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Results
No significant changes in bone strength were observed between radiation
doses as determined by linear stiffness, maximum load, and energy to yield
values. While no statistical differences were observed, groups exposed to
higher levels of radiation exhibited increased variance in the measured
parameters with increasing dose.
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Previous studies have determined that doses of other forms of radiation
result in undetectable mechanical changes3, however it is expected with
volume changes there will be changes in strength as well. At higher doses of
heavy ion irradiation, significant changes may be observed in further
investigations. Radiation sensitivity that was observed in the animals in
longitudinal cognitive study4 may be correlated to general radiation
sensitivity for the animal, which would also include changes in susceptibility
of bone degradation in individual animals. Future work plans see if
cognitive sensitivity results can be paired to enhance analysis of terminal
mechanical effects of radiation on the animals. Additional studies will also
be conducted to simulate physiological loading along the femoral neck. This
protocol will uses the same biomechanical parameters as the three–point
bending test, but load axially at the right femoral head to simulate common
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Low doses of low‐weight ion radiation do not produce significant changes
in the mechanical properties of bone. Further investigations will be
conducted to collect information on varying doses, weights and into the
sensitivity of the radiation effects on specimen.

In the 50 years since NASA’s first moon landing, space exploration has
become more prevalent as the necessity for extraterrestrial resources has
increased on Earth. Outside of Earth’s magnetic field, there is a lack of
protection from space radiation that is typically provided at the surface,
which makes radiation exposure a risk to astronauts. Even excursions of just
two years in space leave astronauts susceptible to lethal doses (> 2 Gy) of
radation1. There are several known biological effects of radiation, including
the degradation of bone, but inconclusive data relating the effects that
dosage, and type of radiation have on the mechanics of bone2. In addition to
gravitational unloading in space, reduced bone strength due to radiation
increases risk of fracture in astronauts during these missions. Investigations
into the effects of bone mechanics under different radiation treatments will
quantify the limits of exposure of radiation in space. This study focuses on the
effects of Helium‐4, whole body radiation on the mechanical properties of
femoral bone in rats.

Study Design
All animal work was preformed at Brookhaven National Laboratory and
Johns Hopkins Medical University under their respective IACUC approvals.
No live animal work is conducted at The College of New Jersey. Collaborators
at Johns Hopkins Medical School trained Long Evans rats (n= 78) for the
rodent psychomotor vigilance test prior to radiation. The rats were exposed
to whole body Helium‐4 irradiation (250 Mev/n) at 5 cGy (n=27) or 25 cGy
(n=29), along with sham treatments that were used as a control group (n=
22). The rats participated in daily behavioral testing at Johns Hopkins
University for 14 months after exposure. At the completion of the behavioral
study, hind limb bone tissue was collected after euthanization.
Biomechanical Testing
Right hind limbs were stored in 70% ethanol solution, until 24 hours prior to
testing. The specimen were cleaned of any remnant tissue and transferred
to clean vials and hydrated in 0.1 PBS solution for rehydration. An Instron
Universal Testing System model 5967 was used to conduct three‐point
bending test until failure on each femur (Figure 1). A constant span of 15
mm with a loading rate of 0.2 mm/s was used to apply a force in the anterior
to posterior direction. Images were taken after each test (Figure 2). Force
and deflection data for each sample was collected and plotted to determine
linear stiffness, max force, and energy to yield.

Statistical Analysis
Statistical significance was determined by a one way ANOVA and post‐hoc
Tukey test using Origin Pro 2015 (64‐bit). Alpha values of 0.05 was used for all
statistical analysis. Data is presented as means ± SD.

Force (N) and displacement (mm) values were then analyzed using MatLab
(R2019a) script that plotted the force vs. displacement curve to extract
mechanical values such as linear stiffness, max load, and energy to yield
(Figure 3). Linear stiffness (N/mm) was measured as the initial best‐fit linear
region; maximum load (N) was determined by the highest force value, and
energy to yield was measured as the area under the yield point, which was
determined by the 95% secant method. Additional values at the fracture and
maximum values were taken for analysis.

Figure 2: Force vs. displacement plot generated from Matlab for specimen 1210R.
Linear stiffness, max load and fracture load are clearly and directly labeled on the
curve. Other mechanical values were derived from this curve, but stored in a
separate Microsoft Excel sheet.

Figure 1: (Left):Three‐point bending set‐up used for every specimen. Specimen 1248R
loaded into the Intron testing frame prior to the test being run. (Right):Specimen 988R
post fracture in three‐point bending. Fragments of femur were collected and
positioned to show accurate fracture pattern.
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Figure 3: (Left): Box and whisker plot for the linear stiffness (N/mm) of each dose of
Helium‐4 radiation is shown above, demonstrating increasing variance with increased
dosage. (Right): Mean linear stiffness for each dose of Helium‐4 irradiated femur.
Results are reported as mean stiffness value ± SD. Varying the dose of radiation
was found not to have a significant effect on the mean linear stiffness of the femur
(p=0.46361).
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Figure 4: Macroscopic view of the 
femoral neck loading on a sample 
loaded into the Instron
mechanical testing frame. Force 
is applied to the center of the 
femoral head, directly downward 
to simulate a concentrated three‐
point bend along the neck. 

femoral neck fracture (Figure 5).
Preliminary data has been collected thus
far. Further work is also to be completed
to investigate the different effect of
various types and other doses of
radiation. New combinations will include
the heavier doses of higher‐weight ions
and other forms of ionizing radiation that
will better simulate galactic cosmic
radiation (GCR). This data will also be
condensed with previous studies of head‐
only irradiated rats to determine the
overall effects of space radiation on the
bone strength based on various
parameters. Statistical analysis will be run
on all previous and future studies to
continually improve power analysis.


