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Methods
Study Design
In this study, 28 Long Evans Rats were subjected to head-only proton
irradiation at Brookhaven National Laboratory at doses of 10 cGy (n=7),
25 cGy (n=9), 100 cGy (n=9). Sham irradiations were used as controls
(n=3). All live animal work was performed under IACUC approvals at
Brookhaven National Laboratory and Johns Hopkins School of Medicine,
and no live animal work was performed at The College of New Jersey.
Animals were euthanized 14 months after irradiation. Right femurs were
stored in 70% ethanol until tests were performed.

Discussion

Conclusions
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NASA has trips to both the Moon and Mars on their itinerary for the near
future. Health and safety of the astronauts is of the upmost importance
for the missions. Bone loss, or osteoporosis, is a known risk of space
travel from microgravity and radiation1. Understanding the full extent of
bone loss can help astronauts and humans on Earth exposed to clinical
radiation therapy. This study investigates the changes in the Lone-Time,
or Relaxed Elastic Modulus of bone after exposure to Proton Radiation
with spherical microindentation.

Specimen Preparation
Four rat femurs at a time were embedded in a clay and then set in place
using an epoxy-resin. The epoxy-resin was left to dry for at least 24 hours
prior to any handling. Specimens were first subjected to other
mechanical tests and then were sent to be cut and polished. Specimens
were cut using a low-speed diamond blade saw and cut above the
trochanter region. Specimens were polished using a set of increasing grit
sandpapers to reach the trochanter and then polished using a set of
cloths and polishing solutions on an automatic polisher set at 15 pound-
force on each puck. Polishing was set at certain intervals depending on
what stage of the polishing was being completed that that moment.
Specimens were placed in a box to avoid ultraviolet light to prevent
degradation of the epoxy. Specimens were soaked in physiological saline
(0.9%) for at least 24 hours prior to testing.
Microindentation and Analysis

Statistical Analysis
Statistical analysis was performed in Origin using a one-way ANOVA with
a post-hoc Tukey test to asses differences between groups (α=0.05).

Limitations
One limitation of the analysis is that we are only finding the long-time 
or relaxed elastic modulus. Visco-elastic behavior was observed, and 
future work will incorporate visco-elastic material models to obtain 
both the instantaneous and relaxed moduli.
Radiation Sensitivity
A known effect of an increase in radiation dosing is radiation 
sensitivity2, which could explain the wide variation among the data 
collected. Cells are known to have different mechanisms when exposed 
to levels of radiation, as can be observed in radiotherapy for cancer 
treatment2. Sensitivity can play a huge role to how much damage is 
done to individual cells. Some people have cells that may see very 
minor changes, even after experiencing high doses of radiation. While 
others may experience drastic differences after being exposed to little 
radiation. Currently it is unknown why some individuals experience 
sensitivity to radiation and some do not, but it is crucial to recognize 
this factor for radiation exposure studies. 
Current Data and Future
Variability in the data may originate from the key factor of radiation 
sensitivity, as well as an increase of porosity in the bone after exposure 
which may disrupt proper indenting on the specimens.  This is a 
preliminary data set, so increasing the number of samples will further 
increase statistical power.  Indentations were performed without 
knowing radiation doses prior to testing. Prior mechanical tests were 
completed prior to microindentation so number of samples were 
limited to all prior tests and also cutting and polishing all in a 10 week
period. More data is set to be gathered throughout the upcoming year.

There is no significant difference of elastic modulus of rat femur cortical 
bone exposed to radiation compared to the control group, there is an 
increase of variability after radiation. Future work includes the 
continuation of tests to increase statistical power and observe the 
instantaneous elastic moduli using a visco-elastic model for the indented 
bone. Having this additional model may give a better picture of the 
changes due to degradation of bone.

Figure 2: Box-Whisker plots of elastic modulus with radiation does show increased
variability at the higher radiation doses compared to control.
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Exposure to head only proton radiation up to 100cGy no significant
differences were detected the Long-Time Elastic Modulus of bone
(p>0.05). Specimens that were irradiated exhibited an increase in
variability compared to the control group. At 100 cGy, the elastic
modulus was slightly statistically indifferent (p = 0.05562). (Figure 2)

Results
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Figure 1: Spherical microindentation test on embedded and polished rat femur bone

Microindentation was performed using a Mach-One microindentation 
system (Biomomentum). A 0.3 mm diameter ruby tip was used for 
indentations. Indentation depth was set at 15 µm with a load rate of 5 
µm/s starting at 100 µm above the bone, which was determined after a 
contact detection was performed (set at 2 gram force) Specimens were 
loaded onto a linear stage adapter for miniscule movements for each 
bone. Pucks were hydrated with drops of physiological saline to 
simulate a hydrated environment (Figure 1). Each bone was indented at 
minimum of 5 times in the cortical bone region for data consistency. 
Each bone was indented at different anatomical landmarks to obtain an 
average for the bone. The microindenter was set to save stress 
relaxation data for further data analysis. Data was analyzed using a 
MATLAB code that used the Hertz Contact Theory (for spherical elastic 
contact) to obtain the Long-Time Elastic Modulus or Relaxed Modulus 
of the bone material.  
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