running has greater benefit on the mechanical properties
of the femur for young growing mice compared to older, skeletally mature mice. We measured
elastic modulus, hardness, and indentation distance increase 共IDI兲, which had previously been
shown to be the best discriminators in model systems known to exhibit differences in mechanical
properties at the whole bone level. In the young exercised murine femora, the IDI was significantly
lower than in young control femora. Since IDI has a relation to postyield properties, these results
suggest that exercise during bone development increases post yield mechanical competence. We
were also able to measure effects of aging on bone properties with the BDI. There was a significant
increase in the IDI, and a significant decrease in the elastic modulus and hardness between the
young and old groups. Thus, with the modifications described here, the BDI can take measurements
on mouse bones and obtain statistically significant results. © 2009 American Institute of Physics.
关DOI: 10.1063/1.3147383兴

I. INTRODUCTION

The bone diagnostic instrument 共BDI兲1,2 is a relatively
new instrument developed to determine the mechanical properties of bone and possibly serve as a predictor of fracture
risk. The BDI uses a force generator to move a test probe
relative to a reference probe 共Fig. 1兲. A computer is used to
run a custom LABVIEW program, called OSTEOPROBE II™, to
cycle the current to the force generator and thus move the
test probe relative to the reference probe into the sample. The
force and distance are monitored by transducers, which are
then analyzed through OSTEOPROBE II™ software. Each cycle
the test probe indents into the sample with a force set by the
user, holds briefly at maximum force, and then retracts to its
initial position. The purpose of the hold at maximum force is
to monitor creep effects and to minimize the effect of the
remaining creep during the linear decrease in load. This type
of hold at the maximum load is used in instrumented indentation analysis, as discussed by Oliver and Pharr,3 for obtaining valid retraction slopes for elastic modulus calculation.
The indentation distance increase2 共IDI兲 is a valuable
and unique parameter that the BDI can determine. The IDI is
defined as the increase in the indentation distance in the last
cycle relative to the indentation distance in the first cycle
关Fig. 2共a兲兴. IDI is a measure of the bone’s ability to resist
additional deformation with repetitive loading 共i.e., a local
post yield measure兲. The IDI is larger for bone in which the
depth of the indentation at maximum load continues to in0034-6748/2009/80共6兲/065108/3/$25.00

crease with successive indentation cycles. The IDI discriminates between bones in model systems that exhibit differences in mechanical properties at the whole bone level.1,2
With modifications made to the BDI, we were able to
study the effects of exercise and aging on murine femora.

FIG. 1. 共Color online兲 共A兲 The BDI is supported by a spring to reduce the
weight from 1.58 to 0.39 kg and held in place by a track, allowing only
vertical movement. 共B兲 The reference probe can be seen with a blunt end
共left兲, and the test probe 共right兲 has a 25 m tip radius with a 90° conical
end. 共C兲 The blunt reference probe rests on the femur surface while the test
probe indents into the bone to a total distance of approximately 200 m.
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FIG. 2. 共Color online兲 共A兲 The force vs distance curves show the IDI, which is the indentation from the first loading cycle to the last loading cycle. The
maximum force reached is 1.8 N. 共B兲 The normalized IDI is shown to the right. It is normalized with respect to IDI values for standard PMMA samples. The
normalized IDI is significantly smaller 共p ⬍ .05兲 for exercise compared to control groups for the young mice, but not the old. Smaller IDI has been shown to
be a characteristic of more fracture resistant bone in previous studies. Thus the decreases in normalized IDI with exercise in young mice may indicate that
exercise increases fracture resistance. Normalized IDI is also significantly smaller 共p ⬍ .05兲 for the young compared to old groups, indicating fracture
resistance is greater for the young group.

There are many animal models that exist to study the effects
of exercise on bone structure and bone properties. Multiple
exercise-based rodent models have shown a link between the
loading of bone and changes in the bone mechanical
properties4–7 but none have investigated the effects of exercise and aging on the local postyield measure of IDI.
II. EXPERIMENTAL METHODS
A. Animals and treatment

The mice were the same sex and strain 共male C57Bl/6兲.
There were a total of 20 femora tested, divided evenly into
two age groups: old and young. The young group consisted
of mice that were sacrificed at the age of 19 weeks, while the
mice in the old group were sacrificed at the age of 19
months. Each age group consisted of bones from five exercise and five control mice, a subset of bones from a larger
exercise study.8 Exercise mice ran on a treadmill for 30 min/
day, 7 days/week for the last 21 days of the study. The animals were sacrificed the day after the end of exercise and the
left femora were harvested. The average length of the femora
was 12.1⫾ 0.8 mm with an average diameter of
1.8⫾ 0.1 mm in the medial-lateral direction at the middiaphysis. After removal of the soft tissue, femora were
+
wrapped in gauze soaked in a Ca2 -buffered saline solution
and stored at −80 ° C. Before mechanical testing with the
BDI, the bones were soaked in Hank’s solution 共pH = 7.4兲
and brought to room temperature.

and thus the effective weight of the instrument would remain
constant from sample to sample. The reference probe was not
a standard sharp hypodermic needle but rather a blunted hypodermic needle 共22 G兲, cutoff square and lightly sanded to
better distribute the 共reduced兲 weight of the BDI on the small
mouse femora. To prevent extensive damage to the femora,
the test probe was blunted to a 25 m radius, rather than the
usual radius of less than 5 m 关Figs. 1共b兲 and 1共c兲兴. The
femur was then mounted and clamped to a block and submerged in Hank’s solution 共Fig. 3兲. The femur was oriented
so that the tests would be run on the flexor surface.
A novel protocol was developed for testing the samples.
The maximum applied loading force was reduced from the
standard 12 to 1.85 N. In each test there were a total of ten
indentation cycles at a frequency of 2 Hz. The total distance
the test probe moves into the bone is approximately 200 m
depending on the bone properties 关Fig. 1共c兲兴. For each femur
tested the BDI ran ten tests along the femoral diaphysis with
a spacing of approximately 1.3 mm between indents. The
direction of the tests would run from the greater trochantor
toward the femoral condyle. There were three tests before
and after each mouse sample on polymethylmethacrylate

B. Mechanical testing

To test the femora, the BDI1,2 required several modifications. Due to the small size of the femur, the BDI had to be
held by a spring supporting some of the weight of the instrument. The spring pulled on top of the instrument to reduce
the effective weight from 15.5 N to 3.8 N 共from 1.58 to 0.39
kg mass兲 关Fig. 1共a兲兴. The test sample was always tested at the
same height on the stand so the stretch length of the spring

FIG. 3. 共Color online兲 The femur is clamped to a block to provide stability
for testing and the probe assembly is lowered to rest on the femur which is
submerged in Hank’s solution.
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TABLE I. Experimental values for normalized IDI.
Experiment ID

Normalized IDI

Standard deviation

Young-control
Young-exercise
Old-control
Old-exercise

1.15
0.99
1.45
1.37

0.29
0.12
0.06
0.07

共PMMA兲 for normalization. The data acquired from the BDI
was analyzed through OSTEOPROBE II™ software and then
normalized with respect to the PMMA values for each
sample. The normalization process takes the average IDI of
the sample divided by the average value of the PMMA.
III. EXPERIMENTAL RESULTS

A relatively brief 21-day period of running induced significant changes in the IDI in femora from young mice but
not old mice. The IDI of the young control group is significantly higher 共p ⬍ .0004兲 than the young exercise group 关Fig.
2共b兲兴. The normalized IDI values are shown in Table I. High
IDI has been shown to follow the same trends as other mechanical properties that are hypothesized to be predictors of
fracture risk.1,2 This shows that short term exercise in young
developing bone may reduce the risk of fracture.
The IDI was also significantly higher 共p ⬍ 0.0003兲 for
the old groups compared to the young groups 共see Table I for
values兲. This is consistent with previous research showing
significant deterioration in fracture toughness with age.9–19
The difference in IDI values were noticeable but not significantly different for the old control bones compared to the old
exercise bones, which shows that older skeletally mature
mice are not as responsive to short term exercise. Ultimately
the IDI proved to be the most discriminating parameter in
this experiment between exercise and control femora from
young mice.
The elastic modulus and hardness show no significant
differences between the exercise and control for both age
groups. A previous study agreed with our results that there
was no significant difference in tibial elastic modulus between control and exercised mice.20,21 There was a significant decrease between the young and old control femora for
the hardness and elastic modulus. Although the effects are
not statistically significant, there is a similar trend between
the exercise young and old groups; the old groups display
properties of slightly weaker bones. This difference, although
small, follows intuition and the trend established in the control groups.
IV. CONCLUSION

With the modifications described in this report, the
BDI1,2 is capable of measuring mechanical properties of murine femora, proving that the device can be used to test small

bones. This allows for the device to be used in laboratory
experiments on bone health in small animals. IDI, which has
previously been shown to be smaller for less easily fractured
bone, showed significant decreases with short term exercise
in young mice indicating that exercise in developing bone
may lead to fracture resistance. IDI was also significantly
greater for old compared to young bones, indicating that the
bone became mechanically compromised with age. Neither
the elastic modulus nor the hardness showed significant
changes with exercise in either age group, although there
were significant changes due to aging. Ultimately, with the
modifications made to the BDI, we determined skeletally developed femora are not as responsive to exercise as younger
developing femora and the mechanical properties studied become compromised with age.
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